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Magnetic Properties of Lattice Imperfections
in Alkali Halide Single Crystals

T. W. ADAIR IIl, E. J. SHARP, and C. F. SQUIRE, Texas A and M University,
College Station, Texos

A sensitive torque magnetometer has been used to study the magnetization
caused by lattice imperfections in single crystals of lithium fluoride, potas-
sium chloride, and sodium chloride. The uniaxial anisotropy of the sus-
ceptibility which could produce the observed torque vs. angle of magnetic
field curve has led us to conclude that the magnetic centers are along
dislocation lines or at special clusters of vacancies.

Effect of Plastic Strain on the F, M, and R Center Formation
in Gamma-ray Irradiated Sodium Chloride*

F. AGULLO-LOPEZt and P. W. LEVY, Brookhaven National Laboratory, Upton, New York

Previously it has been shown that when (Harshaw) NaCl single crystals
are colored into stage ITI, subjected to plastic compression or strain, and
then subjected to additional irradiation, the subsequent growth of F cen-
ters is increased. A “jump” appears in the growth curve and the forma-
tion rate is increased. In crystals strained as much as seven percent, both
the jump and increase in rate is proportional to the strain. Plastic defor-
mation also causes a “jump” and an increase in rate of formation of M
centers. The F and M center concentrations are related by the expression
[M] = C[F]* + D. The parameter C is the same in both strained and
unstrained samples, but D increases in proportion to the strain. R center
formation is also increased by plastic strain. The room temperature sta-
bility of both F and M centers is affected by compression. At low F and
M center concentrations, i.e., after irradiations less than 4 X 10°R, an
appreciable fraction of the centers decays after irradiation. At high con-
centrations, ie., after exposure to a dose greater than 4 X 10°R, a con-
siderably smaller fraction decays. For doses of 6 X 10°R or larger the F
. centers decrease slightly while the M centers continue to increase over a
ten day period. Plastic deformation, applied after coloring into stage 111,
also enhances the formation of M centers by F-light bleaching. Below
three percent strain this enhancement is negligible but at larger strains the
quantum fficiency is increased approximately fifty percent. It is known
that a large part of the deformation occurs in narrow bands, i.e., in the
operating glide systems. Photoelastic studies, using M light, show that the
M centers produced by F-light bleaching are concentrated in or near
the glide systems. These results provide new evidence indicating that
vacancies are formed during plastic flow.

* Research performed under the auspices of the U.S. Atomic Energy Commission.
+ On leave from Junta de Energia Nuclear, Madrid, Spain.



3 Alignment of Electron Deficiency Centers by Mechanica! Stresses

K. BACHMANN and W. KAMZIG, Swiss Federal institute of Technoiogy, Zu'irkh., Switzerland

The alignment of hole centers by elastic deformation of the host lattice is
being studied by means of measurements of the stress induced dichroism in
the near ultraviolet at low temperatures.

The H centers in KCi align readily at temperatures above 10°K. At 11°K
the reorientation time upon removing the stress is of the order of a few
seconds. Below 10°K the centers treeze in.

Application of uniaxial stress along [001] resulis in a preferred orientation
perpendicular to the stress axis. The coupling of the H centers to the’
lattice was determined by optically measuring the relative numbers of
centers oriented perpendicular to the stress axis (orientations [110] and
[110}) and at 45° to the stress axis (orientations [101], [101], [011] and
[011]). Evaluation of the Boltzmann factor yields an energy difference
between the two orientations that is given by AE = g8 X, where X desig-
nates the stress. For the factar 8 one finds ebout.40 X 10-*cm?®. This is
five times the corresponding factor for the Oj center, which has the same
symmetry. The stress induced dichroism permits an accurate determina-
tion of the position and width of the H band. At 20°K the center of the
band is at 3350 A and the half width is 0.65 eV.

In the course of these investigations another center was found that gives
rise to a stress-induced dichroism in the same spectral region. Preliminary
measurements indicate that it is the V; center. The results are compatible
with a (110) symmetry axis and incompatible with a (111) symmetry.
Attempts tc produce aligned Vi centers by means of mechanical stresses
have failed. This has to be expected on the basis of the accepted model
for this center.

4 An Elastic Coliision Mechanism for the Radiotion Induced
Defect Generation in lonic Crystals

M. BALARIN, Deutsche Akademie der Wi haften zu Berlin, Zentralinstitut fur
Kernforschung Rossendorf bei Dresden (DDR), Bereich Werkstoffe und Festkorper

The reason and the mechanisin for the typical coloration at low tempera-
tures by soft energetic irradiation, e.g. with 50 keV x-ray quanta, is as
yet not well understood, although many attempts have been made to ex-
plain them by electronic processes. Hitherto, elastic collisions have been
excluded from consideration since the first rough estimate for the dis-
placement threshold energy, Eq, was given by Scitz to be 25 eV.

As was shown by the author,' elasiic collisions in the form of focussing
coliision chains are possible in ionic crysials. In alkali haiides (NaCl-type)
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direct focussing can take place in the (110) halogen rows. By means of a
Born-Mayer potentiai and with ionic parameters given by Pauling,
the focussing threshold energy E, is estimated.? The potential barrier
at the position (%, %, 0) for all alkali halides is smaller than 1-2 eV.
The threshold energy Eq for the generation of stable, not spontaneously
recembining Frenkel defects should not be much higher than this poten-
tial barrier, and so it would be of the order of a few €V. The collision
chains in the irradiated crystais are initiated by energy transfer from
photoelectrons to lattice jons. The primary photoelectrons obtain nearly
all of the energy of the ionizing x-ray quanta. Every such photoclectron
is able to initiate a number of focusons {~-10" tc 10?). The movement of
a part of the focusons is connected with replacement collisions; the dura-
‘tion of one replacement is of the order of 10-* sec. During the displace-
ment process, the neighboring cations relax insignificantly and they pick
up only a little kinetic energy, in contradistinction to the corresponding
situation in the Varley type mechanisms. Thus the focuson is stopped
relatively slowly and covers a path of several atomic distances, thereby
creating anion-Frenkel-defects preferentially in the perfect bulk and . in
addition at dislocations and other lattice imperfections.> * This fact agrees
with the experimental results and explains why the colorability can be
increased by preceding deformation, quenching and so on. For ionic
crystals other than with the NaCl lattice, the direction of focussing can
also be stated; as a rule the anion rows are preferred. Finally, the follow-
ing general relation can be mentioned: Ea decreases as cne progresses
from the metallic over to the covalent and then the heteropolar bonded
materials.

* M. Balarin, ZtX-WF 22 (1962).

* M. Balarin, Kernenergie 7, 434 (1964). o
* M. Balarin, ZfK-WF 15 (1962).

Isotope Effects in the U Center*

G. BALDINI, University of Rochester, Rochester, New York, and Universita di Milarc,
Milan, italy, £ MULAZZI, and N. TERZI, Universita di Milano, Milan, tely

The experimental inv-stigation of the ultraviolet U band in KCI, KBr '
and RbCl crystals containing H- and D~ ions has revealed the following
isotope effects: a) at liquid helium temperature the halfwidths of the Uy
band are from 3 to 15% larger than those of the Up band for the three
crystals studied. b) In the temperature range 4 to 400°K the Uy bands
occur at energies ~ 0.02 eV smaller than those of the Up bands. In
order to describe these results the momentum method in the Condon ap-
proximation is applied to the U center. From the symmetry of the defect
it is shown that only the vibrational modes which transform according to
the I';; representation of the full cubic point group can be responsible for
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the isotope effects; these modes are just the infrared active ones. Then, in
order to detect isotope effects, it is sufficient to study the difference be-
tween the ground and upper states concerning the I'j; modes. It is found
that during optical transitions, allowed in the dipole approximation, the
T'js modes suffer, via the electron-vibrations interaction, only a frequency
shift, and that only the local mode has to be taken into account in order
to predict the isotope effect, since the contribution coming from the T'js
continuum is negligible. Therefore the effect observed experimentally is
accounted for in terms of the local mode frequencies due to the Uy and
Up centers in the ground and the excited states. The experimental ‘and
theoretical results are in excellent agreement if we assume that the local
mode frequencies of the two centers in their excited states are approxi-
mately equal. It is also interesting to note that the isotope effects are
slightly dependent upon the temperature, since both peak positions and
halfwidths are functions of temperature through the continuum modes
only.

* This research has been sponsored by AFOSR, by EOAR under Grant N. 65-05

with the European Office of Aerospace Research — U.S.A. Air Force and by
C.N.R. (Italy).

Shift of the infrared U Band by Lattice Parameter Variation

W. BARTH, B. FRITZ, and U. GROSS, 1l. Physikalisches Institut, Technische Hochschul
Stutigart, Germany

1. In alkali halide mixed crystals, the U center vibrational absorption
undergoes a shift to lower frequencies with increasing lattice parameter.
In the case of KCIl:Rb the dependence on Rb concentration of the x-ray
lattice parameter is wéll known, and we find relative changes of frequency
v and nearest neighbor distance “a” which are related as
—dv/v =33 da/a

2. By application of uniaxial stress, the infrared U band is split up and
the splitting is linear with stress.” The shift of the component which is
polarized parallel to stress in (100) direction is 0.7 cm™ at 200 kp/cm?* in
KCI:H (90°K) ; the shift of the component perpendicular to the stress
axis is then about —0.05 cm™. Using the elastic constants of the pure
crystal we obtain the same dependence of frequency shift and nearest
neighbor distance (measured in the direction of stress) as under 1.

We consider a simple potential for the H- ion which is determined by the
repulsive energy between the H- ion and its nearest neighbors (K*). We
then find that the experimental results for the frequency shift can be ex-
plained by a repulsive potential for the H- ion which is the same as that
for a CI" ion in the vacancy. In this calculation we assume, as does
Fiesche et al.,* that the H- ion is polarized in the vibration. We estimate
the magnitude of the spring constant between the H- shell and nucleus
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describing ‘the polarizability from the experimental oscillator strength 0.5
(effective charge: 0.7) of the infrared band.

Additional information may be obtained from the dependence of the H-
frequency on the lattice constant in the series KCI-KBr-KI. This de-
pendence is roughly linear but weaker than one might extrapolate from
the behavior under stress. The difference can be explained by an inward
displacement of the nearest neighbors of the defect which is greater at an
H- in-a larger anion vacancy. The displacement needed to explain the
measurements in KBr is about —1.6% of “a” (inward relaxation). From
x-ray measurements® of the lattice constant in KBr:H a similar relaxation
of —1.9% can be estimated using Eshelby’s theory.?

*R. Fieschi, G. F. Nardelli, and N. Terzi, Phys. Letters 12, 290 (1964).

*R. Hilsch and R. W. Pohl, Trans. Faraday Soc. 34, 883 (1938).

o J.ﬂl)). Eﬂuﬁ_’y, “Solid State Physics” (Academic Press, New York, 1956), Vol. 3,
p. 79.

ESR and ENDOR Study of the Self-Trapped Hole Associated
with Lithium in Sodium Fluoride*

ISAAC L. BASS and ROBERT L. MIEHER,! Columbia Radiation Lab Y.
Columbia University, New York, New York

Self-trapped holes (Vx centers) produced in NaF:Li by x-irradiation at
77°K have been associated with the Li* impurity ions upon warming tne
crystal to —115°C. The generic name Vs center has been chosen to
designate a Vg center associated with an alkali im¥purity in an alkali ha-
lide. The lithium Vg, center in NaF, aside from being a new color center,
is of interest because of the close resemblance of its ESR spectrum to that
of the “bent-bond” Vx center in LiF identified by Kianzig® as the anti-
morph of the F center (Vy center). ESR and ENDOR studies have
shown that the Li* occupies the cation lattice site nearest the F; molecule-
ion, and that the molecular bond is “bent” by 0.6° =+ 0.2°. The ESR and
ENDOR spectra were quantitatively analyzed by computer diagonaliza-
tion of the spin Hamiltonian, matrix. The anisotropic g factor of the
unpaired electron, the hyperfine constants of the molecular fluorine nuclei,
and the hyperfine constants of nuclei in five shells surrounding the mole-
cule-ion were determined. ENDOR lines were identified for nuclei in
two other shells.

* This work was supported in part by the National Science Foundation under Grant
NSF-GP 3385 and in part by the Joint Services Electronics Program under Contract
DA-28-043 AMC-00099(E).

1 Alfred P. Sloan Foundation Fellow.

*W. Kinzig, Phys. Rev. Letters 4, 117 (1960); J. Phys. Chem. Solids 17, &u
(1960).



influence of the Host Lattice on Color Centers*

7. BASSANI, Argonne Natienal Laboratory, Argonne, lllinois, and Istituto di Fisica,
Universita di Messina, Italy

A general survey of the electionic states of ionic crystals is presented. Ex-
isting detailed calculations and semiquantitative results based on simpli-
fied models aie reviewed. It is shown how the electronic states depend on
the states of the constituent atoms and on the symmetry of the lattice.
The interactions with the phonon ficld and with the polarization ficld ale
also considered and their ¢ffect on the electronic structure and on the
effective masses of holes and electrons is estimated. The problem of self-
trappiung is also reviewed for clectrons and holes.

The additional clecironic states produced by charged point defects “such
as F centers) arc examined, in relation to the band structure of the ma-
terial, and are compared to the exciton states. Strong similarities betvween
excitons and F centers are disclosed. In particular, the problem due 0
excitons with enrergies higher than the torbidden gap is described and
compared with that of excited states of the F centers above the continuum.
Theoretical attempts to explain these states are reviewed.

The eflzct of phonons on color centers is examined, with particular regard
to the lifetime of excited states. Evidence for localized vibrations from
optical transitions of color centers is examined.

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission 2nd supported in part by the Consiglio Nazionale delle Ricerche.

Band Structure of Alkali Halides

F. BASSANI* and S. GIULIANO, Istituto di Fisica, Universita di Messina, Italy

An attempt has been made to obtain the main features of the energy bands
of alkali halide crystals, using a simplified model.

The position of the highest valence band is established by lowering the
clectron affinity of the halogen atom by the Madelung energy. The k de-
pendence of the valence band can be inferred from previous tight-binding
calculations:* the width of the valence band is considered to be less than
1 ¢V. The conduction bands are computed by perturbing the free elec-
trons with a model pscudopotential,” which is the sum of pseudopotentials
of positive” aud negative ions. In the pseudopotential of the negative ion
a parameter a is included, which cannot be determined from atomic data.
The results obtained for the NaCl structure indicate that the minimum of
the conduction hand is the s-like state Ty at k == 0. This state is insensitive
to small changes in the lattice constant, but decreases considerably when
the difference between the ionic radii increases; this leads to energy gaps
in fair agreement with experiment for ali alkali halides. The general
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structure of the higher conduction states agrees with that postulated by
J. C. Phillips* to explain the optical excitation spectra.® We also obtain a
forbidden gap in the conduction states, whose width depends on the value
of the parameter . This may be useful for explaining the exciton states
above the energy gap and the L bands of the F center.

The electrouic states for the CsCl structure have also been investigated
and similar results have been obtained.

* On leave of absence from Argonns National Laboratory, Argonne, Iliinois.
'L. P. Howland, Phys. Rev. 109, 1927 (1958) and W. B. Fowler, Phys. Rev. 132,
1591 (1963).

*F. Bassani and V. Celli, J. Phys. Chem. Solids 20, 64 {1961) and M. L Cohen
and V. Heine, Phys. Rev. 122, 1821 (1961).
? We are grateful to Dr. V. Heine for sending us pseudopctentials for the alkali ions.
*J. C. Phillips, Phys. Rev. 136A, 452 (1964).
*J. A. Fby, K. J. Teegarden, and D. B. Dutton, Phys. Rev. 116, 1099 (1659) and
H. R. Philipp and H. Ehrenreich, Phys. Rev. 131, 2016 (1963).

Photon Induced Reorientation of M Centers in Potassium Chloride

R. DE BATIST,” Y. HAVEN,** and T. J. TURNER***

The kinetics of the reorientation of M centers in KCi single crystals hus
been investigated as a function of temperature and of the intensity of the
polarized F light causing the rotation of the M centers. The results ob-
tained for different geometrical conditions (polarization of the exciting
F light and polarization of the light used for the mcasurement of the opti-
cal density) have shown that the time dependence of the dichroisin (re-
sulting from a nonequilibrium distribution of the M centers over the six
possiblc orientations) can be expressed by one or two relaxation. times, in
agreement with the theoretica! results described elsewhere.!

The main results of this investigation can be summarized as [ollows:

1. The orientation of M centers as a result of the absorption of light in
the My band can be described assuming ncarest neighbor ionic jumps,
occurring presumably during the non-radiative transitions between the
excited = states and the excited X, statc.

. The quantum efficiency is about 3 times as large after absorption of My
light polarized along (001) as after absorption of Mg light polarized along
O11). :

3. The process can be described by an activation energy of 0.036 eV, and
a preexponential factor of = 1.5.

Furthermore, the data indicate thai at constant temperature the quantum
yield decreases with increasing light intensiiy.

* Studiecentrum voor Kernenergie, Mel, Belginm.

** Philips Research Laboratories, Findhoven, Netherlands.

**#% Wake Forest College, Winston-Saieam, N.C. Nativna! Scicnee Foundation ¥ac-

ulty Fellow at Studiccentrum voor Kernenergie, Mol, Belgium.
*R. De Batist, Y. IHaven, and T. j. Turner, see Abswact No. L1,




Relaxation Modes for Reorientation of M Centers in Alkali Halides

R. DE BATIST,* Y. HAVEN,** and T. J. TURNER***

The double F-center model for the M center being adopted, six orienta-
tions of the M center along the (011) directions are possible.
The populations n; of the six directions by M centers can be described
with relaxation modes

n = 2Auc“/’|

where the number of modes | is equal to, or smaller than, the number of
directions under discussion.

Group theoretical arguments show how the rate equations must be
grouped together for finding the relaxation times easily.

- The contribution from M centers to mechanical relaxation can be de-
‘scribed with two relaxations of symmetry species E; and Ty of group Oy

excited by unidirectional compressional stresses and shearing stresses,
respectively.

In the case of optically induced reorientation, the jump rates differ so
much for different directions of the axis of the M center that the process
can only be described by symmetry species of the lower symmetry groups.
Irradiation with (001) polarized F light induces the representation 2A, +
B, + B; + E of group D, (resp. g-terms of group D,,) and irradiation
with (011) polarized F light induces 3A; + B, + B; + Bg of group D,
(resp. the g-terms of D).

Each of the irreducible representations corresponds w1th a relaxation
mode. The population of the modes contributing to dichroism are:

<001 F light (Ds) <001 F light (Ds)

directions h 41 ¥y b 71 k41 R 7 A 7Y Wya

XYZ (A) (Ax) B) (B) (A (A) (A) (B
1 110 0.1 1 0 0 0 118 -0.3 1
2 110 0.1 1 0 0 0 {474 5 -=0.3 1
- 011 0.2 —-0.5 1 1 0 1 1 0
4 101 0.2 —=0.5 -1 0 0 115 --0.3 -1
5 o011 0.2 -0.5 1 -1 1 -5.52 -0.2 0
6 101 0.2 -0.5 -1 0 0 1.13 -0:3 -1

¥, and V7 are equilibrium modes and thc relaxation umcs are
1/12 = 4K + Kon
1/ = 3Kon
1/75 = 2Km
1/75,0 = 2.25Kou + 0.5Koo + {4.062 K§u + 0.25Kon (Koo + Kon)]2
1/712 = 3K + 1.5Kon
Ki = Lk, I, = intensity, ni = quantum yield,
ki = absorption coeflicient per M center.
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* Studiecentrum voor Kernenergie, Mol, Belgium.

*# Philips Research Laboratories, Eindhoven, Netherlands.

*#% Wake Forest College, Winston-Salem, N.C. National Science Foundation Fac-
ulty Fellow on leave at Studiecentrum voor Kernenergie, Mol, Belgium. &

Phonen Combination Bands of U Centers

D. BAUERLE and B. FRITZ, 11, Physikalisches Institut, Technische Hochschule,
Stuttgart, Germany

The infrared absorption of U centers measured at low temperatures con-
sists of a sharp resonance peak at the local mede frequency and symmetri-
cally displaced side bands. The side bands have been interpreted as com-
bination bands: in the high frequency side bands, a phonon is created
together with a localized quantum; in the low frequency side bands, a
phonon is destroyed together with excitation of the local mode. We have
measured these combination spectra in the following alkali halides: NaCl,
NaBr, Nal, KCI, KBr, KI; RbCl, and RbBr. The more interesting cases
are those with the largest anion to cation mass ratio (NaBr, KBr, Nal, and
KI). In these crystals side band peaks are scen with displacements in the
range of acoustic and of optical phonon frequencies, and a comparison
can be made with available phonon spectra and dispersion curves. For
the cases of KBr and Nal, the dispersion curves are known from neutron
spectrometry data. The contributions to the side band peaks come from
the following branches:

TA (1,0,0) (KBr: 43 cm™; Nal: 39 em™)
TA (Y4, %, %) (Nal: 53 cm™)

LA (KBr: 83 cm™; Nal: 75 em™)
TO (KBr:113 cm™!; Nal: ~ 120 cm™)

The symmetry point (100) itself should not contribute to the absorption
according to selection rules given by R. Loudon. However, frequencies
in the vicinity of this point in the TA branch produce an absorption peak
in all spectra.

The assignment given above for these side bands in KBr'and Nal allows
conclusions about the phonon spectra in the other crystals. This is of
special interest in NaBr and KI, as calculations by Karo and Hardy? pre-
dict a gap between acoustical and optical frequencies to occur as in the
case of Nal. This gap also appears in the side band absorption and lies
between 105 and 125 cm™ in NaBr and 68 and 91 cm™ in KI. (The
lower limit of the optical frequencies may be modified since a critical
point at TO (%, ¥, ¥2) is forbidden in absorption. )

*R. Loudon, Proc. Roy. Soc. (London) 84, 379 (1964).

* A. M. Karo and J. R. Hardy, Phys. Rev. 129, 2024 (1963).
L ]
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Far Infrared Absorption Induced by Local Changes
of Mass and Force Constant in Alkali Halides*

G. BENEDEK ond G. F. NARDELLI, Istituto di Fisica dell'Universita di Milano, Milan, Ih}y

The far infrared absorption induced by a substituted impurity ion in the
alkali halides was studied including in the perturbation on the dynamical
matrix both changes of mass and force constani. Starting from the ex-
pression of the complex dielectric constant of an imperfect cubic polar
crystal, the electric dipole contribution to the impurity induced absorption
coefficient was found to be:

alw) = (2mef’n /M, ) /(v —

Im{q = 0, TO[KX («* + 10'*)!1‘0, q=0)
where
KA(Z) = A(0?) [T — (Z — Lo) 'A(w?)].

n is the impurity concentration, ¢ the light velocity, ¢¥ the transverse ef-
fective ionic charge, M. the mass of the foreign ion, wy the transverse
optic frequency at wavevector ¢ == 0; L, the dynamical matiix of the
perfect lattice and A (e?) the frequency dependent perturbation.?

The absorption spectra of Ag*-deped KCI, K8r, KI, and NaCl were con-
sidered and was evaluated for the acoustic range frequencies. It was
found that the change of force constant has a large effect on the peak
frequency of the absorpiion band: so the analysis of the experimental
data gives useful information en the interaction between the foreign ion
and its surrounding. Both overlap (Huggins-Ma-er form: c.- b, b_ exp

e (—r/p)) and Van der Waals potentials up to dipole quadrupole term

14 .

were considered in the ion-ion fateraction. The value of p in the Ag*-
halogen overlap potential was chosen as a free parameter in order to fit
the experimental peak frequency. Effects of elastic relaxation were taken
into account.

The p-values so deduced are: p(Agl) = 0.239; p(AgBr) = 0.271 and
p(AgCl) = 0.251 (consistently in both NaCl and.KCl host crystals), in
agreement with Mayer’s values.

* This research has been spensored by FOAR under Grant N965-05 with the Euro-

pean Office of Acrospace Research — U.S. Air Force.
*R. Fieschi, G. F. Nardelli, and N. Terzi, Phys. Rev. 138, 203 ( 1965).

Infrared Absorphon and Paramagnetic Resonance of Hydrogon
in Calcium Fluoride

R. G. BESSENT,* R. J. ELLIQTT, W. HAYES, J. W. HODBY, G. D. JONES,** H. F. MACDONALD,
and C. T. SENNETT,*** Clarendon Laborotory, University of Oxford, England

A theoretical and experimental mvesngatmn of the absorption spectrum
due to Incalized vibrations of H- jons in CaF. has been carried out. Mea-
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surements in the region 1-14u show, in additicn to the fundamental fre-
quency, a second harmonic and two third harmonics of the fundamental
vibration. The spectrum is assigned to the vibrations of H- ions in the
anharmonic tetrahedral potential well at fluorine sites. Broad side bands
are observed on both sides of the localized vibrational lines due to com-
bined excitation of localized and lattice band modes. The temperature
dependent intensity, width and shift of the localized vibrational lines have
been measured. The temperature dependent effects and the presence of
side bands arise from anharmonic interactions with lattice band modes.
The spectrum of D~ ions has also been investigated.

After X-irradiation of CaF,:H crystals in an X-band microwave cavity
at 77° K we observe the EPR spectrum of hydrogen atoms oa fluorine
sites. On warming the crystals to 124° K the substitutional atoms move
into interstitial sites and are stable in these sites at room temperaturc.
The EPR spectra of substitutional and interstitial hydrogen atoms are
readily distinguishable since in the former case one observes a resolved
hyperfine interaction with six nearest neighbour fluorine nuciei and in the
latter case with eight nearest neighbor fluorine nuclei.! The interaction
of the substitutional hydregen atoms with more distant fluorine shells has
been investigated by the ENDOR method.

* Now at A.E.R.E. Harwell, England. ;
** Now at Physics Department, University of California, Los Angcles.
*#* Now at R.R.E. Malvern, England.

*J. L. Hall and R. T. Schumacher, Phys. Rev. 127, 1892 (1962)

Theory of the Infrared Absorption Due to U Centers in Alkali Halides

H. BILZ, Institut fir Theoretische Physik, Universitdt Frankfurt/Main, Germany, B. FRITZ,
1l Physikaiisch Institut, Technische Hochschuie, Stuttgart, Germany, and D. STRAUCH,
Institut tur Th ische Physik, Universitat Frankfurt/Main, G Y.

Recent measurements of the infrared absorption due to U centers by Fritz
et al.»» % ® have led to results on the line width, the temperature dependent
shift of the resonance peak, and the structure of the combination bands.
These results are discussed using the anharmonic potential of the defect
and its nearest neighbors.

The cubic anharmenic coupling between the defect ion and the neighbour-
ing alkali jons determines the two-phonon decay of the local mode (D-)
at low temperatures and the side band structure (D- and H-) ; it contains
a term lowering the H- and D~ band-frequencics while another one in-
creases the 1~ frequency only.

The quartic anharmonicity of the local mode itself causes the observed
T?-behaviour of the line width® * and strongly contributes to a shift to
higher frequencies.® The three-phonon decay due to quartic anharmonic-
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ity gives a nearly temperature independent H- band width which is to be
observed in the helium temperature range.

We have calculated the side band absorption for KCIl: H- using different
cubic anharmonic coupling parameters and lattice vibration eigenvectors
calculated by Kucher.® The best fit to the experimental curve is obtained
by taking into account nearest neighbours only. A similar calculation
with second order dipole moment parameters turns out to be inconsistent
with experiment. An interpretation of the side band shape in other alkali
halides can be derived from the calculation on KCL.

* B. Fritz and U. Gross, see Abstract No. 56.

* P. Biuerle and B. Fritz, see Abstract No. 12.

* B. Fritz, U. Gross, and D. Bauerle, to be published.

*W. Hayes, G. D. Jones, H. F. Macdonald, C. T. Sennett, and R. J. Elliott, to be
published.

*T. J. Kucher, Soviet Physics JETP 5, 418 (1957).

Temperature Dependence of the Rotational Structure
of the Local Mode in Potassium lodide Containing Noz

H. BILZ and K. H. TIMMESFELD, Institut fir Theoretische Physik der Universitat Frankfurt/
Main, Germany

In the gap of the phonon-frequency spectrum of KI (70-90 cm™) with
NO; impurities, several absorption lines have been discovered by Sievers
and Lytle' as well as by Renk.? These lines are found to bé due to a local
mode at 71 cm™ and its coupling to rotational transitions (lines at 73, 78,
79.5, 88 and 89 cm™?) .2

The integral absorption of the local mode is nearly independent of tem-
perature. The rotational transitions, however, generally show a strong
temperature dependence proportional to T-*/2 except for the lines at 79.5
and 88 cm™. Each one corresponds to a series of transitions with nearly
equal frequencies determined by the selection rules A] = 0, AK = 2.

The splitting of these lines due to the deviation of the NO; ion from a
symmetric top and to the influence of the crystal field should be small.
The summation over all transitions belonging to one line leads to a weak
temperature variation proportional to T-*/2 above 20° K. This explains
the corresponding observations by Sievers, Lytle ahd Renk. The expected
ratio of intensities (1:2) of the integral absorption at 79.5 cm™ (transi-
tions K = 0 — K = 2) to that at 88 cm™ (transitions K = 1 - K = 3)
is in good accordance with experiments.®

*A. J. Sievers and C. D. Lytle, Phys. Letters 14, 271 (1965).

?K. F. Renk, Phys. Letters 14, 281 (1965).
* H. Bilz, K. F. Renk, and K. H. Timmesfeld, to be published.
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17 Density Changes and F-Center Formation in Potassium Chloride
Crystals by X liradiation at Room Temperature

A. BLECKMANN and K. THOMMEN,* Institut fur Strahlen und Kernphysik der Universitat,
Bonn, Germany

KClI single crystals were uniformly colored with x rays at room tempera-
ture. The irradiation was interrupted for the density measurements, which
were made using a hydrostatic flotation technique. Then the sample was
annealed at 300°K and was subjected to a second series of irradiations
under identical conditions for the measurement of the F-center growth
(the total concentration of F-aggregate centers was less than 10% of the
F-center concentration in all cases). Crystals purchased from Dr. K.
Korth, Kiel, Germany, showed a strong Stage I coloration (saturation
concentration 1.8 X 10" cm™) and only a weak, linear coloration in
Stage I1. The F-center formation in Stage I was accompanied by a pro-
nounced density change. Assuming that no loss of mass occurred during
the irradiation, a volume change of 1.3 a® was obtained for each F center
formed in Stage I, a being the interionic distance. This volume;change is
comparable to the volume change of each F center formed ing Stage
II, indicating that in Stage I the F centers were also formed from va-
cancies which were created by the irradiation. It is speculated that the
Stage I F-center formation proceeds via ejection of impurity ions-from
their lattice sites into nearby interstitial positions. Harshaw crystals,
which showed very little Stage I-coloration (2 X 10'® F centers cm™),
were irradiated up to 1.2 X 10*® F centers cm™. The density change was
found to be strictly proportional to the F-center concentration. The vol-
ume change per Stage II F center was (1.36 + 0.03) a®. Taking into
account the volume change due to the lattice relaxation around the F
center (see next paper), it is felt that this value is in much better agree-
ment with a Frenkel-defect production mechanism than with a mecha-
nism leading to formation of cation and anion vacancies. In KCI crystals
containing 2 X 10" U-centers,’ the volume change due to the reaction
U — F was found to be (1.12 + 0.03) a?

* Present address, Atomics International, Division of North American Aviation,
Inc., Canoga Park, California.

*The KCI:KH crystals were kindly supplied by the II. Physikalische Institut der
Technischen Hochschule, Stuttgart, Germany.

18 Irradiation-induced Color Centers in Magnesium Fluoride*

R. F. BLUNT and M. I. COHEN, Nationai B of Standard

Color centers have been observed in MgF, (rutile structure) produced by
50 kV x rays. Both electron and x-ray irradiation up to 250 kV seem to
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procuce similar results. The werk described here was done at rcom tem-
perature, since the bands show marked thermal stability at room tempera-
ture and are d:fficult to produce at low temperature. The lower symmetry
of the crystal structure should aid in the eventual identification of the
centers. A strong band is initially produced with E|c and Eljc components
near 255 and 265 mp, respecrively, which is largely and irreversibly
bleacked by light in this band yielding a strong band at 370 mp and
several weak bands including ove at 320 my. Neither of these have cb-
servable Ellc components. ? The 320 mp band can be enhanced with a
370 my band bleach and vice versa. Optical bleaching, in general, ap-
pears to give no cver-ail loss in total band strength. Ultraviolet-excited
Iuminescence bands have been observed including one at 420 mu (Elc)
and a second at 360 mu (isotropic). 2
Detailed .polarized bleaching experiments indicate that the 320 mp band
ariges from centers lying along the (110) axes. A possible model is one in
which the 320 mu band asises from single holes trapped at two adjacent
anions as in the Vi centers of allali halides. The initial 260 mp band
could arise from holes trapped at cation vacancies. The 370 mp band
ap cylindricaliy syminetric about the c-axis and would thus remain
unexpliined, but is not whoeily inconsistent with a Vi type center.

* Researzh supported by the Advanced Research Projects Agency.

*M. E Hills and W. R. McBride, J. Chem. Phys. 40, 2053 (1964).
*R. F. Blunit and M. I. Cohen, Bull. Ara. Phys. Soc. 9, 543 (1964).

E*! Spectrum of Cu*? in Scdium Chloride Crysials

ROBERT BORCHERTS,” HIRDSH! KANZAKI, and HIDETARC ABE, institute for Seiid Stote
Physics, University of Tokyo

in NaCl conrtairing Cu, we have succeeded in reversibly converting
Cu** z» Cu*® by anreaiing at high temperatures in a chlorine or nitrogen
aimosphere. However, the EPR spectium in thermally quenched NaCl —
Cu*® crystals (Cu concentration 10-° ~ 107) showed only broad reso-
nence lines indicating clustering of Cu*” ions.

To produce the resolved hyperfine spectrumy, NaCl with Cu*? or NaCl
with Cu** and Ag*? was irradiated with gamma ray at liquid nitrogen
temperature. Subsequent measurements without warming showed signals
from Cu*? and Vi centers in the former case and Cu*?, Ag*?, Ag” and Vx
centers n the latter.

The Cu*? spectrum shows up clearly after suitable warm-up and recooling
for measurements. With the raagnetic field paralle! to the [100] direction
--- the z-axis — the four most intense lines are from the parallel spectrum
with g, = 2.37, A/g.B = 97 gauss and a linec width of 39 gauss. While
warming tewards rooi temperature, these lines combine to a single line
with g ==2.2C, indicative of a Jahn-Teller distortion. The perpendicular
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spectrum, reduced in intensity compared to that of the z-dircction, has
gy = 2.04, B/g ;£ = 34 gauss and a line width of i0 gauss. ' These-spin
Hamiltonian constants are in accord with those obtained by Tucker' on
AgCl-Cu*?. With reduced magnetic field modulation, the four Cu'? res-
onances of the parallel spectrum show a resolved superhyperfine spectrum
of approximately 6 gauss separation with the number of resonances esti-
mated to be 19 — the number expected from six chlorine ligands.

* Present address: Ford Rescarch Laboratories, Dearborn, Michigan.
"R. F. Tucker, Phys. Rev. 112, 7?5 (1953).

Rare Earth lons in the Alkali Halldes

WALTER E. BRON, IBM Waotison Research Center, Yorkiown Heighls, New York

The main feature of pait of the optical spectrum of rare earth ions in
ionic crystals is that it consists of very narrow spectral lines. Half widths
are typically of the order of 1A at helium temperatures. One immediate
consequence is that detailed crystal field studies may be readily carried
out through the measureinents of crystal field splittings of transitions be-
tween pure electronic states of the rare earth ion of the type 4f° — 4f".
Assignments of transiiion moments and crystal field terms can readily be
made througl: measurements of the behavior of crystal ficld levels nunder
applied magnetic, electric or strain fickls or under polarized excitation.
Such a study, which has been done for divalent samarium in the alkali
halides, has led to a detailed description of the divalent impurity ion-
vacancy complex and its immediate surroundings.

Ir addition to the spectra from transitions between pure electronic states,
vibronic spectra due to the coupling of electronic states to the vibrationa!
moticn of lattice ions may also readily be observed. In the alkali halides
iwo types of vibronic spectra are found. One, which consists of series of
evenly spaced, sharp lines, has been shown to result from coupling to
pseudo-lecalized vibrational medes, which arise in the vicinity of the rare
earth ion. A second type of vibronic spectra, which contains broader,
unevenly spaced lines, arises frora a more extended coupling to the vibra-
tions of lattice ions sufficiently removed from the localized vibrations. The
latter vibronic structure may be used io study certain parts of the density
of states of the lattice vibrations,

Finally, the electren-lattice coupling determines the iife time of excited
electronic states against non-radiative decay, and therefore the line widihs
of the narrow spectral lines. Some insight into the non-radiative decay
processes, some of which involve many-quanta steps, may be obtained in
this way.
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A Dynamical Pseudo-Jahn-Teller Effect ut Eu** Impurities
in Alkali Chiorides

WALTER E. BRON and MAX WAGNER,* IBM ‘Watson Research Center, Yorkiown Heights,
New York

Vibronic spectra have recently been observed in alkali halides containing
divalent rare-earth impurities (Eu**, Sm?* or Yb**). The theory of these
spectra and an analysis of the experimental results has been given by the
authors. The defect is of C,,-symmetry and exhibits two main pseudo-
localized modes, one of A, and the other of B, type. (Two further but
less important local modes of the same symmetry types do not concern us
here.) Non-degenerate electronic terms can only couple to the A,-mode.

Nearly degenerate terms, however, may couple also to the B;-mode. But

exact degeneracy being forbidden by symmetry, the electronic levels can-
not cross each other by a theorem due to Neumann and Wigner. Thus
the potential curves of the B;-mode separate into one of a high effective
frequency, and one of a lower frequency which is less significant. A
further increase of the vibronic frequency follows from the approximate
selection rule Am = 0, + 2, which is a consequence of the special type of
coupling to the B;-mode.

In this way a striking dynamical effect can be expected which is observed
in the spectra of Eu®* in the alkali chlorides, where the vibrational fre-
quency observed on an absorption band is strongly increased by a factor
of 3 to 4 over that observed on emission bands.

* Present address: Inst. f. Theor. u. Angew. Physik, Technische Hochschule, Stutt-
gart, Germany.

Faraday Rotation of Silver Atoms in Potassium Chloride

FREDERICK C. BROWN,* B, C. CAVENETT,t and W. HAYES, Clarendon Laboratory, University
of Oxford, England

A well defined absorption band appears at 425 mu when KCI crystals
containing silver impurity ions are X-irradiated at 77°K. It has been
suggested,’ as a result of spin resonance and optical absorption studies,
that the main part of this band is due to a transition from the 4d™ 5s, 28
ground state to the 4d™® 5p, 2P first excited state of silver atoms formed by
the trapping of electrons at silver ions on potassium lattice sites. This
assignment has been verified by observation of the Faraday rotation
pattern for the 425 mpu band as a function of temperature down to 4.2°K
and for a variety of high magnetic fields. The results were obtained in

fields up to 80 kilo-ocrsteds using a two inch I.D., water cooled, two mega-

watt solenoid and an optical rotation apparatus capable of scanning the
ultraviolet-visible region of the spectrum. The recorded patterns were

4



23

analyzed by the method of moments? and they show a large positive
paramagnetic Faraday rotation. This indicates that the spin-orbit cou-
pling constant is positive as expected for a 4d*® 5p, ?P state and is in con-
trast with the negative paramagnetic rotation obtained for the F center.?
A comparison of the observed spin-orbit coupling constant of the *P state
in the solid with that of the free atom is of interest.*

* NSF Senior Post Docteral Fellow, on leave from the University of Illinois, Ur-
bana, Illinois.

1 George Murray Post Doctoral Fellow from the University of Adelaide, Australia.
*C. J. Delbecq, W. Hayes, M. C. M. O’Brien, and P. H. Yuster, Proc. Roy. Soc. A
(London), 271, 243 (1963).

*C. H. Henry, S. E. Schnatterly, and C. P. Slichter, Phys. Rev. 137, A583 (1965).
* J. Mort, F. Liity and F. C. Brown, Phys. Rev. 137, A566 (1965).

* W. Marshall and R. Stuart, Phys. Rev. 123, 2048 (1961).

Dielectric Relaxation Changes Due to Optical Conversion
of F to Z, Centers in Potassi Chloride

CESARE BUCCI,* ROSANNA CAPPELLETTI,t and LUCY PIROLA,! Istituto di Fisica
dell'Universita, Milan, Italy

Many models for the Z, center have been proposed, but there is no defi-
nite experimental evidence for any of them.! Correlated measurements of
optical absorption and dielectric relaxation, which is proportional to the
impurity-vacancy dipole concentration,? provide new information on the
nature of the Z, center.

We have studied the dielectric losses of additively colored KCI containing
10-% SrCl,. Z, centers have been obtained by an intense F-light illumi-
nation of 30 seconds at T = 40°C. This temperature is:chosen in order
to avoid the formation of Z, centers, which give rise to an intense Debye
peak, masking the relaxation of the dipole “divalent impurity — positive
ion vacancy” (IL.V.). )

The additively colored crystals, containing only F centers .(=1.3.10"7
cm™) shows only the known Debye losses of the I.V. dipoles. Subsequent
F-light irradiation provides the conversion F —Z,. Optical absorption
measurements indicated that the Z, band reached saturation (=~7.8 X
10*® Z, centers cm ) immediately after the illumination: no increase of
the Z, band has been detected afterwards. Dielectric losses measurements,
performed immediateiy after the illumination of the sample, show that
the dipoles concentration is unchanged. Thereafter the dipoles concentra-
tion decreases slowly reaching 929 of the initial value within 25 minutes.
The former result shows that impurity vacancy dipoles are not involved
in the formation of Z, centers. It is likely that the Z, center is an electron
trapped at an isolated impurity (Seitz model). The Z, formation breaks
the thermodynamical equilibrium between single impurities, cation va-
cancies and I.V. dipoles; the new equilibrium configuration is attained
gradually, with the dissociation of a fraction of dipoles.
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These canclusions are confirmed aiso by measurements of ionic thermo-
currents, before and after the optical F — Z, conversion.

* Present address: Department of Physics, University of Pemnsylvania, Philadel-
phia, Pennsylvania.

+ Gruppo Noazionale di Struttura della Materia del C.N.R.

'F. Scitz, Phys. Rev. 83, 1 (1951); H. Pick, Ann. Phys. 33, 5 pp. 75 (1939);
H. Hirtel and F. Liity, Z. Physik 182, 111 (1964).

*Y. Haven, J. Chem. Phys. 21, 171 (1953).

lori¢ Thermoconduciivity in Alkali Halides*

CESARE BUCCI,** ROBERTC' FIESCHI, and GERMANO GUIDL! Istituto di Fisica
dell'Universita, Milan, Itaiy
Dielectric polarization can be studied by means of ionic thermoconductiv-
ity (ITC):* one measures the depolarization cursent of a sample while
the temperature incréasesilinearly; the relaxation processes in the dielec-
trics yield bands of currént i(T) whose analysis provides information on
the parameiers characteristic of the relaxation mechanism, i.e. in the case
of dipolar orientation, one can measure number of dipoles, activation
energy E and temperature independent factor of the relaxation time 7,;°
(+=r,exp[E/k T}). The method has a high sensitivity and with a
single measurement one can cbtain complete quaidative information on
the relaxation processes taking place in dielectrics. Several measurements
have been carried out on alkali halides. The following phenomena have
been detected: 1) relaxation of “divalent metal impurity-positive ion va-
cancy” dipoies (I.V. bands) (200 < T < 280°K); 2) strong ITC bands,
probably due to surface effects (350 < T < 420°K); 3) space charge
relaxation (T = 400°K). The activation energy E of the 1.V, relaxation
- can be derived {rom the initial rise of the ITC band.! A more accurate
analysis is obtained from the analysis of the whole i{t) band; in fact one
can casily show that:

r m'( ’ I-= # 2 Y £ . /n, °
IuL/l l‘t)dtJ Ini(t) =Insm + E/kT.

A plot of the left hand side, whose first term can be determined by graph-
ical integration of the discharge curve, as a function of iI/kT yields di-
rectly E and 7,. Results have been obtained in the case of NaCi, KCIl
and XBr doped with SrCl,, CaCl, and BaCl,. Besides the main I.V.
bands, however, other 1.T.C. bands appear in the fiist range of tempera-
tures, which are probably due to dipoles of different configuration and to
dipolar complexes; their relative intensity depends en the thermal treat-
ment of the sample.

* This research has been sponsored in part by the AFOSR under Grant AF EOAR
65-07 with the European Office of Acrospace Rescarch.

** Present addicss: University of Pennsylvania, Philadelphia, Pennsylvania.

t Gruppo Nazionale 3i Struttura della Materia del C.N.R.
' C. Bucci and R. Fieschi, Phys. Rev. Letiers 1, 16 (1964).
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Electron-Nuciear Double Resonance of Z, Centers
in Potassium Chloride*

JAMES C. BUSHNEL:,! Department of Physics oad Maferivls Research Laboratory, Univarsity
of Iliinois, Urbana. lilinois

The structure of the Z, center in potassium chloride, containing strontium
or calcium as an impurity, has been investigated by the electron-nuclear
double resonance (ENDOR) technique. There are considerable qualita-
tive similarities, but quantitative differences, between the ENDOR spectra
in strontium and calcium doped crystals. The largest isctropic hyperfine
constauts (32-34 Mc/sec.) differ by cnly about 19 between calcium and
strontium doped crystals, suggesting, in agreement with previous optical
work, that the effect of the divalent impurity is almost entirely due to its
effective positive charge with respect to the lattice. Two similar struc-
tures, both present in calcium and strontium doped crystals, but in differ-
ent relative concentrations, are proposed to explain the ENDOR results.
Both structures contain a divalent impurity and a cation-anion vacancy
pair, as originally proposed by Kleefstra. One arrangement of these de-
fects is that proposed by Gebhardt and Liity, i.e., a nearest neighbor (100)
vacancy pair, with the umpurity in a (110) positicn with respect to the
positive-ion vacancy, away from the negative-ion vacancy. The other
(linear) arrangemcnt also contains a nearest-neighbor (100} vacancy pair,
but the impurity ic in a (200) position with respect to the positive ion
vacancy, away from the negative ion vacancy. Resolved hyperfine struc-
ture of Z; centers containing strontium enriched in the magnetic isoiope
Sr¥, expected on the basis of the Seitz model, was not observed showing
that the model is incorrect. A search was made for ENDOR abscrption
due to Z, centers in strontium doped KCI, but only lines due to the
F centers also present were found. This preliminary result tends to con-
firm the diamagnetism of the Z, center reported by/Ohkum and Murase.

* This work was supported by the United States Atomic Energy Commission.
1 Present address: Sarndia Cerporation, Ajbuquerquez, New Mexico.

Production of Ultrapure Alkeli Halides — A Survey*

C. T. BUTLER, Solid State Division, Cak Ridge National laboratary, Osk Ridge, Tennessea

It has become increasingly apparent in recent years that many of the
variations in th: radiation induced electronic and optical proverties of
alkali halides are caused by the presence of trace amounts of certain mm-
purities. Consequently, considerable effort is being expended to develop
means of producing much purer alkali halides than previously have been
available. The overall problem of ultrapure alkali kalide production may
be divided conveniently into three areas: purification of starting material,
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growth of crystals and analysis techniques. This paper describes represen-
tative methods being used at various laboratories to secure purified start-
ing material, discusses some of the problems involved in crystal growth
and in the characterization of “crystal purity,” and reviews some of the
more significant analytical techniques now in use.

* Research sponsored by the U.S. Atomic Energy Commission under contract with
the Union Carbide Corporation.

Color Centers in Deformed Potassium Bromide and Rubidium Bromide

R. CHANG, North American Aviation Science Center, Thousand Oaks, California

The environment of F centers formed by Co-60 irradiation (low dosages)
of deformed potassium bromide and rubidium bromide was studied by
means of optical absorption. Splitting of the beta band (exciton band
localized at the F center) and shift of the F-center peak toward the blue
were observed on both deformed potassium bromide and rubidium bro-
mide at low temperatures. The beta band splitting is about 70 cm™ for
potassium bromide and 140 cm™ for rubidium bromide at liquid nitrogen
temperature. The experimental observations support the hypothesis® that
the source of vacancies in deformed alkali halides is the dislocation dipoles
generated within the material from plastic deformation and that the F
centers formed upon Co-60 irradiation are perturbed by the dipole stress
fields.

*R. Chang, Phys. Rev. 138, 839 (1965).

Modulated F-Center Absorption in Potassium Chloride

G. CHIAROTTI and U. M. GRASSANO, Department of Pp#fSics, University of Messina,
Messinag, ltaly

Additively colored alkali halide crystals irradiated with F light chopped
at frequency v, develop a population of electrons in the first excited state
of the F center which changes at the same frequency. As a consequence,
the population of the fundamental state varies with frequency v, and op-
posite phase. Under such conditions the absorption coefficient due to
transitions starting from the fundamental level of the F center (as well
as from the first excited state) shows a modulation at frequency v, which
can be detected with great sensitivity by use of synchronous amplifiers.
Variations of the absorption coefficient of the order of 10-° cm™ are easily
detected over most of the optical spectrum.

The results obtained for KCI crystais at liquid nitrogen temperatures show
clearly the presence of “modulated” absorption of appropriate phase at
the position of F, K, L,, L,, and Lg bands and confirm beyond reasonable
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doubts that the K, L;, L., and L, bands are caused by transitions starting
from the fundamental state of the F center. At both sides of the F band,
a signal with opposite phase originates from modulated F’ absorption.
The dependence of the modulated absorption upon v, shows that two
processes limit the life time of the electrons in the excited F* level:
namely: 1) luminescent de-excitation and ii) a process

F* -+ F > F’ + Vacancy,
followed by the reaction:

F’ + Vacancy - 2 F.

Process ii) has a characteristic time in the range of 1077, 10-* sec and is
predominant at low chopping frequencies. Its dependence upon the con-
centration of F centers is also discussed.

V Bands in Potassium Chloride and Potassium Bromide

R. W. CHRISTY, E. D. SHAW, and E. M. WINTER, Dartmouth College, Hanover, New Humpshire

The V,, V;, and V, bands in KBr appear to be due to intrinsic centers,
as opposed to impurities, since their height shows no tendency to saturate
as a function of irradiation dose. In KCI the V, and ¥/; bands show sim-
ilar properties to the KBr bands of the same name, but the band which
appears to be analogous to the KBr V, band is not the one labeled V, by
Dorendorf. Instead it is a band, called V(240) by Kingsley, which is
slightly to the low energy side of the V; but unresolved from it. These
three bands are produced (along with the F band) by x-ray irradiation
in different temperature ranges. In KCI at least, they can transform one
into another. These transformations occur by raising the temperature,
not as a result of optical excitation, and they are irreversible. These facts
suggest that the three centers are related to each other, but that they
differ not merely electronically (i.e., in their state of ionization). Bleach-
ing experiments with polarized light indicate that the V; and V, centers
have a (100) symmetry axis. No anisotropic behavior is observed in the V,
center, at least between 100° and 400°K.

The Polarization of M-Center Lumines in Sodium Chloride,
Potassium Chloride, and Lithium Fluoride

C. D. CLARK and R. D. CUNNINGHAM,* J. J. Thomson Physicol Laboratory, University of

Bandtalt Mot ol Vet i
9 g, Eng/

A study has heen made of the variations in the polarization of the M-
center luminescence excited by F-band light in NaCl and KCI. The varsi-
ations are shown to be a consequence of the reorientation of the M ceniers
under light stimulation. Thus the degree of polarization depends not cnly
upon the electronic configuration at the defect, but upon the details of the

29



31

reorientation process. The most likely process appears to be the movement
of a neighboring negative ion into one of the sites of an F-aggregate
center. The kinetics of such processes have been investigated and it is
found that the Van Doorn and Haven model of the M center can be made
consistent with the experimental result at the commencement of the polar-
ized excitation, but cannot be reconciled with the time dependence of the
results.

There is a temperature dependence of the rate of reorientation of M
centers in NaCl and KCl; measured values of the degree of polarization
at the commencement of polarized excitation are also found to be de-
pendent upon the original electron irradiation dose in NaCL Possible
explanations of this result have been considered.

No appreciable M-center reorientation has been observed in LiF at 300°K
for excitation with light in the 4500 A band. Measurements of polariza-
tion as a function of the wavelength of the fluorescence excited by light
in the 4500 A band have been made. The emission consists of several
overlapping bands, each of which appear to be due to anisotropic centers.
By considering the ratio of the degrees of polarization excited by [100] and
[110] polarized exciting light it is concluded that the center which emits on
the long wavelength side of what is believed to be the M emission, has a

(100) symmetry axis.

*Present address: Pilkington Brothers, Ltd., Ormskirk, Lancashire, England.
*C. Z. Van Doorn and Y. Haven, Philips Research Reports, 11, 479 (1956).

Pulsed Radiation Studies of Color Centers in the Alkali Halides*

D. M. J. COMPTON, General Dynomics/General Atomic Division, San Diego, California

Studies of the coloration of the alkali halides by short intense pulses of
radiation have proved a useful tool in understanding some aspects of the
formation, interaction, and interconversion of these centers. The experi-
mental method consists of using short (10 nsec to 4 p sec) pulses of high
energy (30 Mev) electrons from a linear accelerator to color crystals.
Such pulses deliver up to 10** eV ecm™ sec™. The optical transmission at
one or several suitable wavelengths is monitored during and after the radi-
ation pulse by a fast-response optical system. Optical emission and elec-
trical conductivity may also be measured. The kinetics of coloration and
conductivity have been studied in this way for several materials, including
KCI, KCI:Pb and KBr. In early-stage coloration, F-center formation
continues for a few microseconds after the end of the radiation pulse. A
value for the capture cross-section for electrons of the « center can be
obtained from this, and from the decay of conductivity at the end of the
radiation pulse. Many of the F centers formed by a pulse spontaneously
bleach in a few seconds after the end of the pulse. This process is greatly
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enhanced by impurities such as lead, and their marked effect’ on late-
stage coloration is associated with a reduction in the number of stable F
centers, rather than in the number formed by radiation. The kinetic be-
havior of hole centers during spontaneous bleaching of F centers has
been studied, but no 1:1 relationship has yet been found. Measurements
of radiation-destruction of M centers, with subsequent re-formation taking
some 30 secs at 300°K, have been made. Studies of fluorescence during
and after irradiation indicate that the self-absorbed radiation-produced
fluorescence does not play an important role in color center interconver-
sions. Intense F-center fluorescence is observed during the formation of
F centers even at 300°K.

* This work was supported by U.S. Air Force Cambridge Research Laboratories.
*W. A. Sibley, E. Sonder, and C. T. Butler, Phys. Rev. 136, A537 (1965).

Distribution of F Centers in X Irradiated Potassium Chloride

W. DALE COMPTON* and MILTON N. KABLER, U.S. Naval Research Laboratory,
Washington, D.C.

The concentration quenching of the luminescence of F centers has been
reported by several workers.»** An idealized model to describe the
quenching considers that two F centers separated by a distance greater
than Ro can luminesce with unit quantum efficiency. If the two F centers
are closer than Ry, it is assumed that neither can luminesce. If the distri-
bution of F centers is completely random, it can be shown* that the effi-
ciency for luminescence, 5y, will be

7r = exp (—4w/3 Ro® np). (1)
Miehlich® has shown that this relationship is valid for additively colored
KCl. The F centers were dispersed by a rapid quench in the dark. Mea-
surements were made at 90°K. Rg was found to be 82.3 = 4.5 A. The
quantum efficiency for the luminescence of F centers formed by x-irradi-
ation deviated from the prediction of Eq. (1) at low concentrations.

In the present experiment, KCl was irradiated at 77°K with 50 kV filtered
x rays. The irradiations were interrupted to allow measurement of the
relative quantum efficiency for luminescence. F’ centers were removed
by optical bleaching prior to the measurement. Concentrations were var-
ied between 2 X 10* and 1.1 X 10 F centers cm™ with several crystal
thicknesses being used to cover the range of concentrations. No differ-
ences were found in measurements of the luminescence made at 77°K
or 4°K. A plot of the logarithm of the reciprocal of the relative quantum
efficiency for luminescence as a function of concentration was a straight
line over the entire range of concentrations, in agreement with Eq. (1).
Rg was found to be 77 == 1 A. A comparison of the luminescent efficiency
of F centers in additively colored crystals with the luminescent efficiency
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of F centers formed by x irradiation indicated that the absolute effi-
ciency is essentially the same for both systems.

If it is assumed that the quenching process utilized by Miehlich produced
a random distribution of F centers, it appears that irradiation with x rays
generates a distribution that is only slightly less random. This would sug-
gest that a large fraction of the F centers can not be formed with small
separations near the end of the track of a photoelectron. The small dif-
ference between the crystals which are additively colored and x-irradiated
may be a result of this, however.

* Permanent address: Physics Department, University of Illinois, Urbana, Illinois.
' H. Pick, Nuove Cimentoc VII (Ser. X), No. 2, 498 (1958).
* C. Delbecq, Z. Physik 171, 560 (1963).

* A. Miehlich, Z. Physik 176, 168 (1963). -
“P. D. Johnson and F. E. Williams, J. Chem. Phys. 18, 1477 (1950).

-

Caiculation of Zero and One Phonon Line Shapes
by Green's Function Methods

C. &. COULTER,* D. W. HOWGATE, R. A. SHATAS, Physical Sciences Lobomiory;
U. S. Army Missile C d, Redst Arsena!, Alab

Calculation of the moments of the Jine shape as developed by Lax and
Burstein® does not yield explicitly the line shape function. Further-
more, the adiabatic approximation must be introduced at the beginning
of calculation. Recent advances in Green’s function methods (e.g., the
temperature-dependent double-time Green’s functions of N. N. Bogoli-
ubov?) can be readily adapted to calculate line shapes themselves (rather
than their moments) by use of a2 modified Kubo formalism.® Recently,
Barrie and Nishikawa* used the Greer’s function technique to obtain an
approximate expression for the spectral function of a shallow impurity
level. However, their formulation of the problem leads to an infinite hier-
archy of equations connecting Green’s functions of different orders. The
approximations rnade to “decouple” this hierarchy assume a small coup-
ling constant of the impurity and the phonons, and a large effective
number of phonor modes interacting with the impurity. However, Mark-
ham’s review® shows that for a trapped carrier center the number of
phonon modes is more likely to be small rather than large. We have suc-
ceeded in avoiding this approximation by introducing a differently-form-
ulated Hamiltonian for the interacting electron-phonon sysiem.® * Instead
of the conventional raising and lowering operators of the harmonic oscil-
lator as phonon creation and annihilation operators, we introduce phonon-
mode creation and annihilation operators by employing the rigorous
second-quantization procedure of quantum ficld theory in writing down
our fundamental Hamiltonian.? With this Hamiltonian the hierarchy of
Green’s function equations terminates exactly at a finite order (for finite
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lattices). Furthermore, the set of equatians for the Green’s functions of
highest order is self-contained (i.e., contains Green’s functions of only one
order), so that these Green’s functions may be calculated to any given
order in the coupling constant. Then the Green's functions of any lower
order may be obtained by forming appropriate sums over the highest-order
Green’s functions. No assumpiions about the number of phonen mcdes
necd be made at any point in this procedure. We have used this method
to calculate the qualitative, form of the zero- and one-phonon spectrum
of a carrier trapped in a lattice defect,” and we obtain good agreement
with the experimental results.®

* Permanent address: Physics Department, University of Alabama, University,
Alabama.

*M. Lax and E. Burstein, Phys. Rev. 100, 592 (1955).

* N. N. Bogoliubov and 3. V. Tyablikov, Soviet Physics — Doklady 4, 604 (1959).
*R. Kubo, j. Phys. Soc. Japan 12, 570 (1937).

* K. Nishikawa and R. Barrie, Can. J. Phys. 41, 1135 (1963).

®J. J. Markham, Revs. Mod. Phys. 31, 356 (1359).

¢ Fully Second-Quantized Hamiltonian for Interacting Electrons and Phonons, by
C. A. Coulter, D. W. Howgate, R. A. Shatas, Report Nr. RR-TR-64-18, U. S.
Army Missile Command, November 1964.

"C. A. Coulter, D. W. Howgate, Bull. Am. Phys. Soc. 18, 117 (1965).

* Physical Quantum Electronics; Part 1 — Field Theoretical Feundations, C. A.
Coulter, ed., Report Nr. RR-TR-65-2, U. S. Army Missile Command, February
1965.

®C. A. Coulter and D. W. Howgate, Bull. Am. Phys. Soc. 10, 2537 (1955).

*J. D. Stettler, R. A. Shatas, and G. A. Tanton, Bull. Am. Phys. Soc. 10, 18
(1985).

Creation of Defects in Alkali Halides by lonizing Radiation*

J. H. CRAWFORD, JR,, Solid Stats Division, Oak Ridge Nationa! Laboratory,
Oak Ridge, Tennessee

Since the first evidence that, besides the conversion of pre-existing ir-
perfections into color centers, new defects are created by the irradiation
of alkali halide crystals, attempts have been made to establish the mecha-
nism for this radiolysis. Despite 15 years of research the issue is. yet in
doubt and, although the several mechanisms that have been put forward
have points in their favor, each seemns to have some difficulty that pre-
vents its complete acceptance. These proposed mechanisms include: va-
cancy-pair creation by recombination energy at dislocation jogs, suggested
by Seitz; multiple icnization of an anion, originaily postulated by Varley;
and concurrent ionization by adjacent halide ions, as described by Klick
and elaborated by Williams. Evidence supporting each will be summa-
rized, but to anticipate the outcome it can be stated that the experimen-
tally deterinined energy required to create an anion vacancy by irradia-
tion below 10°K is inconveniently smaller than that expected from either
of the last two mechanisms, and that the rate of defect production at low
temperature is virtuaily insensitive to dislocation density.
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In another quarter, namely room temperature irradiation, the situation
which -was formerly regarded as hopelessly complicated is not quite so
bleak. Recent experiments relating to pulsed-radiation, influence of im-
purity and ionization intensity upon F-center yields, radiation hardening,
and the difference in the optical stability of F centers introduced at var-
ious temperatures all seem to suggest that those remaining after irradiation
near 300°K are the residuum after extensive relaxation, and that the ex-
tent of this back reaction is sensitive to the steady-state carrier concentra-
tions and their mode of recombination. In this view, vacancies and inter-
stitials are created in the same yield (and by the same mechanism) as at
low temperature and subsequent recombination occurs to the extent that
mobile interstitials have not been trapped or otherwise stabilized in some
combined form.

* Research sponsored by the U. S. Atomic Energy C ission under t with
Union Carbide Corporation.

ENDOR Study of the H Center in Lithium Fluoride*

‘M. L. DAKSS and ROBERT L. MIEHER,! Columbia Radiation Lab y. Columbia University,
New York, New York

A detailed ENDOR study was carried out on the H center in LiF. Hyper-
fine constants for five sets of nonequivalent neighboring nuclei have been
determined. The results give good support to the model of Kénzig and
Woodruff.

* This work was supported in part by the National Sci Foundation under
Grant NSF-GP 3385 and in part by the Joint Services Electronics Program under
Contract DA-28-043 AMC-00099(E).

1 Alfred P. Sloan Foundation Fellow.

' W. Kinzig and T. O. Woodruff, J. Phys. Chem. Solids 9, 70 (1958).

ENDOR Hyperfine Constants of the Vi Center*

D. F. DALY and ROBERT L. MIEHER,! Columbia Radiation lab y. Columbia University,
New York, New York

The hyperfine interaction between the unpaired spin of the Vx center and
a neighboring nucleus can be expressed as I-A-S. By ﬂttmg the ENDOR
spectrum of the neighboring nucleus to the complcte spin Hamiltonian of
the Vx center plus its neighbor, we determine the principal values and
principal axes of the hyperfine tensor A. These values are the ENDOR
hyperfine constants, A; =B, +a (i= "X, y,z), where the B’s and the a
denote the dipole-dipole and the Fermi contact interactions and iisa
principal axis. The ENDOR hyperfine constants of the Vx center in LiF
have been measured by Gazzinelli and Mieher* for the three lithium shells

and the three fluorine shells nearest to the center. For the Vi center in
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NaF we measure the ENDOR hyperfine constants of the three nearest
fluorine shells and the nearest sodium shell. Also these ENDOR hyperfine
constants and their principal axis directions are calculated using the self-
consistent field molecular orbital for the F; molecule-ion obtained by
Wahl. The dependence of -these constants on lattice relaxations and core
polarization of the closed shell Vx orbitals is shown and compared with
the experimental results.

* This work was supported in part by the National Science Foundation under
Grant NSF-GP 3385 and in part by the Joint Services Electronics Program under
Contract DA-28-043 AMC-00099(E).

+ Alfred P. Sloan Foundation Fellow.

*R. Gazzinelli and R. Micher, Phys. Rev. Letters 12, 644 (1964).

Magneto-Optic Effects in the K Band of Rubidium Chloride, Rubidium
Bromide, and Potassium Chloride

Y. MERLE D'AUBIGNE and J. GAREYTE, Laboratorie de Physique Genérale et Alcatel,
Grenoble, France

The circular dichroism of the K band in RbCl, RbBr and KCI was studied
at liquid helium temperature. At a given wavelength the magnetic field
induces a change in the 'absorption of right circularly polarized light which
is proportional to the absorption at this wavelength, and to the spin polar-
ization (S,) in the ground state with (S,) = 1/2 tanh g8H/2KT where K
is the Boltzmann constant. One finds (1/(S,)) (Ak/k) = 0.10 for RbCl,
0.17 for RbBr, and 0.043 for KCI. These results may be explained if one
assumes a strong mixing of the K levels with the first p state. Applying the
method of moments® to the extreme case of forbidden transitions made
allowed by distortions of the lattice, one calculates the variation of the
area of the absorption curve induced by a magnetic field: AA/A =
4(S,) A/[3(Ex — Eg)] where A is the spin orbit splitting of the first excited
state, Ex and Ep are the average energies of the K and F levels. Using the
known values of A*? and Ex one finds (1/(S,)) (AA/A) = 0.097 for
RbCI, 0.15 for RbBr, 0.033 for KCl. Considering the lack of precision in
the determination of the absorption curve and in the knowledge of A, the
experimental values of Ak/k and the values of AA/A calculated for the
above model agree relatively well. One may conclude that the mixing of
the K levels with the first p state is strong and is responsible for a large
part of the intensity of the K band.

’( féslsl)' Henry, S. E. Schnatterly, and C. P. Slichter, Phys. Rev. 137 A, 583

? J. Gareyte et Y. Merle D’Aubigne, C. R. Acad. Sc. 258, 6393 (1964).
*R. Romestain et J. Margerie, C. R. Acad. Sc. 258, 2525 (1964).
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Trapped Hole Centers in the Alkali Halides*

CHARLES ). DELBECQ, Argonne National Laboratory, Argonne, illinois

The pioneering work of Kénzig and his co-workers in which electron spin
resonance absorption was used to study the (halogen)s, or Vi, centers
gave us the first really detailed knowledge. of any trapped hole centers in
the alkali halides. Since this work, the progress in the knowledge concern-
ing trapped hole centers has continued; an attempt will be made to review
this progress over the three years since the Color Center Symposium in
Stuttgart. Among the subjects to be reviewed will be (a) heles trapped
in the neighborhood of impurity ions such as alkali metal ions, other metal
ions, oxygen ions, and halide ions; (b) hydrogen atorns in the alkali ha-
lides; (c) electron-hole recombination processes; and (d) recent results
concerning V,, V,, Vi, V., and H centers.

¥ Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission. ,

Luminescence Processes in X lrradiated Potassium Chioride Crystals
with Silver*

CHARLES J. DELBECQ, AMAL K. GHOSH, and PHILIP H. YUSTER, Argonne Nationai
Laboratory, Argonne, lllinois

ESR measurcents have shown that after x irradiation at 77°K, KCl-Ag
crystals contain Cl." (Vi centers) and Ag® (silver atoms). If these crys-
tals are maintained at 77°K after x irradiation, a long persistent lumines-
cence (afterglow), which does not follow a siinple exponential decay, is
observed. The intensity of the afterglow is almost independent of tem-
perature over the range 5 — 140°K. The energy distribution of the lu-
minescence peaks at about 2.3 eV and is essentially identical in nature to
the luminescence observed in the first thermal-glow peak of the system
at about —70°C. The frst glow peak vesults from the recombination of
trapped electrons and holes. If the Cl,~ ions are preferentially oriented
along one of the (110) directions in the crystal, by bleaching with poiar-
ized light, the afterglow is polarized in the same directicn as the oriented
Cl;~ ions. When the crystal is warmed slowly through the temperature
region in which Cl, ions disorient, the degree of polarization of this emis-
sion changes slowly from a positive value through zero to a negative value
and finally comes back to zero. These results can be explained if it is
assumed that the afterglow arises from the recombination of nearby pairs
of Cl,;” and Ag* through an anisotropic tunneling process. Very similar
results have been obtained on the system KCI-T! except that in this case
the energy distribution of the Juminescence peaks at about 3.0 ¢V.

* Based on work performed under the auspices of the U.5. Atomic Energy Com-
mission.
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Containing Thallium*

CHARLES J. DELBECQ and PHILIP H. YUSTER, Arg National Lab Y. Arg , Hlinois

At 77°K ionizing radiation produces thallium atoms (TI°) and Cl; mol-
ecule ions in crystals of KCI containing moderate amounts of thallous
chloride. If the concentration of thallous ion is increased, it is observed
that in addition to the two above mentioned species, a new species identi-
fied as Tl is formed. TI° is formed when isolated TI* captures an elec-
tron, while TIf is formed when a pair of nearest neighbor TI* ions cap-
ture an electron. The amount of Tl; formed is roughly proportional to
the square of the TI* concentration. Correlated studies on nonirradiated
KCI-T1 crystals show ultraviolet absorption bands whose intensity varies
with the square of the TI* concentration and are probably associated with
nearest neighbor TI* pairs, similar to the work on KI-T1* TI: shows op-
tical absorption bands at 1760, 860 and 480 mu. The symmetry of this
center has been studied through the use of polarized light bleaching ex-
periments. Whereas, TI° shows no optical anis‘otropy down to tempera-
tures as low as 5°K, TI; shows optical anisotropy almost up to 300°K.
The axes of the dipole moments of the 1760, 860, and 480 mp transitions
coincide and are oriented along the (110) directions in the crystal.

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
F‘ll".";;l.!.Yuner and C. J. Delbecq, J. Chem. Phys. 21, 892 (1953).

EPR and ENDOR of F Centers in Alkali Hydrides

W. T. DOYLE, C. SEAGER, P. R. SHAFER, and B. WCOL, Department of Physics, Dartmouth
College, Hanover, New Hampshire

Alkali halides and hydrides have the same crystal lattice type, ionic charge,
electronic configuration, and defect structure. In most physical and chem-
ical properties the hydrides fall between the corresponding fluorides and
chlorides. Under x irradiation both halides and hydrides develop a strong
F band. In LiH the F centers coagulate rapidly at room temperature to
form lithium metal, but in all the other hydrides F centers are stable. Be-
cause of the comparatively small hyperfine interaction with the singly
charged anion nuclei in the alkali hydrides and deuterides, all but KH
show a well resolved nearest neighbor hyperfine splitting in their EPR
spectra, consistent with the deBoer structure of this F center. In NaD,
KD, and RbH the peak separations are 25.6, 7.9, and 36.6 gauss, respec-
tively. In CsH the splitting is large and second order terms are present
in the resolved pattern. ENDOR measurements confirm the EPR nearest
neighbor interactions, and in NaH, KH, and RbH give second nearest

37



42

43

neighbor isotropic hyperfine constants of 8.0, 4.6, and 4.2 mc, respectively:
Anisotropic terms and interactions with more distant neighbors are also -
present. Spin lattice relaxation rates differ considerably from one hydride-
to another with ostensibly similar sample preparation.

The lattice constant is a scaling parameter for the position of the optical
F band (And? ~ constant; Mollwo-Ivey rule) and the nearest neighbor
isotropic hyperfine interaction constant (|y{?d® ~ constant; Seidel’s rule).
The F band positions in NaH and KH are in approximate agreement with
the Mollwo-Ivey rule. Only LiH exhibits a gross departure from this reg-
ularity in the alkali halides and hydrides. In contrast, all of the hydrides
exhibit a pronounced, but similar, departure from Seidel’s rule. These
discrepancies suggest that high frequency polarizability and lattice distor-
tion of the host crystal exert an appreciable influence on the F center in
the hydrides. Similar, but smaller, effects must be present in the alkali
halides.

Dielectric Relaxation in Potassium Chloride Containing Hydroxyl lons

R. W. DREYFUS, U. BOSSHARD, and W. K'A'NZIG, Swiss Federal Institute of Technology,
Zirich, Switzerland

The dispersion of the complex dielectric constant of hydroxyl doped KCI
crystals has been studied in the temperature range between 1.5°K and
20°K for samples with OH- concentrations of 15, 310 and 2200 ppm. At
frequencies below 12 Mc/sec the measurements were carried out with a
conventional QQ — meter using the “Resonance Rise Method.” For fre-
quencies above 25 Mc/sec a short piece of coaxial line was resonated with
the sample. The relaxation behavior of the hydroxyl dipoles was taken
from the dispersion of the real part of the dielectric constant and from
the loss angle. The results can be summarized as follows:

1. The relaxation behavior indicates a spread of relaxation times. -Above
8°K this spread is almost negligible and it increases with decreasing tem-
perature.

2. The average relaxation time increases with increasing concentration.
3. Between 1.5°K and about 10°K the temperature dependence of the
average relaxation time can be approximated by T-2 where a = 1 for the
very dilute samples (15 ppm) and a = 2 for the concentrated samples
(2200 ppm).

Absorption, Emission and Recombination Procesus‘ of X3, TI*,
and F Centers in the Alkali Halides

ROBERT F. EDGERTON, Carleton College, Northfield, Minnesoia

Previous research on the TI* center in KI, KBr, and KCI has been con-
cerned with the absorption and emission spectra, the decay constants of
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the luminescence at temperatures between liquid helium temperature and
room temperature, and the polarization of the emission when excited with
polarized light at liquid helium temperature.

The emission spectrum of KI: Tl at low temperatures reveals three emis-
sion bands that are direct transitions from the known A, B, and C absorp-
tion bands, whereas two additional emission bands appear to be from
other excited states that are not populated directly by absorption. The
polarization of the three emission bands and the short time-constants agree
with this assignment. The long-wavelength emission band that results
from excitation in the D absorption band appears to be an anomalous
behavior. '

The emission spectra of the pure alkali halides upon excitation in the
fundamental absorption region have been identified independently by
Kabler and Murray as emission resulting from the recombination of a
self-trapped hole and an electron.

Current research interests are: (1) details of recombination emission of
self-trapped holes, thallous ion centers, and F centers, (2) possible transi-
tions of the thallous-ion centers from the lowest excited state to higher
excited states, (3) competition between TI* emission and X; recombina-
tion emission with various electron traps present, (4) measurements of
surface concentrations of F and Xj centers after ultraviolet irradiation
using reflected polarized light at Brewster’s angle, (5) comparison of glow
curves of x irradiate and ultraviolet irradiated samples.

R. Edgerton and K. Teegarden, Phys. Rev. 129, 169 (1963).
R. Edgerton and K. Teegarden, Phys. Rev. 136, A1091 (1964).

NEREONE

Edgerson, Phys. Rev. 138, A85 (1965).

Yuster and C. Delbecq, J. Chem. Phys. Solids 21, 892 (1953).

Klick and D. Compton, J. Phys. Chem. Solids 7, 170 (1958).

Tlingworth, Phys. Rev. 136, A508 (1964).

Mourray and F. Keller, Phys. Rev. 137, A942 (1965).

Kabler, Phys. Rev. 136, A1296 (1964).

Yuster, C. Delbecq, and A. Ghosh, Bull. Amer. Phys. Soc. IT 9, 629 (1964).

ESR-Measurements on the Aggregation of F Centers in Rubidium
Chloride by Light

P. EHRET and H. C. WOLF, lll. Physikalisches Institut der Techmischen Hochschule, Stuttgart,
Germany

Bleaching by light at room temperature of F centers in RbCl decreases
the resolution of the partially resolved hyperfine structure in the ESR-
spectrum of the remaining F centers.! In order to explain this decrease
in resolution one has to assume a shortening of the spin-spin-relaxation
time T, which is equivalent to an increase of the width of individual spin
packets. By measuring T, T, and T, from saturation experiments one gets
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for T, the approximate values T, = 2-10-® sec (unbleached F centers)
and T, = 2.5-10°° sec (F centers after optical bleaching at room tempera-
ture). In order to explain the decrease in resolution of the hyperfine
structure one needs for T, a value of 3-10-° sec which is in good agree-
ment with the measured value. This is the result of a computer calcu-
lation of the ESR-spectrum taking into account both Rb-isotopes and the
interaction with the shells I, IT apd III.

The decrease in T, is explained as the result of a light-induced loose ag-
gregation of the F centers. If one takes into account dipole-dipole-inter-
action only, the measured T, corresponds to an average distance of 5
interionic distances between F centers in the clusters. There is no experi-
mental evidence for or against an additional influence of exchange inter-
action.

* H. Seidel und H. C. Wolf, Z. Physik 173, 455 (1963).

An Investigation of F Centers, U Centers, and M Centers in Potassium
Bromide, Potassium Chloride, and Sodium Chloride Containing
Hydrogen

STEPHEN EROS and RICHARD A. KNAPP, Carson Laboratories, Inc., Bristol, Connecticut

A study has been made of F centers, M centers and U centers in crystals
of KBr, KCIl, and NaCl which have been additively colored and heated
with hydrogen at high pressures (15 atmospheres).

It is found that the behavior of the F and M centers differs from their
behavior in crystals which have only been additively colored. M centers
do not form in KBr:H and, although formed in KCI:H, relax spontan-
eously and bleach rapidly with U band illumination. F centers convert
back to U centers in KBr:H when irradiated with F band light.

It is found that the amount of hydrogen dissolved (beyond that incorpo-
rated in the U centers) is greatest in KBr, less in KCI, and least in NaCl.
The magnitude of the effects described correlates with the amount of ex-
cess hydrogen in the lattice, and mechanisms which explain these effects
in terms of interactions between the various centers and hydrogen are
presented.

The oscillator strengths for the U center in KCI:H and KBr:H relative
to the F center oscillator strength, have been measured and are reported-
Also reported is a value for the relative oscillator strength of the M, tran-
sition of the M center, obtained by a method which does not involve mea-
suring the F band.



46 Photochemical Reactions in Potassium Chloride Containing HS- lonst

O. E. FACEY* and P. W. M. JACOBS,* Dep t of Chemistry, Imperiol College, London,
England

The occurrence of photochemical reactions induced by ultraviolet light
in KClI crystals containing HS- impurity ions was first observed by Papa-
zian® and Grassano® but credit for the correct assignment of the impurity
responsible for the observed effects belongs to Rolfe® and to Fischer and
Griindig.* * HS- ions are present to a considerable extent? in crystals
grown from AR. KCl; chlorination of the melt is an effective method
of preventing contamination. Rolfe has introduced HS- impurity by
growing crystals from KC! and KBr with added hydrated alkali sulphides
while Fischer and Griindig grew their crystals under H,S. We have used
the latter method and have also annealed pure crystals in H,S and grown
crystals from molten KCI containing added anhydrous KHS.
On photolysis bands form at 193, 212, 235, and 255 mp. For short irradi-
ation times absorption coefficients at 193 and 235 my are very similar, as
are those at 212 and 255 mp. After Jong irradiation times the 235 mp
absorption falls while that at 212 mu continues to rise and that at 255 mu
saturates. The decrease in k(235) is caused by the well-known® mobility
of interstitial H atoms. Some of this decrease is due to recombination of
H atoms with S- centers (shown by the simultaneous decrease in the 193
my absorption) but the second-order kinetics confirm that the main
mechanism: for the disappearance of H atoms is the recombination reac-
tion: H + H - H,. The activation energy for this process is 0.23 eV.
The growth kinetics under irradiation strongly suggest that two photo-
chemical reactions occur

SH-— §-(193) + H,(235)

SH- — H~(212) + §,(255)

Fischer and Griindig have an alternative explanation® for the 255 mp
band. We feel, however, that the 193 and 255 mpu bands cannot be
associated with the same center because measurements of the change in
the halfwidth of these bands between 4°K and 225°K have enabled ap-
proximate values for the ground state frequencies to be found. These
values differ by around 50%, thus indicating that the same ground state js
not involved in the two absorptions.

1 Supported by the Office of Naval Research.

* Present .Mn- Department of Chemistry, University of Western Ontario, Lon-

don, Ontario,

*P. W. M. Jacobs and-H. A. Papazian, Phys. Rev. 127, 1567 (1962).

* U. M. Grassano and P. W. M. Jacobs, J. Appl. Phys. 35, 2391 (1964).

* I. Rolfe, Applied Physics Letters 6, 66 (1965).

*F. Fischer and H. Griindig, Physics Letters 13, 113 (1964).

*F. Fischer and H. Griindig, Z. Physik 184, 299 (1965).

*C. J. Delbecq, B. Smaller, and P. H. Yuster, Phys. Rev. 104, 599 {1956).
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47 Theoretical Models of Some V.Centers in Magnesium Oxide

438

F. FERATE and T. E. FEUCHTWANG, School of l’h;ziu, University of Minnesota,

Minneapolis, Minnesota®

Wertz and co-workers have reported in the last three years several ESR

spectra in MgO, which they tentatively associated with a hole trapped by

a positive ion vacancy. The spectra are definitely anisotropic (g, =

2.0032, g; = 2.0385) and have axial symmetry.

Several models were considered in an attempt to explain these spectra.

1. The strongly localized hole:
The defect was assumed to consist of an O~ ion next to the Mg** va-
cancy in a crystal field due to point ions, all ions at equilibrium sites.
Ionic states were represented by Slater determinants composed of
Hartree-Fock: one-electron states for the free ion. The crystal field,
spin-orbit interaction and an external magnetic field were treated as
successive perturbations, the spin-orbit constant being determined from
isoelectronic data for Na**, Ne*, F°. The deviation of the g-tensor from
the free electron case was found to be Ag; = 0, Ag; = 0.0245.

Subsequently, electron nuclear resonance experiments indicated the exis-
tence of the related defect having the same symmetry, but with a fluorine
nucleus on the principal axis (presumably opposite the O~ ion). The
hyperfine splitting constants were: a (contact term) =.12 gauss, b (di-
pole-dipole term) = 3a. The strongly localized hole model was used to
calculate the contact interaction of the hole with an F- ion two sites
away. This gave a value of a which was too small by three orders of
magnitude. This suggested that the hole might be shared by all first
neighbors of the vacancy.
2. The weakly localized hole:
We first considered the effect of placing the hole on the F- ion itself.
The resulting contact term (for F° next to the Mg™ vacancy) was
completely negligible. However a hole on an O= second neighbor of
the F- ion gave the right order of magnitude for the contact term.
This strongly suggests a model in which the hole is shared (anisotropi-
cally) by the six first neighbors of the vacancy. A detailed analysis of
this model is in progress, and will be reported on.

* This work was supported by a grant from the Graduate School of the University
of Minnesota.

Isotope Effects in Lithium Fluoride Narrow-Line Spectra*

H. R. FETTERMAN and D. B. FITCHEN, Laboratory of Atomic and Solid State Physics, Cornell
University, Ithaca, New York

The effect of isotopic composition on zero-phonon absorption lines and
associated vibrational structure in LiF has been investigated. Measure-
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ments of the position and intensity of these features at 4°K were made
for the lines at 39124, 5236A, 8333A, and 10408A in x-ray irradiated
crystals of Li°F (>'95% Li®) and Ii"F (~ 100% Li"). The first line is
due to the R center and the rest are due presumably to other F-aggregate
centers, although a definite identification has not been made.

The decrease in lithium mass from 7 to 6 in the host lattice produces two
readily measurable effects on the 8333A and 10408A lines: a shift of the
zero-phonon line of — 0.0009 + .0001 eV and + 0.0012 =+ .0001 eV,
respectively; and a shift in the spacing of the peaks in the vibrational
sidebands, corresponding to frequency ratios ws/w; ranging from 1.009 to
1.072. These shifts are identical in enriched crystals obtained from two
different sources. Also, the shift of the lines for a 509% Li® crystal is half
as large. The isotope shifts in the 3912A and 5236A lines are much
smaller than this,

We attribute the shift of the 8333A and 10408A lines to two separate
effects. One, a red shift due to the fractional increase in lattice constant
of 2 X 10*, we infer to be — 0.0008 eV and — 0.0001 eV from our mea-
surements of the pressure shift of these lines. The second, due to the
change in vibrational spectrum, is specifically the differential change in
the zero-point energies of the coupled modes. Using the spectral density
of coupled modes determined from the one-phonon sideband spectrum for
the two isotopes, we have computed a shift of the right magnitude.

The small isotope effects expected in the temperature dependence of the
breadth, position and intensity of these lines are now being sought.

* Work supported in part by the U.S. Atomic Energy Commission.

Photostimulated Thermoluminescence in Sodium Chloride*

ROBERTO FIESCHI and PAOLA SCARAMELLI! Istituto di Fisica dell'Universita, Milan, Italy

A) Thermoluminescence (TL) stimulated by monochromatic light is a
much simpler phenomenon than standard TL, since traps filled by only
one type of carrier can be obtained. ? In the present work we study, in
the temperature range 80 — 280°K, the TL of NaCl X-rayed at T >
290°K and subsequently photostimulated at 80°K. Our main purpose is
to examine in detail the photostimulation spectra of electrons and of
holes; stimulation at intervals of 5mp with bandwidth of 1.2 myu is per-
formed. B) The photostimulated glow curve, as already known, depends
strongly on the sample. In each sample however, the glow curve has the
same peaks, independent of the stimulating wavelength: this, in agree-
ment with reference 1, shows that carriers of only one kind are released by
light and are trapped. As will be seen in points C and D below, these car-
riers are only electrons. C) The intensity of each glow peak — for the
same dose of incident light — depends on the wavelength of the stimulag-
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ing radiation. A prominent maximum of the emission intensity is obtained
after stimulation at 450 mp corresponding to the F-band absorption. -
Other maxima of TL are found when the sample is stimulated with light
of shorter wavelength; 310 mpu, 280 mpu, and 265 mpu. These electronic
bands, observed through the photostimuluted TL, have the properties of
the L bands. In fact, the ratio of the stimulation yield in the F absorption
region and in the “L band” region does not depend appreciably upon
the sample, hence upon the impurity content: moreover this ratio is ap-
proximately independent of the F-center concentration. D) In contrast
with the results of other authors,® no maximum emission is found in
samples stimulated at wavelengths corresponding to absorption in the V
bands, even at very high illumination doses. E) The nature of the traps
has also been studied.

* This research has been sponsored in part by the AFOSR under Grant AF EOAR

65-07 with the European Office of Aerospace Research.
+ Gruppo Nazionale di Struttura della Materia del C.N.R.

. 'A. E. Stoddard, Phys. Rev. 120, 114 (1960).

*B. Bosacchi, R. Fieschi and P. Scaramelli, Phys. Rev. 138, A1760 (1965).
* A. A. Braner and M. Israeli, Phys. Rev. 132, 2501 (1963).

Optical Properties of the HSe-, Se-, and Se - lon in Potassium Chlioride
and Potassium Bromide Crystals

F. FISCHER, 1. Physikalisches Institut der Universitat Gottingen, Germany

Infrared and ultraviolet absorption bands caused by the hydroselenide
ion (HSe) have been observed in KCI and KBr single crystals grown
from melts containing KHSe. The infrared absorption due to the stretch-
ing vibration of the Se-H bond occurs near 4.36 microns. The ultraviolet
absorption consists of two bands, in KCl at 6.40 ¢V and 6.13 eV, in KBr
at 6.13 eV and 5.87 eV (20°K).

Irradiation into the hydroselenide bands at 20°K causes the same quan-
titative photochemical decomposition as in the case of hydrosulfide:
HSe  — Se~ -+ Hj. The Se ions produce two new bands, in KCI at
6.15 eV and 5.96 eV, in KBr at 5.83 eV and 5.66 eV. After the thermal
bleaching of the U, band above 110°K, the hydrogen has reacted in part
with the Se” ions to re-form HSe". Morecver, in KBr a band at 4.98 ¢V
(halfwidth 0.46 eV) occurs, which probably belongs to a new hydrogen
center. This becomes unstable above 210°K.

By reducing treatment of the HSe~ ions with F centers, one gets a quan-
titative conversion into Se, and U centers: HSeé" + 2F — Se-—-+ U
+ []. After quenching to room temperature such crystals are yellow and
in the UV light they show a yellow orange fluorescence. The absorption
at 20°K consists of a double band in the blue and near ultraviolet, in
KCI at 341 ¢V and 3.14 eV, in KBr at 3.32 eV and 3.05 eV. It belongs
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to the Se~- center. In KCI two other bands are observed at 4.23 ¢V and
3.96 eV. These are exciton bands belonging to deposited K.Se. After
annealing below 400°C the long wavelength bands disappear. In KCI the
exciton bands are increased, and in KBr they appear at the same wave-
length as in KCL.

The energy distance in all double bands of HSe~, Se”-, and the deposited
K.Se is 0.27 eV. This is interpreted as the spin orbit splitting.

Production and Optical Absorption of Potassium Chioride Crystals
Containing O; and O~ Centers

F. FISCHER, H. GlﬁNDlG. and R. HILSCH, 1. Physikalisches !nstitut der Universitat
Gottingen, Germany

A method is described that produces single crystals of potassium chloride
with high concentrations of O; (about 10 cm™®). The crystals are grown
by the Kyropoulos-method from a KO, doped melt of KCi in a vacuum
tight apparatus, strictly excluding spurious amounts of water which would
react to KOH. The KO, is produced by direct reaction of the elements.
The absorption in the ultraviolet shows the known baund at 5.09 eV (H =
1.2 eV), and two other bands at 6.41 eV (H = 0.56 eV, 78°K) and 7.0
eV. Reducing treatment with F centers transforras the O; quantitatively
into O~ and anion vacancies. The O - centers have four bands at 2.82
eV (H =0.38 eV), 4.34 eV (H = 0.39 eV), 5.77 ¢V (H = 0.50 eV),
and 6.4 eV. Another band at 7.1 eV (H = 0.4 eV) is due to the anion
vacancies (a centers). All bands of the O~ center can be interpreted as
electron transfers from O-- to the surrounding K* ions considering differ-
ent excited states of the potassium atom. Irradiation of O~ doped crystals
at 20°C yields F centers and O~ centers. The O~ centers are detected by
their band at 6.7 eV. The concentration of the O~ centers (and of the
original O; centers) can be determined from the magnitude of the F band.
O-- centers in high concentration can be stabilized in an atomic dispersion
only by rapid quenching to room termperature. Annealing below 400°C
finally causes deposition of colloidal particles of K,O.

Ztro-ﬂionon 'frcnslﬂons‘

D. B. FITCHEN,! Department of Physics and Laboratory of Atomic and Solid Stcte Physics,
Cornell University, Ithaca, New York

A survey of current understanding of the necessary cenditions for and
properties of zero-phonon lines in the low-temperature optical absorption
and emission spectra of color centers will be presented. Recent develop-
ments discussed will include work on line luminescence in NaF as well as
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LiF, models for the analysis of phonon coupling and temperature depen-
dence, static strain shifts and splittings, and isotope effects.
* Work supported in part by the U.S. Atomic Energy Commission and the Ad-

vanced Research Projects Agency.
t Alfred P. Sloan Fellow.

Theory of Optical Transitions in the Electron-Excess Centers*

W. BEALL FOWLER, University of Illinois, Urbana, lllinois

Since the 1962 Stuttgart Conference, much has been learned about the
nature of the states involved in optical transitions in electron-excess cen-
ters. At the time of that Conference there had recently been performed a
number of important experiments whose results had not been predicted
by theory and were not very well understood. Among these newly dis-
covered phenomena were the long lifetime of the excited F center, the
existence and properties of the K and L bands, the structure of the F
bands in the cesium halides, the existence and properties of the many
excited states of the M center, and the concentration quenching of F
center luminescence.

Since that time new theories have appeared while older theories have
been re-examined and extended. The results of further ingenious experi-
ments, while often raising new questions, have made it possible in a
number of cases to test the alternative theoretical possibilities. At the
present time there exist theories which seem capable of explaining to a
greater or lesser degree all of the phenomena mentioned here (and others
as well), with the exception of concentration quenching.

In this talk we shall review some of the general theoretical considerations
that should be involved in any treatment of the electronic states. We
neglect most effects associated with lattice dynamics; these will be treated
in other papers. We shall try to relate some of the common approxima-
tions (such as the point-ion and semicontinuum methods) and assess their
regions of validity, and shall then indicate how successful theories have
been formulated for the K band and (to some extent) the L bands, for
the F center in emission, and for the M-center excited states. We shall
also comment on the present theoretical understanding of other electron-
excess centers and of certain other phenomena (such as spin-orbit split-
tings). A fairly general conclusion emerges: A given center may possess
a number of bound states of quite different character; these may include
localized states, large-radius states influenced by electronic polarization,
and large-radius states influenced by lattice polarization.

* Research supported by a grant from the U.S.A.F. Office of Scientific Research.
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The Contribution of Electron and Hole Self-Energies to Optical Band
Gaps and to Binding Energies of Excitations in Insulators*

W. BEALL FOWLER, University of lllinois, Urbana, Hiinois

The optical absorption energy required to create large-radius excitations
(excitons or excited impurity states) or to excite an electron into the
conduction band in insulators includes large and important negative con-
tributions from the self-energies of the electron and the hole (or impurity
center) with respect to electronic polarization. These self-encrgies may be
calculated by a static approximation developed by Mott and Littleton,
which is valid for most insulators {but not for most semiconductors. where
dynamic effects are important). Because of self-energy corrections the
optical band gap in alkali halides may be as much as 5 ¢V smaller than
the gap that a conventional one-electron band structure calculation would
yield.

Clearly self-energies are important in determining the binding energies of
those small-radius excitations whose absolute energies are independent of
dielectric properties. We have used the transfer model to analyze experi-
mental binding energies of low-lying excitons in alkali halides and rare
gases. It is thereby possible to understand the “anomalous” case of LiCl,
which has a negative exciton binding cnergy, a result which is also pre-
dicted for Lil. For these cases the sclf-energies are so large that less
energy is required to cxcite an electron to the conduction band than to
create a small-radius exciton which has little electronic self-cncigy.

These results suggest that excited F centers in LiCl and Lil should also
have negative binding encrgies, which implies that the K band may lic on
the low-energy side of the F band. This could lead to some interesting
experimental results. Although large negative binding energies are pre-
dicted for silver halide excitons, a breakdown of the transfer model may
invalidate this result.

* Research supported by a grant from the U.S. Air Force Office of Scientific Re-
search.

Green's Function Calculations of Electronic States in Insulators*

W. BEALL FOWLER, University of lllinois, Urbana, lllinois

Several Green’s function techniques are discussed and that of Anderson
developed for ceinputing the energies of impurity siates (and their
“widths,” should they be in resonance with band states) in insulators. It
is argued that a reasonable condition for negative-ion impurities in alkali
and silver halides to have “localized exciton” states at lower energies than
the pure-crystal exciton absorption is that the one-electron valence states
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of the impurity be higher in energy than those of the pure crystal. We
then study the one-electron states by the Green’s function theory and
conclude the following:

(1) If the negative-ion impurity state lies within the valence band it will
mix so-thoroughly with the band states that no discrete “exciton” absorp-
tion associated with the impurity will emerge.

(2) Negative-ion impurities of larger atomic number in alkali halides
(such as Br- in KCI) will have localized valence states; an essential con-
tribution to their discreteness is an increase in 2-center repulsive energy
associated with the impurity.

(3) Such impurities in silver halides will have localized states only if their
energies are higher than the valence p-state at k = 0 by more than
~ 1.5 — 2 eV, the valence band width associated with indirect transi-
tions. This condition obtains for I~ in AgCl, but not for Br- in AgCl, for
which the virtual-crystal approximation gives a better description of the
direct exciton region.

(4) The energies associated with moving an electron to or from an ion in
the classical transfer model involve the centers of the conduction or va-
lence bands, not the edges, and so transition energies obtained in von
Hippel’s treatment should be reduced by approximately one-half the sum
of valence- and conduction-band widths.

* Research supported by a grant from the U.S. Air Force Office of Scientific Re-
search.

Low Temperature Half Width of Infrared U Bands

B. FRITZ and U. GROSS, ]I. Physikalisches Institut, Technische Hochschule, Stuttgart,
Germany

Saturation values of the temperature dependent half-width of local mode
absorption bands in NaCl:D- and KCl:D- were measured in the liquid
helium range. The band widths are then H(O) = 0.4 cm™* for KCl and
1.1 em™ for NaCl. H- bands in the same crystals seem to assume still
lower half-widths, which are below the limit of spectral resolution.

Above 100°K, both H- and D~ bands are broadened according to an ap-
proximate T*-dependence. This T?-dependence also holds for H- centers
below 100°K, while D~ absorption band widths tend to saturate in- this
region. {

The observed difference in the damping of the local modes may follow .
from different possibilities for decay of local mode quanta into lattice
phonons: for the D~ mode (360 cm™ in KCI), decay into two phonons
is allowed, while this is forbidden for the H- mode, which has more than
twicc the maximum phonon energy (500 cm™). A decay into three -
phonons, however,. is possible for the H-, and a longer lifetime is to be
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expected, since this requires fourth order anharmonic terms instead of
third order terms for the two-phonon decay.

The T2-broadening, observed with both isotopes, cannot be explained by
the 2 or 3 phonon decay processes. Instead of that one needs a phonon
scattering mechanism according to that discussed by Hayes et al.! This
scattering process can be studied especially well in NaBr: H- and NaBr:D-.
The infrared absorption bands in these crystals appear to be broader by
one order of magnitude than in NaCl and KCIl, when measured at 100°K,
but nevertheless attain low temperature widths of about 1 cm™. Above
20°K an increase of bandw1dth with temperature is found, which is even
stronger than T%.

' W. Hayes et al., J. Phys. Chem. Solids, Suppl. 1, Lattice Dynamics (1965).

Reorientation and Emission of Optically Excited F, Centers

B. FRITZ, F. LUTY, and G. RAUSCH, II. Physikalisches Institut der Technischen Hochschule,
Stuttgart, Germany

Seven different Fj-center systems {in KCl, KBr, RbC! and RbBr) were
studied with the following results:

1. In absorption all F-center systems show a similar double band struc-
ture with a separation between 0.17 and 0.27 eV. The effective frequency
associated: with the broadening of the Fi-abserption is very close to that
of the corresponding F bands.

2. Two distinctly different types of Fa-center reorieniation occur under
optical excitation: In four cases {(KCl:Na, KBr:Li. . RbCl:Na and
RbBr:K) the reorientation rate freezes in at low temperatures and can be
described by an Arrhenius type equation with activation energies near
0.l eV. (“Type I F, centers”). In KCI:Li, RbCl:Li and RbBr:Li on the
other hand the reorientation rate is completely independent of tempera-
ture, measured down to 2.8°K.. (“Type II Fj ceniers™).

3. The emission preperties of these two types of F, centers are again
drastically different: Type I Fa centers behave in emission “F-like” with
respect to-lifetime, spectral position, halfwidth and coupling to lattice
vibration of rather high frequency. The emission of tvpe II F, centers is
characterized by a small lifetime, unusuaily big Stokes shift, and a rather
narrow (F = 0.045 eV) emission band at 0.46 eV, which is broadened
by coupling to a low frequency mode. :
4. The poiarization of the emission is again typically different for the two
Fa center types: Type I Fx centers, when studied at low temperatures
(with frozen-in orientdtion), have an emission consisting of a large
amount of isotropic radiation (~86%) the rest being of dipole character-
istic (with axis parallel to the F,-center axis) — independent of excita-
tion in the Fa; or Fa; band. Towards higher temperature the degree of
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polarization is reduced by increasing reorientation in quantitative agree-
ment with the assumption that reorientation takes place in the excited
state before emission. The emission of type II F, centers is composed of
759 isotropic and 25% of dipole characteristic (dipole axis parallel to
center axis) independent of temperature.

These correlated differences in reorientation, lifetime and emission suggest
that the lattice relaxation after optical excitation takes place in completely
different ways for the two types of F, centers.

Excited F-State Spectroscopy Using a Q-Switched Laser*

DIETMAR FROHLICH and HERBERT MAHR, Department of Physics, Cornell University,
Ithaca, New York

The relaxed excited state of F centers of several alkali halides was strongly
populated using a Q-switched ruby laser. The laser delivered about
5 X 10" photons in a 30 nanosecond pulse. Changes in transmission in-
duced by the laser pulse could be observed with a spectrometer. The
detector had a time resolution of 10-7 seconds. This arrangement allowed
measurement of the absorption of the crystal in the presence of excited
states. In addition the time dependence of changes of absorption con-
nected with ground state F centers or with excited state F centers could
be monitored. These changes in absorption reflect directly the time de-
pendence of the change of population of either state. Lifetime measure-
ments can thus easily be performed in a convenient wavelength region.
The method was used to measure absorption in the presence of excited
states in KI, CsI and RbBr at 7°K. In all cases an absorption was found
in the ultraviolet region of the spectrum. This absorption shows consider-
able structure and is interpreted as being due to exciton states formed in
the vicinity of excited F centers. The lifetimes of the relaxed excited
state of F centers in KI, CsI, RbBr and CsF was determined between 7°K
and the quenching temperature of luminescence. For KI the time depen-
dence of the population change of ground and excited state was measured
for a range of F concentrations from 2 X 10 to 5 X 10 F/cm.? A
strong interaction between centers develops for higher concentrations
which gives rise to a nonexponential time dependence.

* Work supported by the Advanced Research Projects Agency and the U.S. Office
of Naval Research.

The Diffusion of the Chiorine lon in Potassium Chloride

R. G. FULLER,} Materials R h lab Y. University of lllinois, Urbana, lllinois

The diffusion coefficient of the chlorine ion in Harshaw potassium chlo-
ride crystals and in potassium chloride crystals doped with strontium
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chloride has been measured. The measurements were made using radio-
active chlorine 36 and sectioning techniques. The chlorine ion diffusion
coefficient of the Harshaw single crystals is well represented by

D = (613%) exp[—(2.12 = 0.05 eV) /kT] cm?/sec (1)
from 560°C to 760°C. Below 560°C the log D versus 1/T curve has a
positive curvature. Similar effects were observed in KCI by Barr, Hood-
less, Morrison, and Rudham,’ and in NaCl by Barr, Morrison, and
Schroeder.? Their annealing experiments indicated that dislocations en-
hance the diffusion at low temperatures.

The diffusion data for the single crystals doped with strontium exhibited
three main features.

1. The diffusion coefficients for the crystals containing 21 parts per mil-
lion (atomic) Sr and 44 ppm Sr were equal to the Harshaw values for
temperatures above 720°C. The high temperature diffusion mechanisms
are intrinsic.

2. The diffusion coefficients for the doped crystals containing 237 ppm
Sr and 469 ppm Sr were the same for temperatures above 650°C. An
intrinsic diffusion mechanism, such as vacancy pairs, which is independent
of the cation impurity concentration is dominant in these heavily doped
crystals at high temperature.

3. The log D versus 1,/T curves for the heavily doped crystals have a posi-
tive curvature for temperatures below 625°C.

The analysis of the data was carried out by assuming anion vacancy dif-
fusion and vacancy pair diffusion,

D i Dnﬂon + Dnan:'r (2)
The following results were obtained from this analysis:

Danion = 36.51 exp{—2.105 eV/kT) cm?/sec. (3)

Dipairs = 8.561 X 10* exp(—2.654 eV/kT) cm?/scc. (4)

This analysis also permitted the determination of the fractional concen-
tration of vacancies in KCl, n;, which was found to be n, = 43.91 exp
(—2.313 eV/KT).

In this analysis the low temperature data from the regions of log D versus
1/T with positive curvature were omitted.

t Now at the U.S. Naval Research Laboratory, Washington, D.C.

*L. W. Barr, I. M. Hoodless, J. A. Morrison, and R. Rudham, Trans. Faraday Soc.
56, 697 (1960).

*L. W. Barr, J. A. Morrison, and P. A. Schrocder, J. Appl. Phys. 36, 624 (1965).

F-Center Studies in Cesium Fivoride*

T. A. FULTON and D. B. FITCHEN, Laboratory of Atomic and Solid State Physics,
Cornell University, Ithaca, New York

Hughes and Rabin have observed optical absorption bands in x irradiated
and additively colored CsF which include a tripiet structure centercd at
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approximately 6600 A and a band at 5700 A (77°K). These are candi-
dates for F-center transitions.

We have produced these bands in Harshaw and Semi-Elements CsF by
coloring mechanisms ranging from y-irradiation at 77°K to electrolytic
coloration. The ratio of optical densities of the triplet components and
the 5700 A band is independent of coloring technique. Selective low-
temperature optical bleaching does not alter this ratio, nor does thermal
bleaching. These results indicate that these absorptions arise from a single
center.

Preliminary circular dichroism measurements similar to those of Margerie
and Romestain have established that the center is paramagnetic, with a
g-value of the order of 2. The circular dichroism of the triplet ahsorption
is quite similar to that of the CsCl F band and strongly suggests that the
center is in fact the F center. The highest-energy component of the triplet
may be assigned to a I'; state and the other two to a T's state, as suggested
by Moran.

The well-resolved components of the triplet permit one to excite selectively
the T'; and the T's states. In this way, we find photoconductivity at 77°K
occurring for wavelengths in the I's component but not the I's components.
Similarly the triplet may be bleached at 77°K by light in the I's compo-
nent but nét the T's components. This suggests that the excited state after
lattice relaxation differs markedly for I's and I's excitation.

For temperatures below 10°K the I's and the higher-energy I's component
show a doublet structure whose origin is a current subject of investigation.

* Work supported in part by the U.S. Atomic Energy Commission and the Ad-
vanced Research Projects Agency. ;

Temperature Depend and Stark Effect of the Absorption Bands in
Silver Doped Potassium Chloride

K. FUSSGANGER, W, GEBHARDT, and E. MOHLER, Physikalisches Institut der Johann
Wolfgang Goethe-Universitat, Frankfurt; Germany

The change of the optical absorption of KCIl: Ag* single crystals by high
electric fields applied in [100], {110], and [111] — direction-is described.
The four absorption bands, known as the A, B, C and D bands, arise from
the parity forbidden transition (4d)°— (4d)® 5s and show a small tem-
perature dependent oscillator strength caused by lattice modes of odd
parity. From a plot of the oscillator strength in the form
(f(T) — C)/(£(0) — C) = coth (ho/4w«T)

an effective frequency o can be derived. Similar to this mechanism, the
external field destroys the inversion symmetry of the Ag*-center and
mixes ¢(I';) to the ground state (I';) and the excited state wave func-
tions (I'%, T, I'¢). From a qualitative group theoretical analysis assum-
ing Oy-symmetry we find the following symmetries for the excited states:
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KCl:Ag* peak energy (eV) at 79.5°K symmcu*}

A 5.460 e T B
B 9655 ey
C 5.938 by
D 6.435 !

These assignments are in variance with the calculations of Knox.* Even
by a variation of both the crystal field parameter and the spin orbit cou-
pling constant the peak energies cannot be fitted. The consequences of
these results for the model of the Ag*-center is further discussed.

*R. S. Knox, J. Phys. Sce. jzpan 18, Suppi. 11, 218 (1963).

An Interpretotion of Some Optical Properties of the Vi Center*

T. L. GILBERT, Argonne Naticnal Laboratory, Argonne, liiinois

The optical absorption bands for an 1sclated Cly meolecule-ion have becn
calculated for the *Zf —227 (UV band) and 22f—°, (IR band)
transitions.! The optical density, d(A) = log[I.(\)/I(A)]/1og[Io(Amux)/
T\nax)], is given by d(A) = (A\/N\.) exp{—7? log?(A\/).) — 1/44%)] where
Ae = Auax €727 i3 the wavelength corresponding to the eicctronic exci-
tation energy at equilibrium internuclear distance, Amax is the waveiength
for peak abscrption, and ¥* = a/f? where § is a constant which char-
acterizes the dependence of the excitation energy on internuclear distance
(ECZ} or *l,; R) — EESE; R) = AE(R,) e#®-R) and a = 4w’uco./h
characterizes the ground vibrational state (in the harmonic approxima-
tion) of the moleculc-ion with reduced mass ¢ and ground vibrational
frequency w, {= 260 cm™ for CI;).

If the two parameters A, and y are suitably chosen, the same expression
for d(A) gives a good fit to the observed optical absorption bands for the
Vx center. The values for the parameters for Cl; and for the Vi bands
in 2 sequence of host crysials (obtained from the optica! data of C. J.
Delbecqg and P. H. Yuster)? are tabulated below.

UV Band ] IR Band
Host Crystal LiCl NaQl K& RbGl -Ch ' “ka  ar
X 384 872 862, /3614 - 321 [ 744 663
e 1.9 205 #41 514 726 | 58 8.0

These observed trends, and alse the trends observed in the ESR measure-
ments of V. Hayes on the same crystals,> have been interpreted in terms
ol lattice energy diagrarns in configuration space. We infer that the ?X,
211, *11, and 2X; states of the Vk center all lie below the valence band
(in a lattice energy diagram -—- the picture is reversed i a one-clectron
exvitation energy diagrara) and that, at least for the UV band, the ob-
seaved trends in the optical band parameters are primarily due to an inter-
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action between the valence band and the excited electronic state of the
Vk center.

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission.

' A. C. Wahl and T. L. Gilbert, to be submitted to Phys. Rev.

*C. J. Delbecq, T. L. Gilbert, W. Hayes, and P. H. Yuster, to be submitted to
Phys. Rev.

& Center Production in Potassium Chloride

G. GIULIANI, A. PERINATI, and E. REGUZZONI, Istitut> di Fisica dell'Universita di Pavia,
Pavia, ltaly, and G. CHIAROTTI, Istituto di Fisica dell'Universita di Messina, Messina, Italy

The following results, obtained on KCl x irradiated at various tempera-
tures, will be presented and discussed:

1. At 5°K intrinsic « centers are created which decay between 20° and
40°K. Preliminary results of measurernents now in. progress, show that
the capture cross section for electrons of these « centers is negligible;

2. At any temperature between 5° and 230°K. the presence of divalent
impurities (Sr** or Pb**) leads to the formation of extrinsic « centers
easily distinguishable from the intrinsic ones because of their larger thermal
stability. The capture cross section for electrons of these extrinsic vacan-
cies is negligible; otherwise one would see a dependence of F centers pro-
duction on the purity of the sample, which is not observed ;'

3. Points 1) and 2) strongly suggest that intrinsic and extrinsic « centers
are created in pair with interstitial negative ions® (whose energy of for-
mation may be lowered and whose thermal stability may be enhanced by
the attractive electric field of isolated divalent impurities) and that the
thermal bleaching of the « band is due to the recombination of these pairs
of defects. It seems therefore interesting to study the thermal stability of
isolated anion vacancies in the absence of interstitial negative ions (and
of F’ centers). Measurements of this kind are now in progress; . g
4. At 77°K, together with extrinsic a centers due to divalent impurities
which decay between 180° and 230°K, extrinsic a centers are created
which decay between 105° and 140°K. The defects controlling the pro-
duction of these « centers must still be determined.

* H. Rabin and C. C. Klick, Phys. Rev. 117, 1005 (1960).
*F. Liity, Z. Physik 153, 247 (1958).

EPR of Co** in Magnesium Fluoride

H. M. GLADNEY, IBM Research Laboratory, San Jose, California

The complex‘hypcrﬁne and fluorine superhyperfine structure of the X-
band EPR spectra of Co** as a dilute substitutional impurity in a single
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crystal of MgF, has been assigned. The spin-Hamiltonian parameters are
similar to the earlier incomplete data for the isomorphous ZnF, host lat-
tice.> The values of the spin-Hamiltonian tensors along the crystal’s [110],
[110], and [001] directions are: for the gyromagnetic ratio, (6.033, 2.297,
4.239) ; for the cobalt hyperfine interaction, (637, 123, 210) Mc/sec; for
the shfs of the two equivalent F*® nuclei along the (110) direction, (308,
59, 76) Mc/sec; for the four equivalent F** nuclei in the {110} plane,
(92, 90, 169) Mc/sec. In the last case, principal axes are not symmetry-
determined ; the values quoted are the projections on the Cartesian axes,
since insufficient resolution made determination of the off-diagonal com-
ponent difficult.

Since high-order perturbations in the cobalt bfs are important, assign-
ment and analysis of the spectra was tractable only with the aid of a pair
of computer programs, one to predict line positions as a function of mag-
netic-field direction by diagonalizing the spin Hamiltonian, and the second
to fit observed line positions by adjusting the Hamiltonian parameters.
First-order perturbation theory for the F'° shfs predicts splittings indepen-
dent of the cobalt nuclear-spin number. However, even though the F'
interactions are two orders of magnitude smaller than the Zeeman effect
for some magnetic-field orientations, the observed splittings vary as much
as 50 percent across the spectrum. Complete diagonalization of the
32 X 32 Hamiltonian for a hypothetical species, CoF, quantitatively re-
produces the effect, which may be traced to fourth-order perturbations
(squared in both the Co hyperfine and F*® hyperfine interaction) between
nearly degenerate states.

The interpretation of the reported data within a ligand-field model is
presently being pursued and will be reported in the near future.

* M. Tinkkam, Proc. Roy. Soc. (London) A236, 549 (1956).

F-Center Formation in Alkali Halides with Ultraviolet Light*

LAWRENCE S. GOLDBERG and HERBERT MAHR, Department of Physics, Corneli University,
ithaca, New York

The process of F-center formation with ultraviolet light absorbed in the
fundamental band edge of mixed and pure alkali halides is presently being
studied. In KCI(KI) and KBr(KI) it is found that excitation of the
iodine ions to bound exciton states will, given sufficient ti:crmai energy,
lead to formation of a high concentration of F centers. This process of
formation is felt to be more generally valid in the ultraviolet coloration
of pure alkali halides since it requires the formation of anion vacancies
in an otherwise perfect lattice by ~ 6eV excitation.

In KCI(KI), irradiated at room tempcrature, the I coloration decays ex-
ponentially into the crystal with a decay constant that scales with I con-
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centration. Growth of the F band is accompanied by a non-reversible
decrease in the I~ band and the appearance of a new absorption band
omewhat obscured (even at 7°K) in the long wavelength tail of the I~
band. This new absorption band is thought to be associated with inter-
stitial halide atoms.

The growth of the F band obeys a rather unique relation (quite different
from later stages of x-ray coloration) : Np o (It)?/2 where Ny is the total
numsber of F centers within the crystal and the product (It) is the “expo-
sure,” a quantity proportional to the total number of ultraviolet photons
incident (I is the ultraviolet intensity and t is the irradiation time in sec-
onds). This relation holds over a tested range of 4% orders of magnitude
in t, 1%2 orders in T, and 2% orders in Ny. For constant “exposure” Ny is
independent of the iodine concentration in the range 10'" to 10® I-/cm?,
whereas for 10?° I-/ecm®, Np iz smaller and the relation bteaks down at
t ~ 102 seconds as F-saturation sets in. This saturation suggests a limiting
F-center density of ~ 3 X 10" F/cm?® near the crystal surface.

* Work supported by the Advanced Research Projects Agency and the Office of
Naval Rescarch.

The Effects of Pre-lrradiation Annealing cn the Thermoluminescence,

. Dielectric Loss, and Optical Absorption of Magnesium Doped Lithium

Fluoride*

R. M. GRANT, JR. and J. R. CAMERON, Departmen! of Physics, University -of Wisconsin,
Madiscn, Wisconsin

The characteristics of the radiation-induced thermoluminescent glow peaks
in LiF:Mg (70 ppm Mg)' are affected by pre-irradiaiion isothermal an-
nealing. The eflects were studied at teraperatures between 55°C and
116°C. The pre-irradiation annealing kinetics of one of the giow peaks
has been correlated with the annealing kinetics of quenched-in Mg**-ca-
tion vacancy complexes as measured by dielectric loss techniques. An op-
tical absorption band appearing at 380 myu after irradiation of a [/2 mm
thick crystal to 1.2 X 10°R has been correlated with this same glow peak.
it is suggested that the trap responsible for this peak and absorption band
may be a F; moiecule ion stabilized by and combined with a Mg**-cation
vacancy complex. Pure LiF* does not exhibit dielectric loss within the
sensitivity of the apparatus used. The thermoluminescence of this lateer
material does net show pre-irradiation anrealing effects, and in general
has characternistics different from LiF:Mg. Changes in the optical absorp-
tion spectrum of LiF: Mg which occur during peak by peak readout of the
thermoluminescence suggest a complex interaction between two or more
color centers.

* T'his work was supported in part by the Atomic Energy Commission through

Contract 11-1103, -
' Obtained from the Harshaw Chemical Company, Cleveland, Ohio.
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Investigation of Color Center Transformations with Pulse Bleaching
Methods

L. 1. GROSSWEINER, R. T. McCALL, and Jj. G. RING, Department of Physics, llinois Institute
of Technology, Chicago, illinois

We are investigating optically-induced color center transformations in
KCI with high intensity light pulses and kinetic spectrophotometry. The
method makes it possible to obtain temporary absorption spectra within
10 usec of excitation and to determine the kinetics of the interconversions.
The objective is to obtain information on the electron-excess color centers
by studying the fast transformations between centers of known and un-
known structures. Previous work® has shown that illumination of colored
KCI at 78°K establishes a photoequilibrium between F and F’ centers and
that the presence of M centers, from prior “F light” bleaching at 25°C,
alters the rate-controlling processes. A more detailed investigation has
shown that the efficiency of the F-to-F’ conversion at 78°K decreases in
the early stages of M band growth, which can be explained by the con-
densation of F centers proposed by Delbecq.? During the later stages of
M band growth the incident “F light” is utilized preferentially to ionize
M centers, the net effect being a decrease of F-center temporary bleaching
and an increase in the non-equilibrium F’ center yield. In other work,
pulse bleaching was applied to <tud) the *“T bands,” produced by optical
bleaching of colored KCI at 100°C with combinations of “F light” plus
light abhsorbed by higher aggregate centers.® It was found that the T,
(894 mp) and Ty (992 mnu) bands are readily interconveried by light-in-
duced processcs at 78°K, indicating that they are due io distinct, closely
related centers. The T, band (829 my) is stable to optical bleaching and
represents a third center.

*
* #* This work was supported by the U.S. Atomic Energy Commission.

' A. R. Reinberg and L. 1. Grossweiner, Phys. Rev. 122, 1734 (1961).
*C. J. Delbecq, Z. Physik 171, 560 {1963).
*J. G. Ring and L. I. Grossweiner, J. Appl. Phys. 35, 2257 (1964).

Eleciron Spin Resonance of Sulphur and Selenium Centers in
Potassium Chieoride

H. GRUNDIG, A. HAUSMANN, and W. SANDER, I. Physikalisches Institot der Uriversital
Gottingen, Germony

Single crystals of KCl are grown under an atmosphere of H,S or H,Se.
In these crystals HS- and HSe~ ions are helieved ic exist in negative lattice
positions. U, centers (interstitial hydrogen atoms) are produced by ir-
radiation with ultravioiet light at 20°K. After annealing to 120°K for
some seconds and recooling to 20°K these crystals show the resonance
spectra of sulfur and selenium centers which are ascribed to §-, H.S-, and
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Se- ions. The resonance lines have an angular dependence with a g-tensor
of axial symmetry along the body diagonals of the lattice.

(8: g, =1986, g, =2211; H,S: g, = 1987, g, = 2.206; Se:
g, = 1.769, g, = 2.542). The H,S~ spectrum has a well resolved hyper-
fine structure eaused by interaction with two equivalent hydrogen nuclei.
For verifying the nature of the centers, crystals are grown under an atmo-
sphere of D,S as well as H.S, the sulfur being enriched by $** isotope.
The HFS of the natural isotope Se’ also can be resqlved. :
Furthermore, crystals doped with sulfide are investigated. In contrast to
oxygen doped crystals which reveal the ESR of Oz ions, no ESR-signals
of S; ions could be detected. However:, introduction of F centers followed
by irradiation ‘with ultraviolet light of longer wavelength at about 370°K
produces two new types of paramagnetic centers. Type 1 has orthorhom-
bic symmetry along face diagonals (g. = 2.143, g, = 2.081, g, = 2.009),
whereas type 2 shows axial symmetry along the principal axis (g, = 1.995,
gL = 2.060). Both are believed to be sulfur centers. Experiments with
S32 as well as with selenide are to follow.

Ultra-Purification of Alkali Halides

PAUL M. GRUZENSKY, National Bureau of Standards, Boulder, Col

The extreme sensitivity of color centers and related phenomena to trace
impurities has stimulated considerable research on the preparation of
ultra-pure crystals. Since membrane filters with pore diameters on the
order of millimicrons have become available, some impurities can now be
precipitated from solution chemically and removed by filtration, where
previously they have escaped into the filtrate. Reducing the number of
impurities that can act as nucleation centers permits growth of sizeable
crystals from aqueous solutions. Lower temperatures and slower growth
rates involved in solution growth yield crystals that approach the perfect
lattice more nearly so than crystals grown from the melt. NaCl has been
grown in this way, but results thus far with KCI and KBr have Leen less
satisfactory. Recent work® on the formation of F centers by x-ray irradi-
ation of aqueous-grown NaCl verifies that the growth curve is not linear.
It is not possible to separate the “first stage” from the “second stage” of
coloration. Conductivity measurements show a transition from extrinsic
to intrinsic conductivity at 350°C as compared to “pure” melt-grown crys-
tals that typically have a knee above 500°C.

* P. M. Gruzensky, to be published.
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70 The Quantum Yield for the Photochemical Decomposition of O
Centers in Potassium Chloride

G. Gﬁml and F. FISCHER, I. Physikalisches Institut der Universitat, Gottingen, Germany

Potassium chloride crystals containing various amounts of O~ - centers are
irradiated with ultraviolet light into their bands at 2.92 eV, 4.25 eV, and
5.85 eV. It is shown that the photoehemical reaction
O-+[0->0+F
is the only one, which takes place. From the strong linear relation be-
tween the decrease of the O~ - bands and the increase of the F band, the
concentration of the O~ - centers can be derived. When K means the ab-
sorption constant in the maximum of the 4.25 €V band at 20°C, the
concentration N(O--) = (2.6 = 0.1) 10*cm2 K.
Irradiation into the long wavelength band yields no decomposition. Ir-
radiation into the shorter wavelength bands above 220°K results in the
thermal activated ionization of the O~ - centers. At higher temperatures
the quantum yield for decomposition of the O~ - centers converges to 0.36
and not to one. This can be interpreted in such a way that immediately
after the ionization there is a high probability for radiationless retrapping
of the electron by, the same center into its ground-state. The thermal
activation energies are 0.60 + 0.1 eV for the 4.25 ¢V band, and 0.3 = 0.1
eV for the 5.85 eV band.
Long time irradiation shows that an equilibrium is reached after about
60% of the O~ - centers have been decomposed. This is interpreted as
coming from the invérsion of the reaction given by the above relation:
F centers are ionized simultaneously with the O~ - centers by absorbing
light in the L band region.

71 Storage Centers in Potassium lodide (Thallium)

WAYNE B. HADLEY, Zenith Rodio Corporation, Chicago, lilincis

Heavy metal impurities such as thallium, lead and silver greatly enhance
the x-ray colorability of alkali halides at low temperatures. It is known
that silver ions in KCI may act either as hole traps or as electron traps.
A detailed study of x irradiated KI:Tl was undertaken to establish
whether thallous ious may behave in the same way.

At 77°K, KI: Tl stores energy upon x irradiation. Near-infrared or vis-
ible irradiation of the charged material produces stimulated emission and,
at the same time, removes the absorption bands of the storage centers.
The stimulation spectrum corresponds to some of the absorption features
in the visibie and infrared, but definitely not to the known Iz absorption
band at 800 mp. Furthermore, removal of the Iz centers in the first
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therrnal glow changes the stimulation spectrum only slightly. Therefore,
the stimulation centers must be electron centers, presumably neutral thal-
lium atoms. In stimulated emission, trapped electrons are raised to the
conduction band whereupon recombination occurs at the site of the
trapped hole.

The stimulated emission spectra indicate that most of the trapped holes
are I; centers after x irradiation at 77°K. During the first glow, some holes
recombine with trapped electrons, while others are retrapped at more sta-
ble sites. Stimulated emission after the first glow looks exactly like the fluo-
rescence of uncharged KI1:Tl. This indicates that the retrapped holes are
TI'* centers since recombination at these sites would be expected to pro-
duce excited TI1* ions. !

X-ray exposure sufficient to saturate storage in KI: Tl at 77°K produces
t00 small a2 number of F centers to see eithed in absorption or in stimula-
tion. If a sizeable-F band is produced by greater exposure to x rays or by
a higher irradiation temperature, it shows up clearly as a stimulation
band. When only TI° electron centers are present, bleaching at any wave-
iength fails to change the shape of the stimulation spectrum. By contrast,
selective bleaching with F centers present does change the stimulation
spectrum in a manner consistent with the existence of two or more kinds
of trapped electrons. This result confirms the identification of the stim-
ulation center as an electron center. It also shows that the F center is
not a major storage center in K¥:TL

Concentration Dependence in Petassium lodide (Thallium) Storage

WAYNE B. HADLEY and STANLEY POLICK, Zenith Radio Corporation, Chicago, lilinois

Samples of KI: Tl ranging in composition from about 1 X 10* to 1 X
10-* mole percent have been studied. All samples were charged at 77°K
with 125 KVP x rays and the storage determined by a light-sum method.
In addition, thermal glows, absorption spectra, emission spectra, and stim-
ulation spectra were observed for cach sample.

Stored energy increases with thallium concentration, but there are other
trends with concentration as well. At the lowest concentrations, infrared
stimulation produces only exciton emission, that is, emission characteristic
of an electron combining with an 15 center. Thallium emission becormnes
more important in stimulation at higher concentrations. Removal of the
first thermal glow with its destruction of I3 centers leaves some storage,
but stimulation in this state gives only thallium emission at all concen-
trations. The ratio of the second glow (175°K) to the first glow (110°K)
light sums also increases with thallium concentration.

Deducing the quantitative dependence of energy storage on thallium con-
centration is difficult. The lower thallitm concentrations were estimated
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from the data of Yuster and Delbecq, but at the higher concentrations the
optical density in the thalliurn abscrption bands was too great for this
method of analysis. In the lower concentration range, it is known that
plastic deformation may increase the capacity for storage. Therefore, not
only the composition but also the history of a sampie determine its storage
capacity. It is not possible at present to state whether storage is directly
proportional to thailium concentration or is some more complex function.

F Center Production in Alkali Halides by Uitraviolet Irradiction

T. P. P. HALL, D. FOOLEY, and W. A. RUNCIMAN, Sclid State Fhysics Division, Aiomic Energy

», b Bebahlich t, Harwel!, England

It has proved possible to produce F centers in potassium iodide by ultra-
violet irradiation in the region of the long wavelength tail ¢of the exciton
band.* The process is non saturating even at F center concentrations as
high as 2 X 10, and the effect cannot be ascribed to OH~ or H- im-
purities.

It has been found that the F-center production rate rises with increasing F
center concentration, toward a saturation rate depending lincarly on radi-
ation intensity. This behavior, and the dependence on the energy of the
ultraviolet photons, is indicative of a process depending on the absorption
of energy into the 8 band. However, the large coloration rate by ultra-
violet irradiation at zero F center concentration suggests that absorption
which is actually in the long wavelength tail of the exciton band itself
may also lead to F center produciion. A possible explanation for the ultra-
violet F center production process may be provided by the exciton decay
model described in another paper, which includes a possible explanation
for the creation of a vacancy distant from the original excitation, which
is a necessary part of a 8-band process. s

The uitraviolet coloration of KI has a temperature dependence very sim-
ilar to that of x-ray coloration.® It is also very sensitive to the presence of
impurities in the crystal, which perturb the exciton band edge, causing
it to move toward the visible and to mask the 8 band.

A search for ultraviolet coloration of other alkali iedides and bromides,
where the exciton bands are relatively easily accessible, has shown that
RbI behaves similarly.

*7T. P. P. Hall, D. Pooley, W. A. Runciman and P. T. Wedcpohl Proc. Phys. Soc.
(London), 84, 719 (1964).

*T. P. P. Hali, D. Pooley, and P. T. Wedepohl Proc. Phys. Soc (London), 83, 635
(1964).
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The Production of F-Aggregate Centers in Potassium Chloride and
Sodium Chloride

PATRICK G. HARRISON, Institute of Optics, University of Rochester, Rochester, New York

The conversion of F centers to F-aggregate centers in the temperature
range —20° to +30°C has been studied. F centers were initially created
either by x irradiation or additive coloration. In the case of NaCl part
of the F centers could be converted to F’ centers by pulse irradiation tech-
niqués (both optical and x ray) without altering the density of F-ag- .
gregate centers initially present in the crystal. The dark decay of the F*
centers was then studied as a function of temperature. In general, the*
dark decay resulted in partial restoration of the F band along with growth®
of F-aggregate centers. The net effect of the pulse irradiation and the_
dark decay was to convert F centers to F-aggregate centers. On the basis
of comparisons between NaCl and KCI it was concluded that the rate of-
aggregation depends on the density of F’ (or «) centers present in the
crystal and their mobility. For aggregation to occur by the pulse tech-
nique the F’ (or a) centers must have an appreciable lifetime at tempera-
tures at which they are mobile. NaCl fulfills this requirement; KCI does
not. The aggregation produced by continuous irradiation of the crystal
appears to follow the same mechanism as that produced by pulse irradi-
ation. The continuous irradiation simply increases the density of F’ (or )
centers by continually creating new centers to compensate for their decay.

Paraelastic Allgnmoni of OH- Centers in Alkali Halides

H. HARTEL and F. LUTY, II. Physikalisches Institut der Technischen Hochschule, St
Germany

Besides the possibility of aligning OH- centers because of their electric
dipole moment by electric ficlds,’ the same should hold in an applied stress
field because of their “elastic dipole moment.” This was observed by mea-
surement of the stress-induced dichroism in the electronic OH- band at
low temperatures; it is found that the absorption increases for light polar-
ized parallel to the applied (100) stress, decreases for the light polarized
perpendicular to it. This observed stress dichroism is in full agreement
with the model derived from the paraelectric measurements:* Application
of (100) stress lifts the degeneracy of the six equivalent (100) orientational
levels and splits them into a doublet: one low energy 4-fold degenerate
state (centers oriented perpendicular to stress) and one high energy 2-fold
degenerate state (centers oriented parallel to stress direction). Boltzmann
occupation of this doublet together with the anisotropy of the electronic
OH- transition (as evaluated from the paraelectric measurements) ‘ex-
plains quantitatively the observed stress dichroism. From these measure-
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ments the “shape factor” (ellipticity) of the OH- center can be evaluated.
For cases where dilatation measurements are available (as in KCI +
KOH)? the combination of both measurements allows a quantitative de-
termination of the components of the tetragonal elastic dipole. The stress
dichroism disappears for stress applied in (111) direction in agreement
with the model. Experiments to observe paraelastic heating and cooling
— in parallel to the corresponding paraelectric effects® — are under way.
'U. Kuhn and F. Liity, Sol. State Comm. 2, 281 (1964).

*F. Liity and H. Paus, See Abstract No. 123.
* U. Kuhn and F. Liity, Sol. State Comm. 4, 31 (1965).

V Bands in Potassium Chloride Crystals Conﬁining Halide lon
Impurities

SADAO HATTORI and NOBUYOSHI NAGATA, Aichi Gakugei University, Nagoya, Japon

New V-type bands have been observed in KCI crystais containing: small
amounts of halide ion impurities which have been irradiated with X-rays
at room temperature. The crystals were grown from melt in air by the
Kyropoulos method. Starting material of the melt was KCI powder added
with small amount of KBr, KI and KF, respectively. Here the powder
was prepared from KHCO,; and HCI to avoid the undesirable Br~ im-
purity contained in ordinary reagent grade materials.! All the crystals
thus obtained showed no absorption in the spectral range studied: 200 ~
800 my except for a small OH" band (~ 1 cm™) as in nominally pure
ones. , '

Now, crystals containing Br- impurity, when they were X-ray irradiated
at room temperature, showed in the ultraviolet region the V, and a trace
of the V, bands as in ordinarily pure samples and an additional new band
located at 240 mu. The size of this band increased as the amount of
added Br- was increased, for the same dose of X-ray irradiation. These
suggest that Br- should incorporate in some way with the center. We
shall denote this Vg,. The optical and thermal nature of Vg, centers re-
semble those of V,, being bleached by F-band illumination or by thermal
treatment near room temperature (e.g. at ~ 80°C). The growth of the
V; band was little affected by the presence of Br- so long as the bromine
content was small (less than 1 mol % ). A corresponding band, V), was
found in the ultraviolet absorption spectrum of KCl containing I- impu-
rity, the peak of which was at 250 mu. We could not find any band which
might be ascribed to a fluorine ion in the range of spectrum studied for
KCI containing F- impurity.

Further studies for the determination of the models of these centers arc
under way.

*K. Kobayashi and T. Tomiki, J. Phys. Soc. Japan 15, 1982 (1960).
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Dose Dependence of F Center Production by Fast Neutrons in
Magnesium Oxide

B. HENDERSON cnd R. D. KING, Metallurgy Division, Atomic Energy Research Establishment,
Harwell, England

Parallel electron spin resonance and optical absorption studies of mag-
nesium oxide, neutron irradiated to six differcnt doses in the range 10%
to 10" nvt > 1 MeV, have made possible a detailed correlation of the F
center with the optical band centered at 4.95 eV. Thermal bleaching ex-
periments at 310°C for periods between 5 minutes and 2 days confirm this
correlation as well as the earlier less detailed experiments of Wertz et al.
The results are consistent with an oscillator strength of { == 0.8 for the
F band in magnesium oxide.
At doses < 3 X 10 nvt, the curve of F-center concentration versus dose
may be represented mathematically as the sum of a saturating exponential
and a linear increase. This behavior is predicted by a simple theory which
assumes that F centers are,
(a) formed by the trapping of electrons at vacancies present prior to ir-
radiation, and
(b) increased in number by the formation of F centers from vacancies
produced only by the irradiation process.
The F-center concentration reaches a maximum value of 6 X 10*® F/cm?®
at 8 X 10" nvt, after which dose it decreases. This effect is not accounted
for in terms of the simple model above: it is probably associated with the
clustering of defects caused by irradiation induced diffusion at the am-
bient pile temperature of 150°C. g

*J. E. Wertz, G. S. Saville, L. Hall, P. Auzins, Proc. Brit. Ceram. Soc., 1, 59
(1964).

Deformation Splitting of Zero-Phonon Lines in Neutron Irradiated
Magnesium Oxide

B. HENDERSON, R. D. KING, and R. E. LEE, Metallurgy Division, Atomic Energy Research
Extehlish Harwell, England

Many zero-phonon lines have been observed in the optical absorption
spectrum of both annealed and unannealed neutron irradiated magnesium
oxide single crystals.! The orientations and symmetries of the defect
ceniers giving rise to some of these sharp lines have been investigated by
the application of uniaxial stress and polarized light techniques using a
Cary 14 spectrophotometer. Stresses of up to 55 kg/mm?* have been ap-
plied along (100), (110) and (111) crystal directions. The 14,925 cm™
and 21,320 em? lines in crystals inadiated to 5 X 10 nvt > 1 MeV and
anncajed for several days at 400°C as well as the 15,408 ecm™* and 15,576
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cm™ lines in crystals irradiated at 600°C to a dose of 4.3 X 10% nvt, were

chosen for the initial experiments. Preliminary analysis of the observed

splitting patterns indicates that:

(i) Lines at 14,925 cm™ and 15,408 cm™ are associated with centers
having (111} orientation and trigonal symmetry.

(i) The splitting patterns for lines at 15,576 cm™ and 21,320 cm™ can-
not be interpreted in terms of defects having simple orientational
degeneracy.

Centers having the requisite orientation and symmetry properties noted

have been observed by Wertz and his associates in electron spin resonance

experiments.? Definitive correlations between these defecis and the zero
phonon lines investigated by the present authors have not so far been
made.

*J. E. Wertz, G. Saville, P. Auzins, and J. W. Orton, J. Phys. Soc. Japan, 18

(Supp.IT), 305 (1963).
*J. E. Wertz, J. Orton, and P. Auzins, Discussions Faraday Soc. 31, 140 (1961).

Magneto-Optic Experiments on the F Center and F, Center in
Potassium Chloride*

CHARLES H. HENRY,! Department of Physics and Materials R h Lab y. University
of Ilinois, Urbana, illinois g

We report the measurement of the magnetically induced circular dichroism
in the optical absorption bands of the F center and F, center in KCI per-
formed to test theoretical predictions of Henry, Schnatterly, and Slichter
based on the method of moments. It is found that a magnetic field can
alter the area of an optical absorption band, but only at the expense of
other optical absorption bands of the center: the total area due to all the
aptical absorption bands of the center remains constant. The magnetic
field causes the F band to shift in energy. The shift is found to be greater
in the peak than in the tails of the F band. Depending upon the orienta-
tions of the F, centers, the magnetic field causes either a shift in the F,,
band, or an increase in the area of the Fy, band with an equal and op-
posite decrease in the area of the F); band. These results are in good
agreement with the predictions of Henry, Schnatterly, and Slichter.

We show that the paramagnetic circular dichrosim signals in the K band
and F band occur with the same spin-lattice relaxation time, confirming
that the K band is an excited state of the F center. The ratios of the
coupling to the cubic and non-cubic lattice modes of the F center and the
ratios of the spin-orbit coupling constants of the F, center are also eval-
uated.’

* Now at Bell Telephone Laboratories, Murray Hiil, New Jersey.

t This research was supported in part by the U. S. Atomic Encrgy Commission,
Contract AT(11-1)-1198.
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80 Crystallographic Orientation of the Thallium Dimer Center in Sodium

lodide*

G. K. HERB and W. J. VAN SCIVER, Lehigh University, Bethlchem, Pennsylvania

An investigation of the crystallographic orientation of the thallium dimer
center in Nal is being conducted. Assuming random thallium substitution
for sodium, the pair of thallous ions in near neighbor positions’ (dimer
center) should have a (110) orientation in Nal crystals. Use is made of
a continuous, high-intensity deuterium ultra-violet source reflected from a
single LiF plate at Brewster’s angle to achieve 1009 plane polarized light
which illuminates the Nal: Tl sample through a monochromator. Wave-
lengths in the dimer excitation bands® are incident on the sample with
the plane of polarization oriented in principal crystallographic directions.
The resulting dimer luminescence is monitored by a phototube through
appropriate filters and the degree of polarization is analyzed in the usual
way.® These investigations are initially conducted at 77°K, however we
intend to go down in temperature“to 4°K shortly. Nal samples whose
thallium impurity concentration is above 0.05 mole% are used to insure
a good dimer/monomer pepulation ratio.* We also plan to investigate
the luminescehce of the dimer center when plane polarized light whose
wavelength is in the exciton absorption band of the host Nal crystal is
incident on the sample.

* Work supported in part by U.S. Atomic Energy Commission.

*P. H. Yuster and C. J. Delbecq, J. Chem. Phys. 21, 892 (1953).

*W. J. Van Sciver, Phys. Rev. 120, 1193 (1960).

*C. C. Klick and W. D. Compton, J. Phys. Chem. Solids 7, 170 (1958).
*W. J. Van Sciver, Phys. Letters 9, 97 (1964).

A Chemical Approach to V Centers in Alkali Halides

H. N. HERSH, Zenith Rodio Corporution, Chicago, lllinois

At the Argonne Color Center Symposium it was suggested that halogen
molecules of different kinds are formed in irradiated alkali halides and
that these could be identified with the various known V centers. This
has been amply confirmed in the case of the X; center, verifying the
general idea that covalent bonds can form in ionic crystals. In this paper,
in the absence of sound theoretical concepts of V centers in general, a
heuristic approach is presented which provides an overall viewpoint for
developing models of V centers (especially diamagnetic ones).

The smd); deals with the following aspects, leading to insights into the
nature of V centers and V-center formation in alkali halides: (1) spectra
of halogen in various media, (2) properties of solid polyhalides, (3) inter-
actions of halide ions and halogen atoms and molecules, (4) the photo-



chemistry of X- in solution, and (5) the similarities in the-optical absorp-
tion spectra of certain halogen molecules and certain V centers.
By assuming that an alkali halide crystal (AX) represents a solid matrix
in which photochemical reactions involving halide ions can occur, it
is possible to compare solid state color center phenomena involving V
centers with photolysis in solutions involving halogen molecules and ions.
From a chemical point of view the products of photolysis (X3, X, and X3)
of an irradiated glass or aqueous solution containing an alkali halide are
the same as the V centers Vi, V; and V, (or V) in irradiated crystals.
Since only the molecular model (X:) for the Vi and H centers is known
with certainty (because it is one of the few paramagnetic V centers) this
chemical approach serves to support X. and X: models for the V; and V.
or V, centers, and also leads to the correct mode! for the Vx center (see
table below).

TABLE
Absorption peak wavelength (in mg) of trapped hole centers and various kinds of
halogen molecules; V center models based on chemical concepts.

Absorpti ) ! i 3
o e S T AR TR ST TR
)
" o IR R 364 354 | 34> 1336 335 | 233 230 | 218
I i 385 375 | 380 | 410 '“"i 275 270 | 232 (230)
) 4 ¥R SR P 404 387 | 540 570 520 1 355 355 | 200 290
450 i 470 460 1 i

General Conclusion | V bands in alkali halides arise from center which may be de-
seribed as linear arrays of halogen atoms and ions involving
molecilar bonds; the crystallinity of the salt plays only a minor role.

V center models Vik=Xy| H=? Vi=X, V: = Xi° | Vibandin
based on solution KI (and pos-
spectra : sibly KBr)
due to ex-
cited state of
V:center.

V; center in
KCl is not a
halogen

center.

The Mechanism of Vx-Center Formation

HERBERT N. HERSH, Zenith Radio Corporation, Chicago, Illinois

The mechanism usually assumed for formation of Vi centers by x rays
is as follows: x rays produce free electrons and holes which recombine
with each other in pure crystals; in crystals containing impurities such as

.
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TI* and Ag’, the electrons are quickly trapped thereby increasing the life-
time of holes; the formation of the X: center is then pictured as naturally
arising from the increased density of free holes by a chemical bonding
of the resulting X atom with an adjacent X- ion.

Recent work has indicated that when free electrons and holes recombine
they do so through nonconducting exciton states; these states may be de-
scribed as an X plus a bound electron, i.e., and X:¥* molecule. There are
thus two ways in which X3 can form: (1) from the direct self-trapping
of a free hole, or (2) from the ionization of an X35* molecule which is
produced during irradiation with ultraviolet light or x rays. By using radi-
ation which does not produce free holes, and KI crystals containing such
efficient electron traps as Tl* and lattice imperfections, it is possible to dis-
tinguish between these mechanisms. When such crystals are irradiated with
radiation from a Cd lamp on the long wavelength side of the first exciton
band, they emit X5* luminescence during irradiation. After the ultra-
violet light is turned off, studies of (a) induced photoconductivity, (b)
optically and thermally-stimulat::d luminescence, and {c) recombination
luminescence demonstrate the presence of Vk centers and extrinsic elec-
tron centers. Irradiation in the electron center band causes a parallel and
simultaneous decrease of the Vi and the electron center band and a re-
lease of light characteristic of X3* luminescence as a result of the mobile
electrons combiniug with Vg centers.

Since Vx centers may be formed with non-ionizing radiation, it is con-
cluded that they are not necessarily produced through the generation of
free electrons and holes, but through the agency of a relaxed exciton. The
following mechanism is proposed for this process: (1) X- + hvyy — X¥;
(2) X* + X-— X5*: (3) X5% — 2X- + (recombination) luminescence,
or (4) X5* + trap — X: + trapped electron (no vacancy). It is implicit
in the mechanism that stable X; cannot be gererated in a pure perfect
crystal (i.e., defects or impurities are absolutely necessary, notwithstanding
the intrinsic nature of the center or the fact that it is observed in sup-
posedly pure crystals). The experiments of Tcegarden and Weeks which
show a slight storage of energy after ultraviolet-light irradiation at low
temperature can be explained by the above mechanism.

Possible Mechanism of Vacancy and Interstitial Halogen Generation
in Alkali Halides

HERBERT N. HERSH, Zenith Radio Corporation, Chicago, lllinois

The major process observed during the x irradiation of an alkali halide
crystal, A*X", at low temperatures is Juminescence due to-the radiative
decav of Xi* (X plus a bound electron) molecules which are formed
during the irradiation. Even at higher temperatures where the lumincs-
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cence drops off, it is likely that these diatomic molecules are temporarily
present while the crystal is being irradiated. A mechanism for vacancy
generation in perfect crystals is proposed in which it is assumed that the
progenitor for color center formation is a dissociating X3* (excited) mol-
ecule: if this molecule is initially created, or subsequently placed, in an
excited vibronic, predissociative, or repulsive state, it may dissociate into a
normal halide ion and an uncaged atomic halogen fragment, X, moving
into an interstitial position and leaving behind a vacancy, according to the
reaction X;** — X,,,. + [] + X~ + e. The probability that the halogen
atom would be caged or move into an ingegstitial site is limited by crystal
geometry. Subsequent capture of the el n and motion of the inter-
stitial halogen atom results in the formation of F centers and H or other
V centers depending on the temperature.

The key part of the suggested mechanism is the molecular dissociation of
diatomic molecules which can (1) provide the momentum needed for the
generation of the Schottky and Frenkel defects noted after irradiation,
and (2) account for the X;¥* luminescence (major process) noted during
irradiation.

A related molecular mechanism using the energy released from the chem-
ical interaction of two X;* (or X3) molecules to form a vacancy and an
interstitial halogen pair is considered.

Mechanism of Color Center Formation in X Rayed Imperfect Crystals
at Low Temperatures

H. N. HERSH, G. BAN, and A. COCCO, Zenith Radio Corporation, Chicago, Illinois

During x irradiation at low temperatures, molecule-like entities, X3*, are
temporarily formed by a major process and disappear with accompanying
luminescence, according to the following schematic equation: (I) Perfect

X-rays
crystal C‘:{ X35*, where C.L. is characteristic luminescence. If the

crystal contains TI* or Ag*, some X; centers can be found after the radia-
tion is turned off. This can be explained by the process: (II) X3* +
electron trap — X; + trapped electron, where the cationic impurity acts
as the electron trap. The recombination process: (III) €+ X; — X5*,
would restore the crystal to its original state with the emission of C. L.

The purpose of the present study was to test the general validity of process
IT as a possible mechanism, by substituting different kinds of electron
traps and attempting to detect X; and the trapped electron. Alkali halides
containing (1) TI*, (2) lattice defects resulting from plastic deformation,
and (3) F centers, were irradiated at 77°K and stimulated luminescence
and photoconductivity measured. In the case of KI, using all three types
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of electron traps, process II was verified by optical absorption measure-
ments, and process III was verified by (a) characteristic stimulated lu-
minescence (emission at 370 and 302 mp) and (b) photoconductivity.
The photoconductivity spectrum and stimulated emission spectrum were
identical in the 2 to 0.6 eV region; analysis indicated that the centers
responsible for absorption and photoconductivity were electron centers.
No photoconductivity could be detected from the X3 center. Similar ex-
periments, but less detailed, have been done with KCI and KBr with the
same conclusions. In the case of F centers, the verified process II in
additively colored tals is: X3* + F - X5 4+ F/. KI is particularly
convenient for study Decause the X; (Vi) can be observed in optical ab-
sorption without interference from the V;. All these experiments provide
support for the proposed mechanism of electron-hole storage in imperfect
crystals at low temperatures as given by equation II.

Although the x rays generate free electrons and holes, it is nof necessary
to assume that the free carriers play a direct role in color center forma-
tion; the relaxed exciton, X3¥*, formed as an intermediate in electron-hole
recombination is sufficient for this purpose. A subsequent study of the
effects of ultraviolet light which produces X5* but not free electrons sup-
ports this contention.

Temperature Dependence of Halogen Center Formation in
X-Irradiated Potassium lodide

H. N. HERSH, R. JARKA, and J. KONITZER, Zenith Radio Corporation, Chicago, Illinois

In the temperature range 78-300°K the major centers produced by x rays
in KI are the F center and a halogen (V) center identified as an inter-
stitial I; center having absorption peaks at 335 and 280 mpu. An experi-
mental investigation of the temperature dependence of the rate of forma-
tion of the V centers shows the same acute increase in the 80-110°K range
as for F centers, being negligible at 78°K, reaching a maximum at 130°K
and then slowly falling off. Two processes having somewhat similar
dramatic temperature dependences also occur in the same temperature
region: (1) the 370 mu luminescence due to an I;* center suddenly de-
creases, and (2) the thermal mobility of I3 centers increases. Since the
color center formation is probably related to only one of them, two al-
ternative mechanisms are proposed, one involving the molecular dissocia-
tion of I5* and the other, the chemical reaction of two thermally mobile
I; centers. '

Assuming that the temperature dependence of the 370 mp emission is
similar to that of the halogen-center formation, the decrease in lumines-
cence would be due to the fact that some of the IZ* emission centers
formed during the irradiation are decomposing (to form color centers)
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rather than decaying (radiatively or non-radiatively). Molecular dissoci-
ation of the I3* via a thermally activated process would result in a nega-
tive ion vacancy and an interstitial iodine fragment; subsequent motion
of the halogen atom is assumed to result in the formation of an interstitial
I; V-center via reactions such as TP I, followed by I, + I- = I5.
Since ultraviolet radiation can produce I5¥, it is expected also to result in
F and I5 (int.) formation, at least at special lattice sites; this is apparently
the case from the experiments of Hall, et al., who studied only the ultra-
violet-produced F center production.

The alternative mechanism is that two thermally mobile I3-(or I3*) cen-
ters will react chemically with the release of kinetic energy according to a
process such as I3 + I; (occupying 4 lattice sites) — I, (occupying 1 lat-
tice site) + 2 I~ + vacancy.

Similar mechanisms can explain the formation of F (and V) centers in
ultraviolet irradiated KCI(I) reported by Goldberg and Mahr where the
progenitor would be a ClI=* or ClI- molecule.

Thermal Growth of M Centers in Additively Colored Potassium
Chloride Crystal

MASAMITSU HIRAI and ALLEN B. SCOTT, Depariment of Chemisiry, Oregon State University,
Corvallis, Oregon

This report concerns an experiment to check if F’ centers contribute to
the formation of M centers. A KCI crystal containing F centers was illu-
minated with F light at —100°C to produce F’ centers, and then warmed
to a particular temperature in the dark. This process was repeated several
times to accumulate M centers. The height of the M band was then
measured at liquid nitrogen temperature. More than ten particular tem-
peratures were chosen for the warm-up between —50°C and +100°C.
As the crystal was warmed up to a temperature above —40°C, where F’
centers were almost gone, the M band growth was observed; and it
reached a maximum value at +70°C, where F’ centers disappeared com-
pletely. An absorption band that was observed at about 600 mp as the
crystal was warmed up, started to decrease at —40°C as if the centers
responsible for this band were converted to M centers. The thermal insta-
bility of the 600 mu absorption indicated that it was not the result of F,
centers. The band may be related to OH- ions, as the crystal with OH-
ions showed an enhancement of the band. Thus, OH- ions may con-
tribute to the formation of M centers in this case. In the crystal showing
a small absorption at 600 my, the M band grew slightly.

The results suggest the following process. Electrons released thermally
from F’ centers are trapped at some electron traps at temperatures where
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F’ centers become thermally unstable. As the crystal is further warmed
above —40°C, the traps become unstable and electrons are released from
these traps to form M centers.

Color Center Production in Alkali Halides Under Pulsed High Energy
Irradiation*

V. R. HONNOLD, C. C. BERGGREN, and R. R. EMMERT, Hughes Aircraft Company, Culver
City, California

An electron linear accelerator has been used to produce color centers in
alkali halide crystals. The production takes place and is observed during
a single, five microsecond pulse at an energy deposition rate of 4 X 10*
eV/sec in a crystal approximately 0.6 cm thick. The method of observa-
tion utilizes a grating monochrometer providing F-band light, suitable
optics, and photomultiplier to detect the transient change in optical ab-
sorption during the accelerator pulse. The transient signal is displayed on
an oscilloscope with the sweep triggered by a pulse from the accelerator.

A composite signal is observed and results from the combined processes of
luminescence and color center production in general agreement with
similar experiments by Schulman and Boag® and Compton and Bryant.?
The contribution due to the luminescence alone is determined by turning
off the F light. This signal is then subtracted graphically from the com-
posite signal to obtain the time dependence of the color center build-up.
Experiments were carried out with Harshaw NaCl and KCI crystals, with
zone-refined and lead doped KCL.® The F-center density reached a steady
state during the accelerator pulse in the Harshaw crystal; a build-up of
color centers occurred in the zone refined and lead doped KCI, but it was
not clear whether a steady state was reached. In all cases the density
remained constant after cessation of the pulse out to times of at least
milliseconds.

It is concluded that the observed results are due to a “first stage” colora-
tion process* in the sense that the observed saturation is due to the filling
of existing vacancies or clusters. This conclusion is also borne out by the
fact that the energies to form the F center during the process are 183 and
83 eV, respectively, for NaCl and KCIl. The first stage coloration observed
on the present time scale, will differ, however, from that carried out at
the usual rates in that a relatively slow diffusion process as a necessary
step in the formation of an F center is apparently ruled out.

* Work supported by the Defense Atomic Support Agency through the Office of
Naval Research, Contract No. NOnr 4360(00).

*J. H Schulman and J. W. Boag, Phys. Status Solidi 3, 516 (1963).

*D. M. ]J. Compton and J. F. Bryant, Bull. Am. Phys. Soc. 9, 447 (1964).

*We would like to express our appreciation, respectively, to R. A. Weeks and
Edward Sonder of the Oak Ridge National Laboratory for furnishing these

crystals.
*R. B. Gordon and A. S. Nowick, Phys. Rev. 101, 977 (1956).
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Stress Specira of Zero-Phenon Lines in Lithium Fluoride

A. E. HUGHES and W. A. RUNCIMAN, Solid State Physics Division, Atomic Energy Research
Establishment, Harwell, England

A general theoretical study has been made of the possible types of stress
spectra which can occur in cubic crystals. There are seventeen types of
spectra which occur in three main groups dependent on whether orienta-
tional and/or electronic degeneracy is removed by stress. These results
have been applied to the analysis of stress spectra in diamond, magnesium
oxide and lithium fluoride.

Uniaxial stresses of up to 16 kg/mm? have been applied to crystals of LiF
at 4.2°K along the crystalline symmetry directions [100], [111], and [110].
The centers have been produced by irradiation with 4 MeV electrons at
dose rates at 10° rads/min for one hour. In some cases lines were en-
hanced by subsequent optical bleaching. High resolution measurements
have been made using a 3-meter Baird concave grating spectrograph of
the eight most prominent lines produced which have air wavelengths of
3599, 3909, 3932, 4747, 4874, 5234, 5612, and 6009A. All the lines show
splittings into several components on the application of stress, the maxi-
mum observed splitting being about 40 cm™*.

The spectra have been investigated using polarized light, and the results
interpreted in terms of the general theory of stress spectra. The most
interesting results were obtained for the 3909 A line associated with the
R; band. The present results support the (111) orientation of this center;
however the intensities of the components are stress dependent leading to
an overall stress-induced dichroism. These results suggest that the ground
state is ideally orbitally degenerate; but that this degeneracy is removed
either by the stress or by the dynamical Jahn-Teller effect. The 4747 and
5234 A lines are attributed to centers having monoclinic symmetry, and
may result from two transitions within the same center. The Pick N,
center has the appropriate symmetry and transition A; — A, and A, —> B,
could account for the two observed lines.

D Band in Potassium Chloride Crystals Containing Ag*

M. ISHIGURO, T. OKUNO, S. URANISHI, and N. TAKEUCHI, Institute of Sclentific and
Industrial Research, Osaka University, Osaka, Japan

It is said that the D band which had been observed by Etzei et al, in
KCl:Ag* crystals colored by x irradiation at room temperature is due to
the Agm center proposed by Delbecq et. al. On the other hand, from
F — D optical conservation and the dichroic properties of this band, the
origin of this band has been thought to be an electron trapped comaplex
center. According to our recent EPR and optical studies of this band, it
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scems that the D band consists of two absorption bands overlapping each
other; the absorption bands due to Agm center and the electron trapped
complex center (338 mp, ~ 342 mp, respectively). 5

V Centers in Potassium Bromide Crystals

T. ISHII and J. ROLFE, National Research Council of Canada, Ottawa, Canada

The nature of V centers stable at room temperature in KBr crystals has
been investigated by means of preferential bleaching with polarized light.
V centers were produced by ionizing radiation, by electrolysis with a
pointed anode, or by additive coloration with bromine at high pressure.
In KBr crystals doped with alkaline earth impurities an absorption band, -
which did not depend on the method used .0 introduce V centers, was
obtained at 262 my in KBr (Ca), 261 myu in KBr (Sr) and 267 my in
KBr (Ba). This band has {100) - type dichroism at 77°K. Optical bleach-
ing of this band at room temperature produced two overlapping absorption
bands which arise from a common center and have (111) - type dichroism
at 77°K. These three bands, although located near the V, and V; bands
produced in pure crystals, have quite different optical properties from
the V, and V; bands.

In pure KBr crystals no V center was found which was independent of
the method of production of V centers. Two bands of (100) - type sym-
metry were produced at 253 mp and 270 mu both by electrolysis and
additive coloration, but there was no corresponding band in irradiated
crystals. The intensity of these bands varied from crystal to crystal and
it is suggested that these bands are related to impurities. The main
product of additive coloration is a broad band extending from 350 mu
to the fundamental absorption edge, which is independent of impurities
and is attributed to precipitated bromine. The broad band usually ob-
tained by prolonged irradiation with ionizing radiation and referred to as
the V. and V; bands may also be due to precipitated bromine.

The Formation, Bleaching and the Stress Effects in Some of the
V Bands in Potassium Chloride and Potassium Bromide

S. ISHINO, E. W. J. MITCHELL, and C. D. CLARK, J. J. Thomson Physical Laboratory,
University of Reading, Reading, England

Optovac crystals of KCI and Hilger and Watts crystals of KClI and KBr
were irradiated with 2 MeV electrons at room temperature and at liquid
nitrogen temperature.

In KCl, the V; band is the major band that bleaches at room tempera-
ture. Using this fact, the exact peak position and the half width of the
V. band have been obtained to be, respectively, 5.35 eV and 1.0 eV at
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room temperature, and 5.42 eV and 0.75 eV at liquid nitrogen tempera-
ture.

The V, band is bleached and the V, band is prcduced by illuminating
the crystal with 365 mp light at not higher than 130°K, following irradi-
ation at liquid nitrogen temperature. The Vx and the V, bands dis-
appeared during the subsequent warm-up to rcom temperature.

In KBr, the V bands formed at room temperature are very stable. In both
KCl and KEr, no preferential bleaching of the V, or V; band by polar-
ized light has been obtained at either room or liquid nitrogen temperatures.
The effect of stress on the V bands (especially the V, and V; bands) has
been studied in crystals of KBr. Stresses were applied in most cases along
the [001] direction and in our specimen holdéer macroscopic slip usually

occurred on only one of the (101), (101), (011), and (011) planes. Op-
tical absorpiion measurements were made at room temperature with

polarized light incident along the {100] and [010] directions.
In crystals irradiated with 2 MeV electrons and then subjected to an ap-
plied stress below the elastic limit, no appreciable changes in absorption
and no anisotropy were observed. Beyond the elastic limit an uniaxial
[001] stress giving slip on the (101) planes gave the following results:
(a) An increase in the total absorption in the V; band.
(b) A decrease in the total absorption in the V4 band.
(c) An anisotropic absorption in both the V, and V; region such that
the absorption with E|| {001] is larger than that with E|j [100].
In unirradiated crystals, an applied stress above the elastic limit does not
produce the V; and V; bands, neither is there any anisotropy in the ab-
sorption in this region (the 6.2 eV band present-in samples before any
treatment is increased in strength).
Electron irradiation of plastically stressed crystals gave the same results
as under (a), (b), and (c) above.
These effects may be interpreted in terms of the interaction of V. and V,
centers with dislocations. The results will be discussed in terms of the
possible symmetries of the centers. One model for the observed changes
favors the symmetry (100) for both V, and V; centers.

Electron Capturing by the U Center

YOSHIO ITAKURA and MASAYASU UETA, Department of Physics, Faculty of Science,
Tohoku University, Sendai, Japan

M, R and N centers have been found to capture an electron and generate
the F’ type centers. These centers will play an important role in the
formation of the F-aggregate centers. The U center has been found to
have higher excited states and its optical absorption and photoconductivity
spectrum closely resemble those for the F’ center.? The U center has the
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possibility of conversion to U’ center, i.e. U + e in analogy with the F’
center. The thermal stability of the possible U’ center is low and the

.efficiency for the generation of free electrons from U centers is very small

at low temperature. Therefore, the U to U’ conversion by light can not
be expected. We have used X rays to generate the free electrons. The
trapping of the electron by the U center has been studied through photo-
conductivity measurements.

The rapid decrease of the photoconductivity in KCI containing U centers
with a concentration of 5 X 10'"/cm? has been observed between the tem-
perature range of 100~120°K and the nature of the photocurrent was the
secondary one. Below 120°K, the photoconductivity increases slowly-with
decreasing temperature to 20°K. The same crystal, but with the U center
removed, or pure and additively colored crystals have been found not to
show the rapid decrease of the photoconductivity. These facts indicate
that the free electron can be trapped by the U center and the trapped
state is unstable above 120°K. The formation of the U’ center occurs
below 110° and 90°K in KBr and NaCl crystals, respectively.

! M. Hirai, M. Ikezawa, and M. Ueta, J. Phys. Soc. Japan, 17, 1483 (1962).
*T. Goto, T. Ishii, and M. Ueta, J. Phys. Soc. Japan, 18, 1422 (1963).

Formation of F and V Centers in Ca** Doped Alkali Halides

N. ITOH, Solid State and Materials Prog , Pri Uni ity, Pri New Jersey,
and M. IKEYA and T. SUITA, College of Engineering, Osaka University, Osaka, Japan

It is well known that the production of F centers by x rays around room
temperature is enhanced by the addition of divalent cation impurities.
Crawford® suggested that an isolated positive ion vacancy is converted
to Cl; and a negative ion vacancy by hole capture. Recently it was
shown? that the enhanced coloration by divalent impurities is nearly equal
to the concentration of isolated positive ion vacancies. The purpose of
this paper is to present the results of further studies on this conversion
and its relation to the production of V centers.

Measurements were made on the change of the ionic conductivity by x
irradiation near room temperature in NaCl doped with Ca**. The de-
crease in the number of isolated positive ion vacancies calculated from
the conductivity decrease was nearly equal to the number of F centers
produced in the early stage of coloration. In pure crystals, however, x
irradiation increased the ionic conductivity. In another experiment the
initial formation rate of F centers in NaCl doped with Ca** was measured
at various temperatures and plotted as a function of 1/T. A straight line
was obtained between —80°C and room temperature giving an activation
energy of 0.08 + 0.01 eV. This result suggests that a unique process, pre-
sumably the Crawford conversion, is taking place in this temperature
range. Also the production of V centers was measured in Ca** doped
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alkali halides at —80°C. The strength of the V band in KBr makes it

“most appropriate for a quantitative comparison. Similar qualitative re-
“sults were obtained in NaCl. From the relation between the growth of

the F and V bands it was concluded that the V center found by Hayes
et al.,? is associated with a positive ion vacancy. On the other hand the
V, center is not correlated with the positive ion vacancy. A recent photo-
chemical study* made in' conjunction with' these measurements indicates
that it is more likely a di-interstitial center.

*J. H. Crawford, Jr. and C. M. Nelson, Phys. Rev. Letters 5, 314 (1960).

*M. Ikeya, K. Kusar, T. Okada, N. Itoh, and T. Suita, J. Phys. Soc. Japan 20,
289 (1965) and W. A. Sibley and J. R. Russel, J. Appl. Phys. 36, 810 (1965).

*W. Hayes and G. M. Nichols; Phys. Rev. 117, 993 (1960).
*N. Itoh, to be published.

Recombination of Point Defects in Alkali Halides at Low Temperatures

N. ITOH, B. S. H. ROYCE, and R. SMOLUCHOWSKI, Solid State and Materials Programme,
Princeton University, Princeton, New Jersey

Frenkel pairs consisting of alpha centers and their anticenters, the inter-
stitial ions, are produced in alkali halides at low temperatures by low
energy x rays. Experiments have been performed in which the thermal
stability of these defects is studied in both pure and CI- doped KBr. In
the pure material three annealing stages between 6 and 16°K obeying
first order kinetics are attributed to correlated recombinations between
the vacancies and interstitials and a second order process at 22°K leads
to the recombination of more distant vacancy-interstitial pairs through
the free migration of an interstitialcy. In the doped specimens the above
annealing stages are partly or totally suppressed and many interstitials
remain stable until circa 100°K. Observation of an absorption band at
5.4 eV indicates that the enhanced stability of the « center is due to the
replacement of a Br- interstitial \by a CI- interstitial in the doped speci-
mens. Presumably the smaller mass and size of the CI- interstitial makes
it more difficult for it to initiate interstitialcy migration.

The stability of the interstitial should play an important réle in deter-
mining the efficiency of radiation damage processes. Measurements on
pure and doped materials at both 16°K and 22°K indicate that this is
the case: a large change in efficiency being observed in the pure material
when the free migration of the interstitial is permitted at the temperature
of irradiation. In 8 mole% CI- doped KBr, on the other hand, the Cl-
interstitials are stable at both irradiation temperatures and no change in
the efficiency of « center formation is observed.

The stability of the interstitial should be important in the formation of
divacancy centers by two separate ionizing events since the second ion-
ization perturbs the configuration produced by the first ionization. It is
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shown that if the first defect created is an « center, the subsequent forma-
tion of any other vacancy on a neighboring site will very likely result in
the recombination of the « center and its interstitial. This would not be
the case if an F center were' the first defect to be created. These con-
clusions are in accord with observations.

Formation of F Centers by X Rays in the Proximity of Absorption
Edges

N. ITOH, J. SHARMA,* and R. SMOLUCHOWSKI, Solid State and Materials Programme,
Princeton University, Princeton, New Jersey s

It has been variously suggested™ ? that multiple ionization of the halide
ions in alkali halides will result in the production of Frenkel defects. The
effect of the multiple ionization produced by an Auger cascade on defect
production was studied by Sharma et al.,* using monochromatic x rays
having energies in the vicinity of the K edge in chlorine and bromine in
KCI and KBr respectively. The measurement in KBr was extended to
lower temperatures by the present authors and measurements also made
in the proximity of the K edges of bromine and rubidium in RbBr and
RbCI. Appreciable edge effects were observed in all cases including the
K edge of rubidium. It became apparent, however, that the interpretation
of the results is not as simple as one has expected because the energy dis-
tribution of the secondary photoelectrons changes considerably as the
energy of the incident X ray photon crosses the K edge of an ion. It is
conceivable that this change could be responsible for the observed edge
effects, especially when the energy of the incident photons is high, as in
the case of the bromine and rubidium edges. A Monte Carlo calculation
was therefore made to obtain the total number of the inner shell ioniza-
tions produced by an incident electron with various energies. The classical
ionization cross section obtained by Gryzinski* was used. This cross section
is known to give quantitative agreement with various experimental results
in atomic physics. It turns out that in KBr the M shell ionization of bro-
mine has such a high efficiency that it could account for the experimental
rate of defect formation at the lowest temperature if one assumes that
each M shell ionization will produce one defect. In KCI the higher ion-
ization energy of the inner shell of chlorine makes the inner shell ioniza-
tion by low energy electrons less probable. Therefore for the edge effect at
the K-edge of chlorine in KCI observed by Sharma et al., the contribution
from the change in the energy distribution of photoelectrons is not very
important. The effect of double ionization produced by the direct process
and single ionizations at the neighboring halide ions® are also being con-
sidered.

* Present Address: Kharagpur Institute of Technology, Kharagpur, India.
'J. H. O. Varley, J. Nuclear Energy 1, 130 (1954).
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*R. E. Howard, S. Vosko, and R. Smoluchowski, Phys. Rev. 122, 1406 (1961).
*J. Sharma and R. Smoluchowski, Phys. Rev. 137, A259 (1965).

M. Gryzinski, Phys. Rev. 138, A305, A332, A336 (1965).

5 C. C. Klick, Phys. Rev. 120, 760 (1960).

Some Optical and Electrical Properties of Color Centers in Cesium
Bromide Crystals

G. JACOBS, L. PELSERS, and F. VAN DE WIELE, Lab ium voor Kristallografie en Studie
van Vaste Stoffen, Rozier, 6, Gent, Belgium !

The thermal bleaching of color centers in CsBr crystals irradiated with
X rays at liquid helium temperatures has been examined. A new apsorp-
tion band at 320 mp was found. Efforts were made to find a relationship
between the bleaching properties of the different bands. Electrical glow
curves were made in parallel.

Further experimental evidence was found to support the idea that the
F-band complex contains absorption bands due to other centers than
the F center. This is confirmed by photoconductivity measurements in
the F band made between liquid helium temperature and liquid nitrogen
temperature.

The curves of o as a function of the wavelength show a high quantum
yield at 580 mp, due to centers giving rise to a small optical absorption.
After an adequate treatment of the samples no difference in quantum
yield can be found in the two main bands of the F complex. nw curves
were determined as a function of the temperature at the wavelength of
580, 620, 640 mp.

Electrical Conductivity Due to M and Colloidal Centers in Additively
Colored Zone Refined Potgssium Chloride and Potassium Bromide
Crystals

S. C. JAIN, V. K. JAIN, and G. D. SOOTHA, Solid State Physics Division, National Physical
Laboratory, New Delhi, India

In the usual plots® of the ratio oc/on (0. is the conductivity of the colored
crystals and o, of the uncolored crystal) versus temperature, two maxima
have been observed, the first between 30° and 100°C for zone refined KCI
and between 100° and 200°C for zone refined KBr and the second be-
tween 350° and 500°C for KCI and between 250° and 450°C for KBr.
However, if the work is done with great care to avoid exposure of the
crystals to light, the M center concentration is small, the first maximum
is practically absent and the ratio remains nearly unity up to 300°C in
KCL On the other hand, if the crystal is irradiated with F or white light
to convert some of the F centers to M centers, the value of o./0, at the
first maximum increases. The larger the initial concentration of M
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centers, the greater is the height of the first maximum of oc/0,. This in-
dicates that most of the excess conductivity in the region of first maximum
is due to the electrons from the ionized M centers. The second maximum
in KBr has the same properties as those found for KCI earlier' and is
attributed to the presence of metallic colloids. The electron affinity is
found to be 0.6 eV for KBr. The background divalent impurity was less
than 1 ppm in these crystals. The effect of larger background impurity
or deliberately introduced impurity was to reduce the formation of M
centers and colloids and to suppress the values of o./0, at both the max-
ima. If the impurity concentration is comparable or larger than the F
concentration, the value of ¢./0, becomes much smaller than unity above
300°C. This is presumably due to the formation.of aggregate centers con-
¥sisting of F center, cation vacancy and divalent impurity.

'S. C. Jain and G. D. Sootha, J. Phys. Chem. Solids 26, 267 (1965).

Thermoluminescence and Two Stage Coloration in X-lrradiated Zone
Refined Potassium Chloride Crystals

S. C. JAIN and P. C. MEHENDRU, Solid State Physics Division, National Physical Luboratory,
New Delhi, India

If the background divalent metal impurity concentration is reduced to
less than 1 ppm, KCI crystals X irradiated at room temperature show only
two thermoluminescence peaks at 135°C and 190°C for 40°C/min rate
of heating. The rates of growth of the areas of these two peaks with time
of X irradiation obey the equations developed by Mitchell, Wiegand and
Smoluchowski? for the first and second stage colorations respectively.
Further, the areas under the two peaks are found to be propoftional,
separately, to the initial concentrations of the two types of F centers. It
is concluded that the first peak is due to the thermal bleaching of the first
stage F centers and the second peak due to the thermal bleaching of
the second stage F centers. These investigations provide an experimental
method of measuring the concentrations of the two types of F centers
separately.

*P. V. Mitchell, D. A. Wiegand, and R. Smoluchowski, Phys. Rev. 121, 484
(1961).

Theory of the Magnetic and Optical Properties of the Self Trapped
Hole in lonic Crystals

A. N. JETTE, Radiation Lab y, Columbia University, New York, New York, T. L. GILBERT,
Arg National Laboratory, Argonne, lllinois, and T. P. DAS, Department of Physics,
University of California, Riverside, California

Using a semi-phenomenological method, the energy of the self-trapped
hole in several of the alkali halides and CaF, is obtained as a function of
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the separation of the two halogen ions at which the hole is assumed trap-
ped. The lattice distortion energy, due to changes in the Madelung, re-
pulsive and polarization energies, is calculated as a function of the totally
symmetric displacement of the two participating halogen ions and the
ions adjacent to the halogen ions which trap the hole. The wave functions
and energies of the 3, and 3 states of the F; molecule ion are calculated
as a function of internuclear distance. The lattice energy calculations are
combined with the electronic energy calculations. For Cl;, the wave func-
tions and energies were taken from an article, to be published by A. C.
Wabhl and T. L. Gilbert. In all cases, it was found that only the"S, state
exhibited a minimum. From the resulting configurational coordinate
curves the optical absorption energy and width are computed. The iso-
tropic and anisotropic hyperfine constants are calculated as a function
of internuclear distance between the nuclei of the halogen ions that trap
the hole.

Bleaching of Nascent Color Centers by Recombination Luminescence
during Low Temperature X-ray irradiation

MILTON N. KABLER, U.S. Naval R h Lab Y. Washingt D.C.

The existence of intense electron-hole recombination luminescence during
4°K x-ray irradiation of alkali halide crystals has recently been estab-
lished.* This luminescence tends to bleach color centers which are being
created by the irradiation. It has proven possible to determine the mag-
nitude of this bleaching process experimentally by a gecmetrical man-
ipulation which, at a given state of the irradiation, increases the effective
luminescent intensity by increasing the volume of crystal being irradiated
without changing the x-ray intensity. Further irradiation rapidly di-
minishes the concentration of ¥, Vx and H centers relative to « centers
through electron redistribution due to the enhanced F-center bleaching.
The measured growth rate change, when multiplied by a calculated geo-
metrical factor, gives the bleach rate under normal conditions. For F
centers in KBr this bleach rate was found to exceed the net F-center
growth rate by a factor of roughly 10 at moderate concentrations. Under
normal circumstances the bleaching process is overbalanced by a process
which may be presumed to involve the trapping of electrons by « centers.
An upper limit for this trapping rate was obtained by observing the re-
growth of F centers after having bleached with an external light source.
These experiments indicate that the measured F-center growth rate at a
given stage of irradiation is adequately represented as the difference be-
tween a trapping rate and a bleaching rate, each of which is an order of
magnitude greater than their difference.

Electron redistribution by the intrinsic luminescence is also illustrated in
another experiment, beginning with x-ray irradiation at 77°K (where the

81



102

luminescent intensity is very low) to produce F, o, F’, and various V
centers. The net effect of subsequent irradiation at 4°K is to rapidly
convert F’ and F centers into « centers.

*M. N. Kabler, Phys. Rev. 136, A1296 (1964).

F Centers in Gamma-ray Irradiated Potassium Chloride: |. Growth at
Low Dose Rates*

S. KALBITZERt and P. W. LEVY, Brookh National Lab y. Upton, New York

The coloring of KClI single crystals (Korth) by Co® gamma rays has been
studied by measuring the F-center absorption, at closely spaced intervals
of time, while the crystal is being irradiated. Typically, the F center vs.
dose curve resembles a saturating exponential but definitely cannot be de-
scribed by one single exponential expression. Both the curve shape and
saturation level are dose rate dependent in the range 200 to 3000 R /hr.
Saturation levels around 5 X 10** F centers/cm® were obtained. Due to
the low radiation levelsiused, it is thought that only the first stage F-center
growth mechanism is operating. Any particular sample can be colored
to saturation or below, then annealed at 200°C and when recolored, the
original growth curve is very nearly reproduced. This alternation of color-
ing and annealing can be repeated many times with little effect on the
growth curve. Also, the growth curves are influenced by plastic compres-
sion prior to irradiation. The saturation coloring increases with increasing
strain. For example, it is increased twenty percent by a two percent strain.
An attempt was made to determine if the coloring curves contain an in-
duction stage near the origin. If such a stage is present it is less than
two or three minutes in time or 10 R in dose. This indicates that the
growth mechanism does not involve the diffusion of certain types of struc-
tural defects. The kinetics of the F-center coloring were studied. The
results cannot be adequately summarized in a few sentences.

* Research performed under the auspices of the U.S. Atomic Energy Commission.
+ On leave from Max-Planck Institut fiir Kernphysik, Heidelberg, Germany.

F Centers in Gamma-ray Irradiated Potassium Chloride: Il. Annealing
Kinetics above Room Temperature*

S. KALBITZERt and P. W. LEVY, Brookh National Lab, y. Upton, New York

The annealing of F centers in KCI single crystals (Korth) colored by
Co® irradiations at dose rates of 1 — 3 X 10° R/hr has been studied by
making absorption measurements while heating the sample. The crystals
were contained in a controllable oven installed in the facility used to study
coloring during irradiation. Samples were irradiated until the F-center
growth curve reached saturation at approximately 5 X 10 centers/cm?®.
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At F-center saturation the V-band region contains a broad (single?) ab-
sorption band. Because of the low dose rate and saturation level obtained,
it is thought that only stage I coloring is present when annealing was com-
menced. During annealing runs, F-center measurements could be made
at all temperatures of interest. However, it was necessary to lower the
crystal to room temperature to make absorption measurements at other
wavelengths, between 0.19 and 2 microns, with a separate spectrophotom-
eter. It was found that any decrease observed in the F-center concen-
tration is paralleled by a proportional decrease in the V-band region.
Heating to 200°C completely removed all coloring. Isothermal annealing
data could be fitted by bimolecular kinetics described by the equations
(— dF/dt) = F3V, and F = V =3V, where F is the F-center concen-
tration, V; is the concentration of the i** type of hole center having re-
combination coefficient k. Linear heating studies above room tempera-
ture indicate that the annealing occurs in three prominent stages. The
room temperature annealing is described in III. Also, the linear heating
data are closely fitted by the bimolecular kinetics. Activation energies for
each of the three prominent stages were obtained from annealing curves
by computing the contributions of each stage to the observed curve. The
energies obtained were 0.65, 1.15 and 1.8 eV with an error of about ten
percent.

* Research performed under the auspices of the U.S. Atomic Energy Commission.
1 On leave from Max-Planck Institut fiir Kernphysik, Heidelberg, Germany.

F Centers in Gamma-ray Irradiated Potassium Chloride: lil. Room
Temperature Annealing*

S. KALBITZER and P. W. LEVY, Brookh National Lab y. Upton, New York

The room temperature annealing, i.e., the stability, of the Co® gamma-
ray induced F centers in single crystal KCI (Korth, Harshaw) was studied
with the facility for making optical absorption measurements during ir-
radiation. Samples were colored, using dose rates from 200 to 3000 R /hr
to F-center concentrations up to 5 X 10%/cm® After coloring, the
gamma-ray ield is “turned off” but F-center absorption measurements
are continued. Immediately after irradiation a small fraction of the total
absorption decays with a half-life of approximately one hour. After this
component has decayed away, the remaining coloring is also found to be
unstable. It has a half-life on the order of days. This slowly decaying
component can be explained by the linear heating results, reported in II,
which indicates that the lowest temperature annealing stage is operable
at room temperature. Some additional observations on only the fast com-
ponent are as follows: By varying the irradiation time it was found that
this component reached saturation after an irradiation of only twenty
minutes and remains essentially constant for longer irradiations. At the
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maximum dosc rate the saturation concentration is roughly 3 X 10'* F
centers/cm®, Decreasing the dose rate also decreases the saturation level.
Subjecting the crystals to plastic compression prior to irradiation causes
the rapid component to decrease. The saturation concentration is the
same in both thin (0.8 cm) and thick (2.0 cm) crystals. Also, it is pos-
sible to split the decay curve into two simple exponentials. However, for
a variety of reasons, it is most likely that the rapid component must be
attributed to a mechanism that cannot be described so simply. Surpris-
ingly, all of the results obtained so far suggest that the rapid component
should be attributed to surface, not volume, effects.

* Research performed under the auspices of the U.S. Atomic Energy Commission.
% On leave from Max-Planck Institut fiir Kernphysik, Heidelberg, Germany.

lonic Conduction in Sodium Chloride Doped with Calcium .

HIROSHI KANZAKI, KEISHIRO KIDO, Institute for Solid State Physics, University of Tokyo,
Japan; SHOHACHIRO OKI, Foculty of Engineering, Shizuoka University, Japan; and
SHOHEI TAMURA, Institute for Solid State Physics, University of Tokyo, Japan

Several controversies existed on the association of divalent impurity ions
with positive ion vacancics in alkali halides, especially among various ex-
perimental results on NaCl containing Ca*.*

In the present work, the following important improvements were achieved
in the experimental procedures: (a) analysis of Ca content in the crys-
tal by Ca*® tracer method, and (h) special precautions in growing crystals
to get rid of anion impurities, such as hydroxide and oxide. Ionic con-
ductivity results as a function of Ca concentration at 300 and 400°C .
showed clearly the occurrence of predominant association for NaCl con- |
taining 1 ~ 20 X 10* Ca*. The value of association energy at 400°C
is estimated to be 0.48 ¢V by using simple association theory. The value
of free vacancy mobility at 4060°C is close to that obtained by Etzel and
Maurer on NaCl containing Cd*.2

'A. B. Lidiard, Handbuch der Physik (Springer-Verlag, Berlin, 1957), Vol. 20,

p. 246, and J. Itoh and M. Satoh, J. Phys. Soc. Japan 18 Suppl. II, 57 (1963).
*H. W. Etzel and R. J. Maurer, J. Chem. Phys. 18, 1003 (1950).

Paring of Electron and Hole Centers in Irradiated Potassium lodide
(Thallium) ot 78° K

R. G. KAUFMAN, Zenith Radio Corperation, Chicago, lllinois

The x irradiation of KI: Tl at 78°K produces T1° and I3 as the electron
and the predominant hole center. Warming past 106°K mobilizes I3
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which either combines with TI°, producing the first glow peak, or retraps
at TI*. Warming past 178°K stimulates the combination of the remaining
electron and retrapped hole centers producing the second glow peak.
These processes are followed by both the recombination light sums and
the changes in optical absorption.

The question at point is, does the moving I3 combine with its original
electron, or are there several electrons available? The following results
suggest that the former is true, that the electron and hole centers are
paired rather than randomly distributed.

The ratio of recombination to retrapping, as the first glow is removed by
parts, is constant throughout the glow peak. In addition the ratio is
independent of x-ray dose and the level of storage. These results indicate
that I has the same probability of recombining or retrapping in a crys-
tal with a high concentration of electron and hole centers as in one with
a low concentration. Since the concentration does not affect the ratio the
centers must not be randomly distributed. It is suggested that electron
and hole centers are produced, one pair to each “active” volume, with a
distribution of electron-hole distances, but with very few distances so
great as to overlap another pair’s volume. In any one volume the hole
either recombines or is retrapped depending on how far it is from its
electron. The same model may be extended to the case where electrons
are moving. They may either recombine with holes or retrap at TI*.

Theory of Optical Pumping in the F, Center in Calcium Oxide*

JAMES C. KEMP, Department of Physics, University of Oregon, Eugene, Oregon

We recently reported optical pumping of the triplet state ESR lines of
the CaO F, center.® The latter is pictured as a coupled F-center pair
along (100) directions, with possibly an intervening Ca vacancy. The
ground singlet and low spin triplet are separated by 4 X 10-® eV, thus
at helium temperatures the triplet is thermally vacant. Relaxation times
are such that pumping into the triplet via higher excited states is easily
done. It was shown that unpolarized broadband light induces a tensor-
type polarization of the triplet, meaning that only the Mg = == 1 states
become populated, or alternatively only the Mg = O state, according to
whether the magnetic field is parallel to or normal to, respectively, the
F. center axis. A simple theory of this effect, indicated briefly in reference
1, is presented in somewhat more detail.

* Supported by the U.S. Air Force.

!D. H. Tanimoto, W. M. Ziniker, and J. C. Kemp, Phys. Rev. Letters 14, 645
(1965).
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Structure in the Luminescence Emission of the S: lon

RUSSELL D. KIRK, JAMES H. SCHULMAN, and HERBERT B. ROSENSTOCK, U.S. Naval
Research Laboratory, Washingten, D.C.

We have previously reported’ a luminescence emission from sulfur-acti-
vated alkali halides at 77°K consisting of a series of over a dozen nearly
equally spaced narrow bands (separation ~ 600 cm™) between 5000
to beyond 7000A, and have ascribed this emission to the S; ion by anal-
ogy with a similar luminescence reported by Rolfe for Oz at 77°K.?
Measurements of this emission have now been made near liquid helium
temperature, revealing fine structure which again resembles that found
for Oz at 4°K.® Specifically, each of the previously reported emission
bands in sulfur-activated KCI and KBr is resolved into a sharp peak of
relatively high intensity and three or more satellites on both the high and
low energy sides of this main peak.

The main features of the spectra are believed to be due to a transition
from an excited electronic state to the electronic ground state, the tran-
sition being modified primarily by quanta of the main vibration of the
S: molecule in the ground electronic state, The frequency of the vibra-
tion is found to be w, = 636 cm™ in KBt and 655 cm™ in KCI, and the
anharmonicity o.x. ~ 3 cm™ in either (the last digit being quite uncertain
in each case). Of the fine structure, several lines on the low cnergy side
of the main peak can be identified as lattice virbations* and others pre-
sumably as combinations of them (two-phonon lines). These also appear
in the O; spectra,® * but much less prominently. One line on the high
energy side can be attributed to the isotope S*. Other details are not fully
understood and may result from perturbation by the crystalline ficld.

*J. H. Schulman and R. D. Kirk, Solid State Comm. 2, 105 (1964).

*J. Rolfe, F. R. Lipsett, and W. J. King, Phys. Rev. 123, 447 (1961).

*J. Rolfe, J. Chem. Phys. 40, 1664 (1964).

‘A. D. B. Woods, B. N. Brockhouse, R. A. Crowley, and W. Cochran, Phys. Rev.
131, 1025 (1963).

Thermai Conductivity of Hydroxide Doped Alkali Halides

MILES V. KLEIN, Department of Physics, University of Illinois, Urbana, lllinois

Several years ago' it was discovered that NaCl grown from NaOH-doped
melts revealed an anomalously low thermal conductivity below 10°K.
This work has been repeated en NaCl crystals grown under more con-
trolled conditions and has been extended to several other alkali halides.
The new results on NaCl: NaOH are consistent with those in Ref. 1. The
low temperature depression in thermal conductivity scales quite well with
the strength of the “OH” band at 185 my for concentrations of 4 parts
per millicn to 430 ppm. (The maximum absorption has been calibrated
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against chemically determined alkalinity to yield 1.4 ppm mole fraction
NaOH per cm™ absorption.) All the curves show a dip at 5°K indepen-
dent of concentration. The COj ion cannot be the active scatterer of
phonons since crystals with widely different infrared absorption bands at
7.1p but with the same 185 mp band have the same thermal conductivity.
The conductivity depression in KCI1: KOH is not as great as that in NaCl:
NaOH. A crystal with 700 ppm alkalinity exhibits a conductivity two
orders of magnitude less than that of a pure crystal, with a T® tempera-
ture dependence at low temperatures, a maximura at 7°K, a minimum at
14°K, and another maximum at 40°K. An electric field of 200 kV/cm
causes a 150% rise in the iow temperature conductivity. At small fields
the conductivity decreases by about 10%; it then rises for E > 100 kV /cm.
Crystals of KBr:KOH, RbCl:RbOH, and NaBr:NaOH have also been
studied. They do not reveal any spectacular low temperature effects.

M. V. Klein, Phys. Rev. 122, 1393 (1961).

Origin of the L Absorption Bands

T. KOJIMA,* Depariment of Physics, Kobe University, Kobe, Japan

The optical absorption spectrum of an F center due to transition from
its ground state to the conduction band was investigated theoretically by
using the semi-continuum approximation. The wave function of a con-
duction electron is warped by the presence of the anion vacancy in such

a way that its amplitude in the vacancy increases with decreasing wave
number of the electron. A sharp maximum of the amplitude at £ = O

gives rise to an absorption peak associated with the transition from the-
ground (lIs) state to the vicinity of the I' point in the Brillouin zone. In

this respect the I' state behaves as if it were a localized level at the F

center in the conduction band.

By referring to an energy band calculation for KCI made by Oyama and
Miyakawa,* a tentative assignment of the L absorption bands may be
given as follows: The short wavelength side of the K-absorption peak
corresponds to the Is— T'; transition. The L,-peak and the L;-peak may
be caused by the Is - I';, transition and by the Is — I'J; transition, respec-

tively, if one assumes the T, level to be lower than the I'/s level in ac-

cordance with a result of the energy band calculation. A relatively flat
and wide portion of the energy vs k curves for the lowest (sp) conduction
band near the Brillouin zone boundary may be responsible for the back-
ground absorption underlying the L, and L; bands. The origir of the L,
band is still obscure. A possible interpretation as a (localized or free)

phonon assisted transition was investigated.

* Now at Department of Physics, Tohoku Uﬁverﬁty, Sendai, Japan.
'S. Oyama and T. Miyakawa, J. Phys. Soc. Japan 20, 624 (1965).
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110 Copper Centers in lonic Crystals

B KRXTZIG, T. TIMUSK, ond W. MARTIENSSEN, Physikalisches Institut der Universitat
Frankfurt/Main, Germany

Three types of copper centers are described and compared with the cor-
responding silver centers.

1. Cu* centers. They give rise to two absorption bands in the ultraviolet
which are assumed to be due to vibrationally allowed 3d*® — 3d%s tran-
sitions. The unexpected small temperature dependence of the oscillator
strength indicates a partial violation of the inversion symmetry of the
center, due to the small ionic radius of Cu*. In a matrix with smaller
lattice constant the temperature dependence of the transition gets larger.
2. Cu® and Cu** centers are prepared by X-ray irradiation of the crystals
at 78°K. For the Cu** centers (as in the case of Ag™) the symmetry of
the surrounding halogen ions is lowered by a Jahn-Teller distortion. This
is shown by the dichroic behavior of the absorption at low temperature.
But there are characteristic differences to the Ag™ center: The num-
ber of the absorption bands, the disorientation temperature of optically
aligned centers and the orientation of the electric vector in comparison
to the axis of the center. These differences are interpreted by the assump-
tion that the surrounding octahedron of halogen ions is compressed by
a Jahn-Teller distortion, instead of extended, as in the case of KCl:Ag™.

_The number of bands and the orientation of the electric vector is in agree-

ment with transitions predicted by the molecular orbital scheme.

Lattice Dynamical Aspects of the Vibronic Transitions in Impurity
Centers

N. KRISTOFFEL and G. ZAVT, institute of Physics and Astronomy, Acad. Sci. of the Estonian
S.S.R., Tartu, U.S.S.R.

The detailed interpretation and calculation of various characteristics of
the vibronic spectra of impurity centers requires careful investigation of
the lattice vibration modes modified by defects. The latter problem is
solved for the special model of NaCl-type lattice in which the real inter-
actions are expressed by effective parameters associated with the empirical
constants. The numerical calculations are carried out for KCI lattice by
means of an electronic computer. The conditions of appearance of local-
ized modes of various symmetries, the dependence of their frequencies
upon the parameters of the perturbation operator, and the asymptotic
spacewise attenuation are investigated. The localized mode of A,y sym-
metry, which is supposed to play the main role in the interaction of elec-
tronic transition with lattice vibrations, can be generated only by an
essential increase of force constant (~ 3.6 times). As a result of this,
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such even localized modes are absent in the usual luminescence centers
(mercury-like or F centers in alkali halides). Nevertheless, the lattice vi-
brations near these centers are essentially modified and more or less good
pseudolocalized modes of required symmetry arise. Taking into account
this modification, the distribution function of Stokes’ shifts for KCl con-
taining TI* and F centers are calculated. These functions make it pos-
sible to investigate the temperature dependence of the half-width of
vibronic spectra.

On the basis of an exact dynamical theory of non-ideal lattices, the quasi-
molecular model of vibrations near impurities is investigated. The point
symmetry and possible number of localized and pseudolocalized modes
are considered.

Using the quasimolecular model, the frequencies of odd vibrations and
the temperature dependence of the intensity of the Méssbauer line for
TI?° nucleus (y-transition energy 205 keV) bound in KCI are calculated.
The possibility of manifestation of these vibrations in infrared spectra is
discussed.

Localized and Resonant Phonon States for Defects in Alkali Halides*

J. A. KRUMHANSL, Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca,
New York

Over the past several years there have been a large number of computa-
tions of the defect vibrational properties of lattices based on specific mod-
els for either the unperturbed lattice spectrum, or on restricted assump-
tions for the defect. Usually, these have employed the Green's function
method introduced by Lifshitz. From these many detailed investigations
certain general features have emerged; among them are symmetry con-
siderations, asymptotic behaviors, field-particle models, and sum rules. It
is proposed to discuss each of these with particular reference to either
direct lattice (optical) excitations, and with respect to electron-phonon
coupling.

* Supported by the U.S. Atomic Energy Commission.

ESR Studies of the R Center in Potassium Chloride*

D. C. KRUPKA and R. H. SILSBEE, Department of Physics, Cornell University, Ithaca, New York

An experimental and theoretical study is being made of the g factor and
the spin-lattice relaxation mechanisms of the R center in KCL.* Experi-
ments have also been performed to determine the effect of the R center
on the T; of the F center.

The g calculations employ the vibronic wave functions already published.?
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Results, thus far, indicate that the dynamical Jahn-Teller effect plays a
crucial role, producing reduction factors of about 0.1 for both the orbital
angular momentum and the spin-orbit interaction. The latter is of spe-
cial interest, being inverted in the manner which Smith® has described
for the excited state of the F center. The theory also predicts a shift of
the line with applied stress whose sense is in agreement with experiment.
‘The effect of random internal strains®* corresponding to stresses of about
1 Kg/mm?® has been considered in estimating the g shift. It appears that
random strains of such a magnitude may account for the line width for
small applied stresses at 2°K.

An order of magnitude estimate has been made of the T, arising from
an Orbach process described earlier.? It appears that the process en-
visaged does not provide a sufficiently rapid rate to produce line broaden-
ing at 2°K. i

An anisotropy in the T, of the F center due to cross-relaxation with R
centers was sought in crystals with F center concentrations of about 5 X
10 cm™® and R center concentrations of about 10 ecm~? (all crystals used
were x-ray colored). The R centers were selectively bleached' and the
corresponding F-center T, anisotropy sought in the appearance of the F-
center line. No effect was recorded at any stress up to 3Kg/mm.* These
measurements support those of Warren, Feldman, and Castle* who Jooked
for changes in the F center T, as a function of applied stress only.

* Work supported by the U.S. Atomic Energy Commission.

*D. C. Krupka and R. H. Siisbee, Phys. Rev. Letters 12, 193 (1964).

*F. H. Silsbee. Phys. Rev. 138, A180 (1965).

*D. Y. Smith, Phys. Rev. 137, A574 (1965).

‘R. W. Warren, D. W. Feldman, and J. G. Castle, Jr.,, Phys. Rev. 136, A1347
(1964).

Pseudop&tenﬁal Calculations for F Centers

J. K. KUBLER, L. H. TAYLOR, and R. J. FRIAUF, The University of Kansas, Lawrence, Kansas

Several approximations to the Hartree-Fock scheme have been used to
calculate F center wave-functions in a static lattice for NaF, NaCl, and
KCI. The ions neighboring the vacancy are represented by a point charge
or, for 1 to 14 shells, by pseudopotential of the form given by Austin and

‘Heine. In both cases the potential is expanded in Kubic harmonics about

the center of the vacancy. The spherically symimetric part of the potential
leads to a radial Schrédinger equation that is solved by numerical iter-
ation in integral equation form. The first nonspherical term in the poten-
tial is then applied as a perturbation by means of a technique suggested
by Dalgarno.

Bound states are obtained for 1s, 2p, 3d, and in some cases 4f, and 2s zero
order wave functions. Optical absorption energies, oscillator strengths,
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and hyperfine interaction constants are compared with experiment and
with the previous theory of Gourary and Adrian. The results show that
the F electron is concentrated too strongly at the nearest neighbor positive
ions when the nonspherical terms are included in the point ion potential.
Since the pseudopotential for a positive ion has a repulsive core, the re-
sults obtained by including the pseudopotentials are in somewhat better
agreement with experiment.

Calculations are in progress for the spin-orbit splitting of the first excited
state and for the shift in g value of the ground state. The overall work
is also being extended by taking exchange into account, introducing a
modification of the free ion wave functicns by the crystalline potential,
and improving the calculation of overlap integrals.

Valence Band in Lithium Chloride*

A. BARRY KUNZ** and DONALD R. BECK, Department of Physics, Lehigh University,
Bethlehem, Pennsylvania

A study of the valence band in lithium chloride was undertaken using
the tight binding method. Analytic Hartree-Fock wave funcrions for the
3p and 3s electrons-in the free chloride ion were used.! The lithium po-
tential and wave functions were obtained for the free ion case by a direct
application of the variational technique. The analytic potential for the
chlorine ion as given by Casclla was used.? The nearest neighibor chlorine
and lithium ions were taken into account. The 3p and 3s chlorine func-
tions were allowed to mix. It was found that this mixing changed the
energy values by about one percent. The Hamiltonian was evaluated for
values of the reciprocal lattice vector k in the (100), (110), {111) di-
rections of k space. The top of the 3p band was found to lie 6.20 eV
below the vacuum. The bottom of the 3s band lies 14.5 eV b(;]ow the
vacuum. The maximum width of the 3p band was found to be 2.18 eV.
It was found to have the normal band structure for a fcc crystal. Work
is being carried out cn KCI, NaCl and Nal. Preliminary results for KCI
and NaCl indicate that the results are in good agreement with previous
calculations. * The problem of T centers in Nal is also under consider-
ation. The authors wish to thank Prof. W. J. Van Sciver and Dr. H.
Mullish of the N.Y.U, Computing Center for their considerable help.

* Work supported in part by NASA and the Atomic Energy Commission.
** NASA pre-doctoral fellow in physics.

' P. Loewdin and K. Appel, Phys. Rev. /03, 1746 (1956).

?R. Casclla, Phys. Rev. 104, 1260 (1956).

*L. P. Howland, Phys. Rev. 109, 1927 (1958). ~
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116& On the Splitting of Zero-Phonon Lines by Uniaxial Stress

F. LANZL, I. Physikalisches Institut der Technischen Hochschule, Dar: dt, Germany

The number of components into which a zero-phonon line splits as a
result of applying an uniaxial stress along different crystaliographic direc-
tions determines the symmetry of the corresponding color center.» 2 The
symmetry group Oy of an ideal alkali halide crystal is reduced to a group
P of lower symmetry by stress along different directions as given in the
two upper lines of the table (n,7 n,# n; and n,, ny, ny7 O). The sym-
metry group S of a color center must be a subgroup of O,. The different
cosets of this subgroup S with respect to O, contain the transformations
of a color ceriter from one original orientation into the different possible
orientations. Multiplication of a coset with the group P generates a set
of cosets which contain all transformations into equivalent orientations
relative to the axis of stress. The number of different sets of cosets as pre-
sented in the table is equal to the number of non-equivalent orientations
relative to the axis of stress and may be interpreted as the number of
components of the split line. Deviations from these predictions may occur.
For example, in a linear approximation in stress one does not always find
“the full number of components for P = C,, and P = C,. By comparison,
more components may occur if degenerate levels are involved in the tran-
sition.

For the rhombic and monoclinic case of S there exist two possibilities
depending upon whether the twofold axes are all parallel to (100) or
whether there are also twofold axes parallel to (110).

The described method has been applied to the determination of the sym-
metry of the N, and the R center in X-irradiated NaF.> *

Stress P
<100y <11y 110) {nnyO) {mnny) <{mnenyy
s D Daa Dan Can Can G
OnO Ty 1 1 1 1 1 1
b "« o 1 1 1 2 1 2
Dy, Dy Cyv Da 2 1 2 3 2 3
T o ol 2 1 2 4 3 6
i Dia D Cae 1 2 2 2 3 4
b, spnets ¢ 2 2 4 4 8
?n l;. Cov
. <100 3 1 3 6 3 6
Q10 2 2 3 4 < 6
. . Ca G G, 100)) 3 2 4 8 6 12
Mamchle e GO . 2. 3 A 6 7 12
Triclinic GG 3 4 6 12 12 2
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' A. A. Kaplianskii, Optics and Spectroscopy 16, 329 (1964).
?G. Johannson et al., Physics Letters 15, 110 (1965).
*F. Lanzl and W. v. d. Osten, Physics Letters 15, 208 (1965).

A Rhombic Color Center in X-lrradiated Sodium Fluoride

F. LANZL, W. VON DER OSTEN, and W. WAIDELICH, 1. Physikalisches Institut der
Technisch Hochschule, Darmstadt, Germany

The 5746 A zero-phonon line in x irradiated NaF is split at 4.2°K into
1, 2, 3 and 4 components under uniaxial stress along (100), (111), (110)

and (210) directions, respectively.» 2 This result suggests rhombic sym-
metry (D, or D, or C,y, with at least one twofold axis along (110)) of
the color center associated with the line studied. The magnitude of the
splitting, which depends linearly on pressure, can be written for different
directions of applied stress P in terms of three splitting coefficients A,, A,
and A, as follows: i

P 100> : A, —2 A, P | 111) : A, + Ay/3
A, + A
P | Q100 : A, + A; + A,/2 P || 210> : A, + A: + 2A./5
A, — A/2 i A, + 2A,/5
$ A, — 7A,/5

Experimentally we obtain A;/A, = 0.1 = 0.2 and A./A, = £ (5.3 =
0.9). The theoretically calculated 2 components for stress along (100)
cannot be resolved because of the small ratio A,/A,. The unresolved line
also does not exhibit any polarization. In contrast, for stress along (210)
the components are resolved in spite of the small A,/A, ratio because of
their different polarizations. From a comparison between the thermal
behavior of the 5746 A line and the M band during an annealing experi-
ment, it follows that the line does not correspond to a transition of the
M center which is known to have D, symmetry. Apart from the M center
the simplest F-aggregate center of rhombic symmetry consists of 3 neigh-
boring F centers arranged in a line along (110). A simple center of C.,
symmetry may consist of an M center perturbed by a nearest neighbor
cation vacancy or impurity.

' G. Johannson, W. v. d. Osten, M. Schinkmann, and W. Waidelich, Physics Let-
ters 11, 210 (1965).

*G. Johannson, F. Lanzl, W. v. d. Osten, and W. Waidelich, Physics Letters 15,
110 (1965).

Abstract Withdrawn
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Electron Trapping Energy as a Function of Normal Modes*

ANTHONY M. LEMOS, Adelphi University, Garden City, New York

Within the framework of the “adiabatic-harmonic” approximation, there
exists a unique set of normal lattice coordinates for each bound F-center
electron state. The various sets of normal coordinates are related to one
another by products of unitary matrices. These matrices are dependent
on the lattice equilibrium configurations, which in turn are functions of
the F-center electron state. We have assumed that to each bound state
there corresponds a particular equilibrium configuration. With these trans-
formation matrices, expressions for the electron trapping energies for any
bound state transitions have been derived in terms of phonon eigenfre-
quencies and a basis set of normal coordinates. This formulation of the
trapping energies includes degenerate and non-degenerate modes and does
not require the solution of Feynman-Hellman integrals. This is in contrast
to the work of Markham.? The basic ingredients that enter our develop-
ment are the phonon eigenfrequencies and the transformations. From the
trapping energy formula, we determine the number of phonons stored in
the various modes of the lattice. Here only Frank-Condon transitions are
considered. General expressions for the Huang-Rhys factors are developed
in terms of the stored phonons. Only under very restrictive conditions are
they equal. Although the above developments are completely formal and
hence model independent, any explicit calculations will, of course, depend
strongly on the choice of model. We have carried out such calculations
for the tight binding model of the F-center, where Oy, and D,, symmetry
has been associated with those states giving rise to the F bands. The
results for the Huang-Rhys factor and the “peak” energies of the F bands
for several alkali halides agree approximately with experiment.

* Research supported in part by the National Aeronautics and Space Administra-

tion.
*J. J. Markham, Revs. Modern Phys. 31, 956 (1959).

Mobility of Anion Vacancies in Potassium Chloride and Potassium
Chloride Containing Sodium

E. LINK and F. LUTY, II. Physikalisches Institut der Technischen Hochschule, St
Germany ~

In an earlier work’ it was demonstrated that the formation of primary
F-aggregate centers (as Fj or Z,) are formed by thermal diffusion of an
ionic defect with an activation energy of 0.6eV (in KCI), this defect
being either the anion vacancy or the F’ center. This open question can
now be answered by comparing the mobility of these two defects in ques-
tion, when they are associated with an isolated Na* ion. A system of

94



Fi(Na) centers in KCI was aligned with polarized light and controlled
by the dichroitic Fy spectrum. Electrons relcased from these aligned Fy
centers at 50°K (by optical excitation plus field ionization) converts this
system half into ionized F, centers (“as-centers”) and half into Fi-cen-
ters, without any change in the orientation of the ionic complex Na*/
anion-vacancy. The F} band shows a (100) dichroism related to the state
of alignment of the F, centers from which they were formed by capturing
a second electron. Pulse annealing of this system of aligned ay and Fi
centers causes no change in the I dichroism (demonstrating that the
F) centers have not reoriented thermally), whereas — after optical
F) — F, back conversion — the F, dichroism has partly disappeared, for
long pulse annealing with half of its initial value. These measure-
ments demonstrate clearly a high mobility of the vacancy and immo-
bility of the F” center. Quantitative analysis with different pulse annealing
temperatures yields an activation energy for the jumps of an anion va-
cancy associated with the Na* ion of E = 0.45¢V. This determination
makes it necessary to interpret the 0.6eV' as the activation energy for the
anion vacancy migration in pure KCl. The difference in the two values
for KCl and KCl:Na is reasonable in view of the small Na* ion and
explains why migrating vacancies associate to Na* impurities.

"H. Hirtel and F. Liity, Z. Physik 177, 369 (1964) and Z. Physik 182, 111
(1964).

Effect of Uniaxial Stress on Zero-Phonon Lines in Magnesium Oxide

I. K. LUDLOW and W. A. RUNCIMAN, Solid State Physics Division, Atomic Energy Research
Establishment, Harwell, England

Experiments have been carried out on single crystals of magnesium oxide
similar to those on lithium fluoride described by Hughes and Runciman
Specimens of magnesium oxide supplied by the Norton Co. were irradi-
ated in a high flux reactor (DIDO) with high energy neutrons (> 1
MeV) to a dose of 10 nvt. The average temperature of the specimens
during irradiation was about 90°C.

When the absorption spectra of the irradiated specimens were examined
at 4.2°K on a 3-meter Baird spectrograph, sharp lines were seen at 27650,
24520, 24200, and 13400 cm™'. Only the 27650 and 24200 cm™* lines were
sufficiently intense to use in a uniaxial stress investigation. By supporting
the specimens in a holder it was possible to apply stresses of up to
28 kg/mm? along the crystal dircctions [100], [111], and [110]. The 27630
c¢m™ line is associated with a band at 28310 cm™ and the phonon spec-
trum of the center can be adequately explained by taking 188. 292. and
401 em™ as the energies of the fundamental phonon modes. Two weak
lines were also present on the high energy side of the 27650 ¢n: ' e i
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separations of 18 and 40 cm™. These may be due to the presence of
impurity ions near the defect center.

Both the lines examined showed the same splitting patterns and are asso-
ciated with centers having (110) orientation and orthorhombic symmetry.
The model proposed by Wertz? for the V, center also has this orientation
and symmetry.

' A. E. Hughes and W. A. Runciman, 1965 (to be published).

*J. E. Wertz, J. W. Orton, and P. Auzins, Discussions Faraday Soc. 31, 140
(1961).

Fa Centers in Alkali Halides

F. LUTY, II. Physikalisches Institut der Technischen Hochschule, Stuttgart, Germany

Recent work on F, centers is reviewed, emphasizing its “model character”
for the F center. Special interest is focussed on the relaxation and reori-
entation behavior, measurable by dichroitic experiments which are not
possible with F centers. Three recent results for the activation energy of
reorientation of F,(Na) centers in KCI should be noted:

1. Fa(Na) without electron ; E, = 045eV?
2. Fa(Na) electron in ground state E, = 1.25 V2
3. Fa(Na) electron in excited state E; = 0.10eV?

The reorientation, which takes place by a jump of the halogen into the
vacancy is surely favored by the adjacent small Na* ion (E; = 0.45 eV in-
stead of 0.6 eV in pure KCI).? But obviously the presence of an electron
in different states has the strongest effect on the resulting energy. For
explanation one has to consider the adiabatic transition from the normal
(100) lattice position of the center into the (110) saddle-point configura-
tion necessary for the reorientation: This transforms the s- and p-type
electronic state of the F, center into the lowest symmetric and antisym-
metric state resp. of the resulting double well potential, hereby consider-
ably increasing the energy of the symmetric state, but decreasing the
energy of the antisymmetric state. This change in the electronic energy
adds to the ionic activation energy and brings about the total values
E. and E,.

In case of the “type II Fj-centers,”® the small Li* ion reduces the ionic
activation energy further so that here the gain in electronic energy in the
excited state overcompensates the ionic activation energy. Therefore after
optical excitation the lattice position of the neighboring halogen becomes
instable, the excited center relaxes into the stable saddle-point configura-
tion. De-excitation of the electron now takes place as a radiative tran-
sition between the well overlapping antisymmetric and symmetric elec-
tronic states of the double well potential, yielding a narrow emission with
large Stokes shift and short radiative lifetime. The measured reorienta-

96



123

124

tion rate and polarization of the emission are in quantitative agreement
with this model.
*E. Link and F. Liity, See Abstract No. 120.

*F. Liity and K. Seifriz, See Abstract No. 124.
* B. Fritz, F. Liity, and G. Rausch, See Abstract No. 57.

Density and Lattice Parameter of the System Potassium Chloride Plus
Potassium Hydroxide

F. LOTY and H. PAUS, II. Physikalisches Institut der Technischen Hochschule, Stuttgart,
Germany

The interest focussed on the OH-~ center by the recent paraelectric and
paraelastic work make it desirable to confirm beyond any doubts the sub-
stitutional model for the OH- center and to obtain information about the
lattice distortion introduced by this defect. Two types of measurements
were done for this purpose:

1. Density measurements on KCI crystals with different amounts of OH-
(up to 5.3 X 10-*), the OH" content in the crystal being controlled chem-
ically and optically. A sensitive flotation method was used, allowing by
direct comparison of the doped and undoped probes a relative density
change less than 5 X 10-%. A linear decrease of the crystal density with -
OH- content was found. Assuming a substitutional model for the OH-
(mass substitution Clz; — OH,;) the corresponding volume decrease is
obtained.

2. Lattice parame'er measurements, using x-ray diffraction techniques
with single crystals and powdered probes, gave a linear decrease of Aa/a
with OH" content, from which the volume decrease is directly obtainable.

By these two independent determinations complete agreement is found
within the experimental error for the values of AV/V, so giving the first
real proof for the substitutional model of the OH- center. From the
constant ratio AV/V:n(OH-) /n(Cl") = —0.21 the size of the OH~ can
be evaluated. Idealizing the crystal as a homogeneous elastic continuum
and using Eshelby’s theory, the sum of the dilatations around the OH-
center may be evaluated assuming the validity of the linear theory even to
the immediate vicinity of the defect. The OH- center behaves in respect
to macroscopic volume change roughly like a spherical misfitting ion of
7% smaller radius than the Cl- ion.

Thermal Reorientation and Dissociation of F-Aggregate Centers

F. LUTY and K. SEIFRIZ, II. Physikalisches Institut der Technischen Hochschule, Stuttgart,
Germany

F centers which are associated with monovalent foreign cations (Fa-
center), with divalent cation/vacancy complexes (Z, center) or with
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other F centers (M centers) become mobile above room temperature.
This can be observed in the case of optically aligned F, and M centers by
the decay of dichroism (thermal reorientation) and for all three centers
by the back-conversion to F centers (thermal dissociation) caused by pulse
annealing in the dark to higher than room temperature. Both reactions
follow Arrhenius type equations and have the following activation energies
in KCI (with marked deviations from older measurements) :*

Fa (Li) Fa (Na) M Z, (Ca)
E(Reorientation) 0.91eV 1.25e¢V  1.56eV  ....
E(Dissociation) 0.99 1.35 1.70 0.94 eV

In all cases the reorientation rate is one to two orders of magnitude
higher than the dissociation rate, demonstrating the “binding effect” of
the point imperfection to which the F center is associated. Whereas the
isothermal decay of dichroism goes strictly exponential with time, the
dissociation rate deviates from this law. This can be quantitatively ex-
plained by a return motion of F centers before they have made one or two
jumps away from the binding point imperfection. Optical reaggregation
of thermally dissociated F-aggregate centers shows clearly that the F
centers have diffused away only a very short distance and are still far
from a statistical distribution. Generally these measurements show that
an anion vacancy with an electron in the ground state has a much higher
activation energy for migration than the empty anion vacancy.

*T. Tomiki, J. Phys. Soc. Japan 14, 1114 (1959).

Destruction of F-Aggregate Centers by X Irradiation

F. LUTY and K. SEIFRIZ, Il. Physikalisches Institut der Technischen Hochschule, Stuttg
Germany

F-aggregate centers (M, R, Fa, Z,, and Z. centers) which were formed

" by optical irradiation in additively colored KCI crystals are effectively

destroyed by x irradiation and reconverted into isolated F centers. The
“destruction-efficiency” is high near room temperature (about 20eV of
absorbed x ray energy is needed to destroy one F-aggregate center at
50°C) and decreases with temperature. Three experimental results dem-
onstrate the basic difference of this effect from thermal association and
dissociation of F-aggregate centers:

1. The activation energy for x-ray destruction is small (0.14eV) com-
pared to E = 0.6eV needed for the formation process by vacancy migra-
tion or E = 1.25¢V needed for thermal dissociation (values for Fo(Na)).
2. Optically aligned F, or M centers are never reoriented but only de-
stroyed by x irradiation, though thermal reorientation is about two orders
of magnitude more probable than thermal dissociation.!
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3. After x-ray destruction of an F-aggregate system the resulting F centers
aggregate under F-light irradiation exactly like a system of randomly dis-
tributed F centers (again in contrast to the behavior after thermal dis-
sociation) .*

These three points apparently rule out the interpretation that the clusters
are dissolved by some kind of energy localization causing a migration of
F centers (or vacancies) from the cluster into the lattice. Instead of this
we propose the following: F centers and interstitials are produced with
high efficiency under x irradiation; the mobile interstitials are able to
recombine with other F centers and by this change mix the places of
the F centers with a much higher rate than the produetion rate of new
centers. If F centers were optically aggregated at special lattice places
(forming Fa, Z, M. .. centers) they are cffectively annihilated by the
x ray produced mobile interstitials while new F centers arise — with sta-
tistical distribution — at the places where the interstitials have been
formed. This explains the above three points as well as many properties
of F center production and F?/M equilibrium under x irradiation. It
implies that the above reported x-ray destruction rate of F-aggregate
centers has a direct correlation to the rate of formation and mobility of
interstitials.

*F. Liity and K. Seifriz, see Abstract No. 124.

Vibrational Absorption and Radiation Damage of OH- lons in Alkali
Halides

P lﬁTY, Escolo de Engenharia, Sao Carlos, Brozil®

High concentrations of OH- ions (up to 10-?) built into alkali halides
allow a detailed analysis of their vibrational absorption, the fine structure
of which gives informations about the lattice surrounding and coupling of
the OH- ion:

1. When built into the lattice together with divalent cations in some mo-
lecular complex,* the shape of the OH- vibrational absorption is indepen-
dent of temperature, revealing that its broadening is not produced by
coupling to the lattice.

2. Substitutional OH- ions have a main absorption band, the position of
which is slightly influenced by the lattice (eg. LiF 2.68 u, KBr 2.77 pn).
An accurate analysis reveals substructure in the main band and several
side band components, which can be due to coupling of the OH- stretch-
ing vibration either to phonons or to librational or rotational modes of the
OH- molecule. Towards low temperatures the main hand sharpens,
looses oscillator strength and a good part of the side band structure freezes
out. In several alkali halides (as KCIl and KBr) a prominent side band is
observed at about 0.04¢V higher energy than the main OH- band, in a
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fixed relation to the main band independent of the OH- concentration.
This second band splits into several components at low temperatures with-
out losing oscillator strength. It is tentatively assumed that this band is
due to a combined excitation of the OH~ stretching vibration and the
localized (“U-center type”) vibration of the whole OH~ molecule against
the lattice.

3. Long x irradiation transforms the OH- vibrational spectrum into an
absorption of completely different spectral distribution, structure and
temperature behavior. This demonstrates that by radiation damage even
a very high amount of OH- ions (10-* in the crystal) can be brought
from their normal substitutional places into some other lattice configura-
tion. Thermal annealing restores the situation to the original config-
uration.

* Work done as guest under O.N.R.-Contract 3534 (00).
*B. Fritz, F. Liity, and J. Anger, Z. Physik 174, 240 (1963).

Localized Exciton Absorption of F-Aggregate Centers in Potassium
Chloride

F. LUTY and W. ZIZELMANN, II. Physikalisches Institut der Technischen Hochschule,
Stuttgart, Germany

The change in the localized exciton absorption (B and « band) was mea-
sured, when F centers in additively colored KCl, KCI:Na, and KCI:Li
were optically converted into different types of F-aggregate centers. By
control of the electronic spectra in the visible and the exciton spectra in
the vacuum ultraviolet, the superposed spectra could be separated and the
pure localized exciton absorption of M, F,(Na), F,(Li), and ionized
Fi(Na) centers were obtained. In spite of the lower symmetry of these
centers and their multiple electronic absorption they all give rise to only
one localized exciton band with the following peak position at 5°K
(in eV):
B | B |BA(Na)| Ba(Li) |  a laA(Na)
737 | 750 | 736 | 747 | 698 | 7.05

Whereas the B84 absorptions have roughly the same oscillator strength as
the B8 band, the By absorption is lower by a factor 0.7. This can be under-
stood both within the “excitation-” and the “charge-transfer model” for
the exciton absorption, because the number of anions directly neighboring
the imperfection (which deliver the electron for the perturbed excitation
process) should determine the oscillator strength. This number reduces
from 2 X 12 =24 for two isolated F centers to 18, when two F centers
aggregate to form one M center. It was qualitatively observed that fur-
ther M — R aggregation continues to reduce the B-type absorption.

The a and a, absorption, develbped and separated out of optical F — F’
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and F, — F} conversion, has only a small accompanying absorption on the
high energy side of the & or aa band; this demonstrates that the y band,
found with irradiation induced « centers,’ is not connected with the pure
anion vacancy.?

1C. C. Klick and D. Patterson, Phys. Rev. 130, 2169 (1963).
*F. Liity and W. Zizelmann, Sol. State Comm. 2, 179 (1964).

Effect of Hydrostatic Pressure on Absorption and Emissioﬁ' of F
Centers in Alkali Halides*

DAVID W. LYNCH and A. D. BROTHERS, Department of Physics and Institute for Atomic
Research, lowa State University, Ames, lowa

Absorption measurements on the F and L bands and F-center emission
measurements have been made in five alkali halides at 100°K under
pressures up to 5 kbar. The pressure-induced blue shifts of the F-absorp-
tion bands are somewhat larger than those of Jacobs,* but the presence of
F-aggregate centers tends to improve the agreement. The blue shifts of
the F-emission bands are about 4/3 those of the absorption bands, except
for CsBr which exhibits very little shift. In KCI and NaCl the emission
band narrows under pressure while in KBr it splits, the splitting disap-
pearing at higher pressures. Excitation spectra indicate the new emission
component is the K’ band found by Maisch and Drickamer® at higher
pressures. KI exhibits a broadening under pressure with no resolved struc-
ture, while CsBr changes very little. Fowler’s® model of the excited F
center qualitatively explains the blue shift in emission, while simple one
configuration coordinate models* do not. The strong apparent K’ emis-
sion when the K’ absorption is weak implies that the oscillator strength
for emission from this transition is not reduced as much by lattice relaxa-
tion as is that of the F band transition. Quantitative measurements of the
absorption and emission strengths and lifetimes are in progress.

* This work was performed in the Ames Laboratory of the U. S. Atomic Energy
Commission.

*1. S. Jacobs, Phys. Rev. 93, 993 (1954).

* W. G. Maisch and H. G. Drickamer, J. Phys. Chem. Solids 5, 328 (1958).

* W. B. Fowler, Phys. Rev. 135, A1725 (1964).

*P. B. Alers and R. L. Dolecek, J. Chem. Phys. 38, 1046 (1963).

Elementary Treatment of the Modification of Lattice Vibrations by
Imperfections

C. W. MC COMBIE and J. SLATER, J. J. Thomson Physical Laboratory, University of Reading,
Reading, England

A simple method for discussing the scattering of phonons by a point im-
perfection has already been given by the authors.’ Similar methods can
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be applied to scattering by more complicated centers and also to determin-
ing the nature of the modified modes in the vicinity of such centers. These

‘'modifications are of importance in accounting for impurity activated

infra-red absorption and in calculating the vibrational structure of visible
and ultraviolet absorption bands. Localized modes may also be of impor-
tance and these are obtained automatically from the calculations. The
essential idea of the method for obtaining the modified modes is to treat
the imperfection as a number of extra masses and springs attached to a
perfect lattice and to set up equations asserting that the motion of the
extra masses and springs should require forces of which the negatives will
produce the same motion of the corresponding points in the perfect lat-
tice: the method is therefore essentially a Green function treatment ex-
pressed in more concrete physical terms than is usual. One requires the
responses of the perfect lattice to various systems of applied forces and
these responses are obtained by machine computations starting from a
knowledge of the eigenfrequencies and eigenvectors of the vibrations of
the perfect lattice. The difficulties of dealing with the response to a force
with frequency in the continuum of lattice mode frequencies are avoided
by supposing that a small but finite damping is applied to all the atoms of
the lattice. The details of the procedure have been set up and tested in
simple cases. There appear to be no insuperable difficulties in treating
centers of low symmetry such as are responsible for the zero phonon lines
and attendant vibrational structure in alkali halides.

* C. W. McCombie and J. Slater, Proc. Phys. Soc. (London) 84, 499 (1964).

The Emission Specira and Decay Time of Luminescence in Unactivated
Cesium lodide*

P. MARTINEZ and F. SENFTLE, U.S. Geological Survey, Washi D.C.

The x-ray emission spectrum of nominally pure CslI is reported to consist
of a band between 300 mu-330 mu and one between 400 mu and 470mp.
Our measurements on single crystals grown from a melt exhibit emission
bands centered at 300 mp and 420 mp at room temperature, whereas
below 150°K an additional band was observed at 335 mu. Below 150°K
the amplitude of both the 335 mu and 300 myu bands increases rapidly.
Decay time measurements have been made from room temperature to
liquid nitrogen temperature using a Po**° alpha source. The decay times
of both bands increase as the temperature is lowered, and at 100°K the
300 mu and 335 mp bands have decay times of about 150 nsec and 700
nsec, respectively. The 335 mpu emission has been tentatively associated
with electron recombination at a Vx center, but the 300 mp emission has
not been identified. The intensity and decay time (=15 pusec) of the
420 mp band appears nearly temperature independent.
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Although no thallium absorption bands were observed, the emission data
indicated the presence of several parts per billion of thallium. The fluo-
rescence emission reached maximum intensities when stimulated with
light close to 245, 277, and 299 my, the thallium absorption bands in Csl.
Spectral analysis showed the 550 mu emission band of thallium. Stimula-
tion with 277 and 299 my radiation at 77°K resulted in thermolumines-
cence in the 420 mu band only, whereas stimulation with radiation of
245 mp or less resulted in thermoluminescence in both the thallium band
and the 420 mp. band. The experimental.evidence suggests that the 420
my emission is associated with a defect structure in the vicinity of the
thallium impurity and is indirectly due to the presence of thallium.

* This work was supported in part by Air Force Cambridge Research Laboratories,

Office of Aerospace Research, U.S. Air Force, Bedford, Massachusetts, under
Contract No. PRO-64-536.

ENDOR of the Vx Center in Calcium Fluoride*

R. MARZKE and ROBERT L. MIEHER,! Columbia Radiation Lab y. Columbia University,
New York, New York

The Vx center has been observed by Hayes and Twidell' in CaF,, which
has an F-F spacing nearly the same as LiF but along (100) instead of
(110). We have studied the ENDOR of the Vx center in CaF, and have
identified neighboring nuclei from the angular dependence of the lines.
The observed hyperfine constants give additional information on the
F;z molecule that was studied in LiF by Gazzinelli and Mieher.?

* This work was supported in part by the National Science Foundation under
Grant NSF-GP 3385 and in part by the Joint Services Electronics Program under
Contract DA-28-043 AMC-00099(E).

t Alfred P. Sloan Foundation Fellow.

*W. Hayes and J. W. Twidell, Proc. Phys. Soc. (London) 79, 1295 (1962).

?R. Gazzinelli and R. Mieher, Phys. Rev. Letters 12, 644 (1964).

Elementary Exitations and the Interaction of Polariton Waves in the
Exciton Absorption Region of Molecular Crystals

C. MAVROYANNIS, Division of Pure Chemistry, Nati | Rsearch Council, Ottawa, Canada

The excitation spectrum of single and triple excitons in molecular crystals
has been investigated by means of the Green’s function method. Taking
into account retardaticn, the effect of the interaction of polariton waves
in the absorption region of the crystal has been studied. Expressions are
developed for the energy of excitation, energy shift and width of the
absorption band. An attempt has also been made to take account of the
presence of impurities in the exciton absorption spectrum.
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133 Validity of Configuration Coordinate Diagrams in Interpreting
Optical Data

P. R. MORAN, Department of Physics and Materials Research Laboratory, University of
Illinois, Urbana, lllinois :

In order to summarize criteria for the valid utilization of configuration
coordinate diagrams and to review the justifiable methods by which they
may be treated in interpreting optical data, we re-examine the physical
basis upon which the diagrams are constructed. The conclusions reached
in this work are drawn from a consideration of the semi-invariants of a
coupled electron-lattice system, and the answers regarding validity of the
c.c diagrams depend upon the questions one asks concerning the experi-
mental results. A first conclusion is that a proper quantum treatment of
absorption (or emission) lineshape must come to grips with so many
important factors and difficulties that interpretations of real systems based
upon the usual quantum treatments of the c.c diagram cannot be justified
except under extraordinary special circumstances. When one is con-
cerned, however, with optical bands which are broad in relation to the
Debye energy, a semi-classical approach is valid and, within the semi-
classical framework, the major factors embarrassing the quantum treat-
ment are overcome by a natural generalization of the Franck-Condon
approximation. The usual definite and long-recognized limitations of
this approach, and consequently of the interpretation derived from it, still
remain, but it would appear that limited information gained from an ap-
proach which is physically justifiable may well'be preferable to that based
upon exact treatments of a model system which is obviously incorrect.
The most important limitations of the semi-classical treatment are: the
transition energy of the semi-classical lineshape must be taken as the
difference between the adiabatic interaction energy for the excited elec-
tronic states and that for the lower electronic level, a procedure which
does not produce certain curvature terms arising from other semi-classical
treatments where the requirement of. conservation of both “lattice-only”
kinetic and potential energies is not satisfied; quadratic coupling terms,
which reflect vibrational frequency changes, are justified in so far as they
are related to general features of the optical behavior, e.g., line-breadth
changes and temperature dependence or Stokes shifts, but they may not
be employed in interpreting certain detailed features of the semi-classical
lineshape, e.g., the zero temperature skewness, because quadratic cou-
plings are easily shown to be “always” weak and therefore to give some
qualitatively incorrect semiclassical results; finally, the use of only one or
a few configuration coordinates as determined from symmetry considera-
tions requires that the interpretations refer to appropriately weighted
average interactions. In summary, although interpretations of the detailed
features of lineshapes obtained from the c.c diagrams either through a
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semi-classical or, except in rare cases, a straightforward quantum treat-
ment have little basis for validity, the determination of important inter-
action parameters of the electron-lattice system through a comparison of
the semi-classical treatment of the c.c. diagrams with gross features of the
data for broad optical bands does appear adequately justified provided,
of course, that effects such as failure of the Condon approximation and
anharmonicity are properly taken into account when they are, in fact,
important. fles

Color Centers in Magnesium Doped Lithium Fluoride

J. MORT, Central Electricity R h Lab i ', Leatherhead, Surrey, England

Optical absorption and electron spin resonance studies have been made on
vacuum grown LiF doped with 0.1% by weight magnesium. Crystals
which-are rapidly quenched from 600°C and then x irradiated at room
temperature show, in addition to F absorption, a strong absorption band
at 4.0 eV and a weaker one at 5.5 eV. Bleaching either the F band or the
4.0 eV band leads to the growth of the band at 5.5 eV. The rate of con-
version at 300°K is slow but increases at higher temperatures. By pro-
longed bleaching we can obtain essentially a pure 5.5 eV band which can
be fitted quite well with a single Gaussian with full-width at half maxi-
mum, Wy, of 1.0 eV. The stability of this center is indicated by the fact
that it can be produced by electron irradiation at 350°C whereas the
4.0 eV center thermally bleaches at about 135°C. No structure is resolved
at 77°K but the peak shifts to 5.7 eV and Wy reduces to 0.8 eV. At 77°K
the band at 4.0 eV shows partially resolved structure indicating that it
consists of overlapping bands. In unquenched, doped crystals the 4.0 eV
band is not observable and the magnitude of the 5.5 eV band obtainable
is much smaller. The absence of either of these centers in quenched
crystals of undoped LiF suggests that they are associated in some way with
the magnesium impurity.

The evidence so far obtained is consistent with the new . centers being
Z-type in nature. In common with other centers in LiF, they are much
more stable than their counterparts in other alkali halides. Electron spin
resonance studies of these centers are now in progress.

Electron Spin Resonance Spectrum of S; in Potassium Bromide

J. R. MORTON, Division of Applied Chemistry, National R h Council, Ottawa, Canada

It has been suggested' that the luminescent centers formed in certain
alkali-halides upon exposure to sulfur vapor are S; molecule-ions. Elec-
tron-spin resonance spectra of this species have now been detected in a
KBr crystal at 4.2°K. A Varian V-4502-14 spectrometer was used, the
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magnetic field being measured with a Varian F-8A proton-fluxmeter and
associated frequency counters. The liquid helium dewar vessel was similar
to that described by Hornig and Hyde.*

As expected, by analogy with the well-known® * ® fluorescent center
O3, the S; radical-ions were found to lie along the face-diagonals of the
crystals. The resonances of S; were less easily saturated than those of
O3, and could be observed at 4.2°K but not at 77°K.

The position of the S; resonances could be described by the following
equation
hv = (g} cos’@ + g sin’®) % BH,

where @ is the angle between the magnetic field H, and the inter-atomic
axis, i.e. (110), and

gu = 3.5010 = 0.0002

gL = 1.05 = 0.05

The very large error in g, is due to the highly anisotropic line width of
the S; resonances. For example, at ® = 0°, the maximum slope width
was 3.5 gauss, for ® = 45°, 7 gauss; ® = 60°, 14 gauss; ® = 75°, ~50
gauss. The resonances were quite undetectable for ® = 90°, thus prevent-
ing a direct determination of g;.
The values of g, and g; depend® on the relative magnitudes of A, a gpin-
orbit interaction constant, and A, the crystal-field splitting of the 7z mo-
lecular orbitals. Assuming axial symmetry, and neglecting terms in A/E,
where E is the excitation energy for the spin-orbit interaction, it appears
that

g1 =g + 20 (A* + A7)

8L = GA(A + A%)%

where g, is the free-spin g-factor, 2.0023.

If A>> A\ the orbital angular momentum is essentially quenched, and
both g, and g, approach the free-spin g-factor. However, if A>>A,
g, approaches 4, and g, approaches zero, and for A = A, g =~ 3.4 and
g1 = 14.

The present results indicate that for S; in KBr A/A is approximately 1.1.

The author gratefully thanks Drs. J. H. Schulman and R. D. Kirk for
supplying the crystal used in these experiments, and also acknowledges
stimulating discussions with Dr. J. Rolfe.

*J. H. Schulman and R. D. Kirk, Solid. State Communications 2, 105 (1964).
*A. W. Hornig and J. S. Hyde, Mol. Phys. 6, 33 (1963).

*W. Kinzig and M. H. Cohen, Phys. Rev. Letters 3, 509 (1959).

*W. Kinzig, J. Phys. Chem. Solids 23, 479 (1962).

“J. Rolfe, F. R. Lipsett, and W. J. King, Phys. Rev. 123, 447 (1961).



136 Thermally Excited Reorientation and Migration of Vi Centers in
Potassium lodide*

R. B. MURRAY and F. J. KELLER,! Solid State Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee

The thermally excited reorientation of Vg centers has been studied in KI
in a series of isothermal annealing experiments near 80°K. Doped crystals
of KI were irradiated at 78°K and prominent Vx absorption bands were
observed at 404 and 800 mu. Bleaching with linearly polarized light at
404 my induced anisotropic Vi absorption. The crystal was then quickly
warmed to a fixed temperature and the anisotropy was measured as a
function of time. In all cases it was found the anisotropy A(t) was ac-
curately described by A(t) = A(o) exp(—Kt), where K is a rate con-
stant characteristic of the temperature. Two series of experiments were
performed. In Series I the electric vector of the orienting light was paral-
lel to a <110> direction, and in Series II the electric vector was parallel
to a <100> direction. In both series it was found that K was described
by K = s exp(—E/kT). Denoting Series I and II experiments by the
subscripts 110 and 100, we find that E;;o = Ej00 = 0.273 €V, but at any
temperature K30 = 2/3 K;00. The difference between K,,, and K, is
attributed to a preferential thermal reorientation of Vx centers. Analysis
of the reorientation kinetics shows that Ki;0/Kio = 2/3 + ?l /3) (Poo/
Pgo), where Py, is the probability per second that a Vi center reorients
through 90°, similarly for Pe,. Comparison with experiment shows that
Py << Pg from which we conclude that reorientation occurs almost
entirely through one-step jumps in which the Vx axis changes direction
by 60°.

The migration of Vx centers through the lattice is being studied at higher
temperature. Vg absorption decays according to second-order kinetics at
small t. Analysis of the data will permit a determination of the activation
energy for migration, and this will provide an estimate of P, compared to
Pgo, where P, is the frequency of reorientation through 0° (i.e., a transla-
tional jump along <110>).

* Research sp~nsored by the U.S. Atomic Energy Commission under contract with

Union Carbide Corporation.
+ ORINS Predoctoral Fellow from the University of Tennessee.

137 Hardening of Potassium Chloride by Vi Centers

JOHN S. NADEAU, General Electric R h Lab Y. Sch tady, New York

The radiation hardening of pure alkali halides has been attributed to
interstitial-type halide defects resulting from the F center formation pro-
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cess. This process is suppressed in silver doped KClI which is irradiated at
77°K. The dominant photochemical reaction becomes
X-ray photon

Cl- —_— Cl°+e
CI° 4 CI- —_— Cl; (Vg)
Agt+e g Ag®

Of the two defects which result (Cl; and Ag®), only Cl; is expected to
cause significant hardening because it has tetragonal symmetry.

In the present experiments KCI crystals doped with ~.05% AgCl were
x irradiated (70kV) at 77°K. Optical absorption and compression tests
were made. The flow stress was increased about two order of magnitude
by irradiations of two hours duration. Most of the radiation hardening
-disappeared at about 200°K during pulse annealing, which corresponds
well with the disappearance of Cl; centers from the optical absorption
spectrum. The Ag® absorption was only slightly diminished by this an-
nealing process thus confirming the expectation that Cl;, and not Ag®, is
an effective hardening agent. Furthermore, the fact that Ag® does not
cause significant hardening while Cl; does, suggests that the important
hardening interactions between dislocations and point defects are elastic
rather than electrical.

Exciton Absorption in Mixed Alkali Halides

YOSHIO NAKAI, Yoshida College, Kyoto University, Kyoto, Japan; TAKATOSHI MURATA and
KAIZO NAKAMURA, Department of Physics, Faculty of Science, Kyoto University, Kyoto,
Japan

The effects of foreign alkali metal ions on the exciton absorption in some
alkali chlorides and alkali bromides have been investigated. Mixed system
KCI-RbCl, NaCl-KCl, KBr-RbBr, and NaBr-KBr were chosen. These
are characterized as containing two kinds of alkali metal components with
common halide ions. In the mixture of potassium- and rubidium-halide,
positions of the exciton peaks shift fairly linearly with the change in rela-
tive concentration. In the mixture of sodium- and potassium-halide, the
long-wavelength shift of the peaks is remarkable. It is of interest to note
that the exchange of the alkali, rather than the halogen, ions gives rise to
only the shift and relatively slight broadening of absorptions bands. This
should be contrasted with Mahr’s' observation for the KCI-KBr mixture
in which both CI- and Br- absorption bands can be identified in the ab-
sorption spectrum. Mahr’s result seems to support the predictions of a

. simple semiclassical electron-transfer model for the excitons in the alkali

halides.

However, since there was no indication of two absorption bands which
might be related to the presence of two alkali ions in the mixture treated
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in the present study, application of the simple electron-transfer model
seems hopeless. On the other hand, Taglauer and Waidelich? also con-
firmed that there is no indication of two bands in the mixed system AgCl-
AgBr which might be related to the presence of Cl- and Br- ions in the
mixture. This means that the simple electron-transfer model encounters
difficulties in explaining even the case of exchanging halogen ions in the
silver halides as well as the case of exchanging alkali ions in the alkali
halides. From these facts it is suggested that the excitation model will
be more fruitful in describing the excitons in the alkali and silver halides.

*H. Mahr, Phys. Rcv 122, 1464 (1961).
* E. Taglauer and W. Waidelich, Z. Physik 169, 90 (1962).

Low-Temperature Photoconductivity of Potassium Chloride with
F Centers

FUMIKO NAKAZAWA and HIROSHI KANZAKI, Institute for Solid State Physics, University of
Tokyo, Tokyo, Japan

Extensive measurements were carried out on the primary photoconduc-
tivity of additively colored KCl as a function of applied electric field and
excitation wavelength, mainly in the range of temperature between 4.2°K
and 80°K. The main conclusions can be summarized as follows.

(a) The quantum yield of producing electrons by excitation into the L,
and L, band is nearly unity in the temperature range from 170°K down
to 2°K.* In the high energy side of the K band, there exists a band in
the photoconductivity spectrum, centered at 3.2 eV whose quantum effi-
ciency is also nearly unity even at the lowest temperature.

(b) At temperatures below 35°K, the hot electron effects are the pre-
dominant factor in the electric field dependence of photoconductivity in
the L, band. The critical field strength for onset of hot electron effects
decreases with lowering the temperature and also reducing the concen-
tration of F centers. For F center density of 2.5 X 10'® cm, the critical
electric field is about 1 X 10? volt/cm at 4.2°K.

2 A Nakmwa and H. Kanmh, J. Phys. Soc. Japan 20, 468 (1965). The same

] was reached by R. Crandall and M. Mikkor, Phys. Rev. 138, A1247
(1965).

Emission and Associated Excitation and Absorption Spodrc for
X Irradiated Lithium Fluoride

J. NAHUM and D. A. WIEGAND, Carnegie Institute of Technology, Pitisburgh, Pennsylvania

We are concerned here with three emission bands at ~ 670mg, 910mpu
and 1120mp, the 670mpy band apparently being a composite band made up
of at least twobandsat approximately 650mp and 700my. While this 670
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mu band can be produced by excitation in R, and also probably the F band,
the efficiency is considerably higher for excitation in the M band region.
Detailed measurements, however, indicate that the excitation band for
this emission has a maximum at 445mp and is separate from the M band
at 441.2mp.* Similarly the 910my emission can be produced by excitation
m the R, band and at 445mp and 650mp but the efficiency is by far
the highest for the latter wavelength. The 1120mp emission can be ex-
cited by excitation at 445mp and 650mp, but is more efficiently produced
by excitation in the vicinity of 880mu. Bands have been found in absorp-
tion at 445mp and 650mp which agree with the appropriate excitation
bands,’ and an absorption band at 1000mp seems to be associated with
the 1120mp emission. All wavelengths are for liquid nitrogen tempera-
ture. Measurements as a function of temperature and irradiation con-
ditions suggest that each emission band and its associated (maximum
efficiency) excitation band is due to a separate lattice defect. The simul-
taneous emission of two or three bands due to a single excitation wave-
length can then be due to the overlap of emission and ahsorption bands.
By a cascade process then all three emission bands can be produced. From
the temperature dependence of the half widths or the resolved phonon
structure, a vibrational energy of 0.03 eV can be deduced for the 445mp
and 650mp excitation bands, absorption bands at 800mp and 1000mp,
and the pure M band. This same energy is reported by others for the R,
band and suggests the possibility that these defects are strongly coupled
to the lattice.

' J. Nahum and D. A. Wiegand, Bull. Am. Phys. Soc. 10, 390 (1965).

Effects of Radiation Damage on Exciton Specira at Low Temperatures

S. NIKITINE, M. GROSMANN, and P. SOXHLET, Lab ire de Spect pie et d'Optique
du Corps Solide; K. S. SONG, Service de Physique Theorique, Institut de Physique,
Universite de Strasbourg, France

The effects of irradiations in a reactor on the exciton spectrum of Cu,O
have been studied in absorption and reflection, at low temperatures.
The results are compared with those of gamma ray irradiations, electric
fields, impurities and thermal quenching. It is shown that the modifi-
cation observed in the exciton spectrum are produced by the deformation
potentials resulting from large defects created by fast neutrons in the
Cu,O- lattice.

A model is presented in which the dislocation loop is considered as the
large defect involved. This model allows us to deduce from measurements
of the exciton spectrum both the number and the dimensions of the de-
fects contained in the crystal.

Some preliminary results on similar studies in copper halides are also
presented.
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142 Transition Rate Effects Observed in the Magnetic Resonance of F
Centers

G. A. NOBLE and G. E. STUNGIS, lllinois Institute of Technology, Research Im‘-muh,
Chicago, llinois

At 4°K a portion of the magnetic resonance spectrum of F centers in KCI
may be saturated. The Gaussian line may be described as having a
“hole burned” in it in analogy to the experiments on a nuclear resonance
broadened by an inhomogenous magnetic field. The saturation factor as
a function of field may be described by a shape, width, and depth. The
experimental procedure consists of three steps: relaxation, saturation and
observation. The observation process avoids saturation by using very low
power levels. Saturation periods of the order of a minute establish a
steady state condition at all power levels. These experimental results for
the width, shape and depth could not adequately be described by using
a spin packet model. Experiments were also performed by applying sat-
uration pulses varying in time from seconds to milliseconds. The results
showed that the width of the saturation increases with pulse time and
power level. The results depend to some extent on an effective g value
which is determined by the ratio of the frequency to field during satura-
tion. There is no growth in width in the absence of external interaction.
Throughout the course of these experiments, partially resolved structure
within the saturated region of the resonance was observed. The position
of the subsidiary “holes” were found to be independent of the magnetic
field orientation. The spacing of these subsidiary “holes” from the prin-
cipal saturation correspond to frequency differences ranging from 2 to
33 mcps. In order to explain these results an improved theory of the
energy levels and state functions for the spin Hamiltonian is required.
The Zeeman and contact hyperfine terms can be solved generally, in;
cluding several shells of nuclei. Several transitions with different ptob-
abilities may be identified. The results of observation may then be de-
scribed in terms of the kinetics of the saturation process.

143 Interaction Between Dislocations and O; Centers

TOQUICHI OKADA and TOKUO SUITA, Department of Nuclear Engineering, Osaka University,
Osaka, Japan

Measurements. of flow stress vs. temperature were made on zone-refined
Harshaw and O; -doped KCI crystals between 4.2°K and 300°K. The
principal aim of this study is to see if the interaction between O3 -center
and moving dislocation becomes appreciable in a certain temperature
range.

A substantial increase in flow stress in O; -doped KCI compared with

m



144

145

that of zone refined KCl was observed below 35°K. The effect of hy-
droxyl ions on the temperature dependence of the flow stress was also ex-
amined, since O; -doped crystals contain a considerable concentration of
hydroxyl iens. From these measurements and the theory of Fleischer® the
following quantities can be calculated: the tetragonality of lattice dis-
tortion around Oj center; Ae, and the concentration of O; centers. The
value of Ae is compared with the results obtained by ESR measurements.?
The mechanisms of dislocation -Oj interaction are discussed.

'R. L. Fleischer, Acta. Met. 10, 835 (1962); J. Appl. Phys. 33, 3504 (1962).
! W. Kinzig, J. Phys. Chem. Solids 33, 479 (1962).

The Excited State of the F Center in Potassium lodide

KWANGJAI PARK, University of California, Berkeley, California, and Bell Telephone
Lob ies, | ted, M y Hill, New Jersey

P

The spectroscopy on the excited state of the F center (here called F*) in
KI using a pulsed ruby laser as an excitation source yielded the absorp-
tion spectrum of the F* center as reported earlier.! Additional data will
be presented to support further a kinetic model which contains an ad-
ditional term beyond those in the usual models due to the overlap between
the strong absorption of the F* and the ordinary fluorescence of the F*.
It is planned to extend the absorption data, which have been heretofore
limited to wavelengths less than 5 u, further into the near infrared. Such
absorption data can then be compared with predictions based on the
kinetic model.

K. Park and J. J. Hopfield, Bull. Am. Phys. Soc. 10, 308 (1965).

EPR and Optical Absorption of Br; and CI; in the Ammonium Halides

FRANK W. PATTEN and MICHAEL J. MARRONE, U.S. Naval Reséarch Laboratory,
Washington, D.C.

When single crystals of NH,Br and NH,CI are irradiated with x rays at
low temperature, one of the products is the halogen molecule-ion oriented
along the (100) directions. Kénzig and coworkers® have reported the elec-
tron paramagnetic resonance (EPR) absorption of Cl; in NH,Cl. We
have observed the EPR spectrum of Brj in irradiated NH,Br, and identi-
fied optical transitions associated with the halogen molecule-ion (Vi
center) in both ammonium halides.

The Br; portion of the EPR spectrum of NH,Br irradiated at low tem-
perature can be adequately fitted to an axial Spin Hamiltonian with the
principal symmetry axis aligned along any of the three (100). The result-
ing values for the g-tensor and hyperfine tensor are very nearly the same
as those obtained in KBr.? However, the halogen molecule-ion exists in a
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site of tetragonal symmetry in the ammonium halides versus orthorhombic
symmetry in the alkali halides.

Optical absorptions belonging to the transitions 3, — 23 and 23, — *II,
have been observed at 800 mu and approximately 380 mp, respectively.
The band at 380 mu comprises less than one fifth of the intense radiation-
induced band previously observed by Riichardt,® and which was suggested
by Kinzig' as being partially due to the Vx center. Dichroism has been
induced in the 800 myu band by polarized bleaching which is consistent
only with an electric dipole lying along the (100). A dichroism of the
800 mpu band can be stimulated by polarized bleaching into the 380 mu
band.

EPR and optical measurements made concurrently on an NH,Br crystal
in a combination optical-EPR Dewar after successive applications of
bleaching light in a (100) direction have shown a correspondence in the
induced dichroism. The magnitudes of the EPR and optical absorption
do not decrease in the same ratio, probably largely due to the effects of
saturation of the magnetic resonance signal.

* H. R. Zeller, L. Vannotti, and W. Kinzig, Phys. kondens. Materie 2, 133 (1964).

*T. G. Castner and W. Kinzig, J. Phys. Chem. Solids 3, 178 (1957).
*H. Riichardt, Z. Physik 134, 554 (1954).

Low-Temperature Fluorescence and Absorption of OH- and OD- in
Potassium Halide Crystals

D. A. PATTERSON, V. H. RITZ, and M. N. KABLER, U.S. Naval Research Llaboratory,
Washington, D.C.

The optical properties of OH- and OD- in KCI and KBr have been mea-
sured at low temperatures. A new fluorescent emission has been found
in KBr and KI and related to the OH- center by excitation measurements,
by association of its three peaks with vibrational energy levels of the OH-
molecule, and by observation in KBr of the predicted isotopic shifts of
the peaks. In KCl:OH, a very weak fluorescence was observed at 77°K
which might have been due to OH-; it was not observed at 5°K. No
fluorescence was observed in any of the crystals at room temperature.

A pronounced asymmetry on the high energy side of the experimental
absorption curves has been ascribed to additional unresolved bands. This
was baseu upon the observation of a larger isotopic peak shift than pre-
dicted, the appearance of a broader absorption curve in OH- than in
OD-, and a graphical resolution of the measured curves, making some
simple assumptions, into reasonable bands. These component bands were
attributed to transitions to different molecular vibrational levels in the
electronic excited state. A generalized configuration coordinate diagram
incorporating the internal vibrational levels of the molecule is proposed
to account for the absorption and emission of the OH- center.
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The shift of the apparent absorption peak to lower energy with decreasing
temperature below 100°K, investigated to 20°K by Fisher* in KCl:OH
and KCI1:OD, has also been observed in KBr:OH and KBr:OD. The
measurements have been extended down to 6.3°K with no further shift
being observed. The anomalous peak shifts have tentatively been in-
terpreted in terms of hindered rotation of the OH or OD.

*F. Fischer, Solid State Comm. 2, 51 (1964).

Evidence for Frenkel Defect Formation in Lithium Fluoride X Irradiated
at Room Temperature

H. PEISL and W. WAIDELICH, I. Physikalisches Institut der Technischen Hochschule,
Darmstadt, Germany

In discussion of the different possible mechanisms for the defect formation
in alkali halide crystals, there is an important question whether Schottky
or Frenkel defects are created. Information about this carf be obtained
from combined studies of lattice parameter change and macroscopic den-
sity change during the defect formation by x-irradiation.

We have irradiated LiF single crystals homogeneously by x rays fram a
W target (150 kV, 12 mA) filtered through 2 mm glass. The lattice pa-
rameter change was determined from the exact position of a Bragg maxi-
mum. For the density measurements we have chosen a hydrostatic flo-
tation method, using a temperature gradient in a liquid. The F-center
concentration after irradiation was estimated by a curve fitting method
because it was not always possible to observe directly the large absorption
constants at the band maximum.

-If vacancies (concentration: c,) and interstitials (¢;) are created in a

crystal the following relation between relative density and lattice param-
eter change is expected: —Ap/p = 3Aa/a + ¢, — ¢;. If only Schottky
defects are created: ¢; = O and ¢, = —Ap/p — 3Aa/a. If only Frenkel
pairs are created: ¢, =c¢; and —Ap/p = 3Aa/a. Our measurements
show that, after an initial deviation, at prolonged irradiations there is a
direct equivalence between —Ap/p and 3Aa/a in LiF after X irradiation
at room temperature. That means that Frenkel defects are formed during
irradiation. We now are extending these investigations to low tempera-
tures.

lonized F-Aggregate Centers in Sodium Chloride* ;

C. B. PIERCE, Sandia Lab Y, Albuquerque, New Mexi

Two new color center bands have been observed in relatively heavily
colored NaCl which have been illuminated with white light or light of
selected wavelengths at He temperature. These peak at 1.20p and 1.47u
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with strong O-phonon lines at 1.3065x and 1.5491p. The 1.2u band is
produced most efficiently by illumination in the M region of 65007400 A,
while the 1.47, band is generally produced by illumination anywhere in
the range from 4000-7000 A. This is consistent with the ionization of R
centers on the basis of Silsbee’s recent results in KCI that there are several
R center transitions in the region between F and N bands.! Growth rates
and maximum intensity depend upon light intensity as well as wavelength,
with several minutes generally required to approach an asymptotic value.
When the exciting light is turned off, up to 50% of the band intensity
may decay within one second, but the remainder decays over a period of
hours. We have also observed the splitting of the 0-phonon lines with
uniaxial stress along [100], [110], and [111] directions. The 1.5491p line
splits into 2, 3, and 2 components under the above stresses. This is con-
sistent with a rhombic center with two-fold axes along [001], [110], and
[110] directions (M center). Splitting of the 1.3065 line is much smaller
for a given stress, and the results are not so well delineated. We see 2,
2, and 2 or 3 components with stress oriented as above. This is not con-
sistent with any possible center in a cubic crystal but could be associated
with a rhombic or monoclinic center if we have failed to resolve all of
the components. As a corollary to these measurements we also observed
the splitting of the R, zero-phonon line, with results completely consistent
with the trigonal symmetry of the F; model. The most probable explan-
ation for the disagreement between the stress and growth measurements
is that the application of stress can lift electronic as well as orientational
degeneracies, giving rise to more components of the 0-phonon lines. In
any case, it seems reasonably certain that these are ionized states of the
R and/or M centers, primarily on the basis of the growth characteristics
and stability. Any excited state with the observed lifetime should continue
to grow with excitation until all of the ground state is transformed, where-
as the ionized center would reach an equilibrium with the free electrons
dependent on the rates of ionization and recombination.

* This work was supported by the United States Atomic Energy Commission.
*R. H. Silsbee, Phys. Rev. 138, A180 (1965).

Color Centers in Calcium Fluorophosphate

W. W. PIPER, L. C. KRAVITZ, R. X. SWANK, and J. S. PRENER, General Electric Research
Laboratory, Schenectady, New York

Synthetic crystals of Ca;(PO,):F can be grown from the melt* or from
a saturated solution of CaF,. These crystals have the apatite structure
which is characterized by isolated linear chains of F- ions parallel to the
¢ axis. ;

Both the melt-grown and the solution-grown crystals possess the same
color center which may be produced at room temperature by x rays or by
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1850A radiation. The optical absorption band is dichroic and has been
correlated with a specific spin resonance spectrum. An analysis of the F**
and P** ENDOR: spectra conclusively locates this center at an F- site. In
many respects the center resembles the F center of the alkali halides, and
we conclude that the center consists of an electron trapped at an isolated
~-ion vacancy.? An LCAO calculation of the g-shift supports this con-
clusion.
A second simple defect which has been observed in resonance but not
optically in all these crystals is an effective hole trap. The model given
for this center is an O= ion substituted at an F- ion site.* Upon trapping
a hole the center becomes paramagnetic. ENDOR measurements® * have
confirmed the location of this center. Irradiation at 77°K has revealed
three distinctly different but closely related spectra® which have been
localized by ENDOR.
In addition to these defects common to both melt-grown and flux-grown
crystals, several other electron-excess and hole-excess centers have been

observed. The melt-grown crystals are known to be deficient in fluorine,

and it is reasonable to expect a relatively high concentration of F--ion
vacancies partially filled with O= ions. Two centers are seen both optically
and in spin resonance which are consistent with the model of the associ-
ation of two vacancies and an O ion in two different configurations.?
The flux-grown' crystals contain additional defects capable of producing
one dichroic color center and several resonance centers not seen in the
melt-grown crystals. None of these resonance centers possess axial sym-
metry about the F- chain. Preliminary ENDOR measurements on the
hole-excess center suggest the presence of O= at a F- site associated with
a Ca** site defect.

*P. D. Joh , J. Electroch Soc. 108, 159 (1961).

*W. W. Piper, L. C. Kravitz, and R. K. Swank, Phys. Rev. 138, A1802 (1965).

*B. Segall, G. W. Ludwig, H. H. Woodbury, and P. D. Jobnson, Phys. Rev. 128,
76 (1962). :

F Center Production by a Low Energy Mechanism

D. POOLEY, Solid State Physics Division, Alomic Energy Research Establishment, Harwell,
England

A model for F center production in alkali halides has been studied which
is dependent on the radiatianless decay, to the ground state of the crystal,
of an exciton. In this model a replacement sequence in a [110] line of
halide ions is responsible for the separation of the ion from the vacancy.
It has been found that the probability of the radiationless transition at low
temperatures is of the right order to explain the observation of both ex-
citon luminescence and F center production in KCl and KBr at 4°K. In
KI, on the other hand, the low temperature transition probability is cal-
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culated to be 10-%, in agreement with the low F center production rate in
KI at 4°K. The model is successful in predicting a relatively temperature
independent coloration rate in KCI and KBr* and gives a temperature de-
pendent rate in KI which is in fairly good agreement with experiment.?
Replacement sequence threshold energies have been calculated using a
linear many-body model. They have been found to be sufficiently low to
allow F center production by this mechanism except in certain materials,
such as Nal, where F center production is observed experimentally to be
very difficult. The effect of the Coulomb interactions on the replacement
sequences is to cause the production of the vacancy at a distance of up to
three lattice spacings from the excitation.

The model is easily modified to explain F center production by ultraviolet
irradiation.? It also explains the impurity sensitivity of F center produc-
tion in alkali halides.*

*H. Rabin and C. C. Klick, Phys. Rev. 117, 1005 (1960).

*T. P. P. Hall, D. Pooley, and P. T. Wedepohl, Proc. Phys. Soc. (London) 83,
635 (1964).

*T. P. P. Hall, D. Pooley, W. A. Runciman, and P. T. Wedepohl, Proc. Phys.
Soc. (London) 84, 719 (1964).

*W. A. Sibley, E. Sonder, and C. T. Butler, Phys. Rev. 136, A537 (1964).

Defect Production in lonic Crystals by Low-Energy Radiation*

FRANK E. PRETZEL, Los Alamos Scientific Laboratory, University of California, los Alomos,
New Mexico

The question of a threshold for radiatien damage to alkali halide crystals
by ionizing radiation has not been resolved. The possibility of an exciton
mechanism for producing color centers has been discussed by Seitz and
others, but the problem is complicated by possible photochemical reactions
of impurities in the crystals. There is evidence that impurities such as
OH- account for some coloration of KBr and KI under ultraviolet light,
and a low-energy photochemical transformation of O= to OH~ may cause
the coloration of LiH crystals at room temperature. However, under in-
tense ultraviolet light at 80°K, KI crystals can be colored to much greater
densities (10’® to 10cm™) of a plus F centers than would be expected
from OH-type impurities in the crystal unless the impurity species is
reformed as in a catalytic process. Ultraviolet light also enhanced the
coloration of KI simultaneously exposed to x rays compared to the rates
found when each radiation was used separately. It is proposed that radia-
tion damage occurs by.a mechanism comparable to that given by Ritz for
x rays.! However, since a high ultraviolet flux is required for intense
coloration and an ultraviolet photon lacks sufficient energy to create two
adjacent ionizations, the radiation-damage intermediate may be produced
by a stepwise mechanism. This could occur through the secondary ioniza-
tion of a sclf-trapped 1: molecule ion, which is a comparatively stable
primary ionization product at 80°K. This mechanism may be important
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to the understanding of high flux irradiations of many alkali halides at
80°K using either soft x rays or 8 rays.?
* Work done under the auspices of the U.S. Atomic Energy Commission.

'V. M. Ritz, Phys. Rev. 133, A1452 (1964).
*F. E. Pretzei and R. L. Petty, Phys. Rev. 127, 777 (1962).

F-Aggregate Centers in Alkali Halide Crystals

HERBERT RABIN, U.S. Naval 2 h Lab Yy, Washi D.C.

Optical studies have given considerable insight into the nature of centers
known as the F aggregates. The formation, conversion, and destruction of
these centers has been invesigated in additively colored specimens and
specimens exposed to jonizing radiaticn, over a wide range of temperature,
and in several different alkali halides. Both pclarized light and unpolar-
ized light have been advantageously used in absorption and emission
measurements. The existence of higher excited states has been established,
zero phonon transitions have becn observed, and metastable multiplet
states (e.g. the M-center triplet) have been identified. Models of at least
two of the F-aggregate centers have been reasonably well established. The
results of optical studies and other corroborative evidence indicates that
the M center consist of a pair of associaied F centers, and the R center
consists of three neighboring F centers ir an equilateral triangular con-
figuration. Models of the N, and N, centers, as well as models of centers
associated with other jong wavelength bands are yet to be established on
an equally secure foundation. Our understanding of the mechanism of
formation of F-aggregate centers is likewise incomplete and is deserving
of further attention. The models of various charged varieties of the F-
aggregate centers have also been identified; these centers consist of either
the normal F-aggregate center with an additional electron (M’, R’ cen-
ters) or the normal aggregate center lacking an electron (F:, Fj centers).
A review of our current knowledge of the F-aggregate centers and their
charged varieties will be given, and suggestions as to possible areas of
turther investigation will be made.

lonized M Centers in Aikali Halide Crystals

ERBERT RABIN and IRWIN SCHNEIDER, U.S. Naval R h lab y. Washing D.C.

New absorption bands, attributed to optical transitions of ionized F-aggre-
gate centers, are produced as follows. F-aggregate centers are first intro-
duced into a crystal at room teniperature by bleaching at the wavelength
of the F band. The crystal is cooled to liquid helium temperature (LHeT)
and exposed to x rays to inaoduce trapped-hole centers, namely Vi and
IT centers. Subsequent oprical excitation into the spectral overlap region
of the Vx and M bands ot LHeT results in a decrease of both F-aggregate
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center and Vk-H absorption, and the production of necw hands in the near
infrared.

In KCI and KBr containing M centers, new bands appear at 1.40 p and
1.49 p, respectively. In KCI the ratio of the change in peak height of the
M band to the 1.40 x band is 3.7, and the corresponding ratio in KBr is
3 2. These ratios have the same magnitude for both the destruction of the
M band with Vi-H light and the restoration of the M band with subse-
quent F-light exposure. It is also observed that when optical dichroism is
induced in the parent M bands, the same dichroism is present in the new
bands. These observations support the identification of the ncw bands
with the F3 center.

It is furthermore observed that weak F: bands can occur by direct x ray
exposure at LHeT of either a virgin crystal or a crystal containing M
centers. The production of F: centers in a virgin crystal might occur as
the result of an intrinsic ionic process, while in the latter case x rays may
act direcily to ionize the M center.

Thermal Conductivity of Potassium Chloride with U Centers*

L. G. RADOSEVICH and C. T. WALKER, Northwestern University, Evanston, lllinois

Low temperature thermal conductivity mcasurements have bezn made in
an attempt to observe phonon resonant scattering states induced by U-
center impurities. The most complete measurements have been done on
KCIL. For KCI with H- impurities the data divide into two regions. Above
the conductivity maximum a resonance dip, usually associated with
pseudo-localized mcdes, is observed. A computer analysis of the data,
based on Krumhans!'s model,* shows that the peak in the phonon scatter-
ing cross-scction occurs at a frequency of about 1.3 X 10% rad/scc.
(70 em™) = 15%. Below the conductivity maximum a second resonance
dip appears at about G.4°K, but this cannot be attributed to the H- ion
since it seems to b2 dependent on the details of crystal preparaiion. KCI
has also been studied with D- impuritics, but at the early daic of this
abstract the computer analysis has not been completed.

* Work supported by the Advanced Rescarch Projects Agency.

'J. A. Krumhans!, International Conference on Lattice Defects, Copenhagen
(1963), in print.

Photoelastic Measurements of Volume Expansion in Potassium
Bromide and Potassium Chloride by U — « and U — F Conversion*

S. COSTA llht'llO, S. MASCARENHAS, and F. LUTY, Physics Department, Escola de Engen-
hauria, Sao Carlos, Brazil

Voluine expansien cffects have, for the first time, been observed in con-
ncction with the optical transformation of point defects in a system where
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the microscopic structure of all the reaction products are known and are
under quantitative control. U centers in KBr and KCI were converted
by UV irradiation at low temperature into vacancies and interstitial H-
ions. The change in crystal volume due to this transformation and the
characteristic temperature structure of its thermal annealing were mea-
sured with a sensitive automatic photoelasticimeter. A definite correlation
between AV/V and the number of H- Frenkel pairs was obtained. Simi-
larly, ultraviolet light or x irradiation at room temperature and its an-
nealing produces a reversible volume change correlated to the number of
U — F transformations. As lattice parameter measurements for KBr: KH
are available, it is possible to assign specific volume expansions, compared
to the unperturbed crystal, to the vacancy-H- interstitial pair as well as to
the F center-interstitial hydrogen molecule pair. Since the latter are neutral
defects, Eshelby’s elastic theory can be applied and, neglecting effects
from the small interstitial H; molecule, the microscopic deformation
around the F center can be obtained. The results on the H- Frenkel pair
cannot be interpreted in this way because ionic polarization around the
charged imperfections strongly influences the elastic problem.

* Work done under ONR Contract Nonr-3534.

Vacancy Production Efficiencies in Potassium Bromide

VICTOR H. RITZ, U.S. Naval Research Laboratory, Washington, D.C.

The growth of the prominent absorption bands produced by low energy
x-ray and 2.0-MeV electron irradiation has been studied in KBr at tem-
peratures between 5 and 9 degrees Kelvin. The growth curves (a, F, “H”,
2300A band and total vacancies) are not linear when plotted as a func-
tion of absorbed dose. The alpha band begins to grow linearly and then
continues at a decreasing rate. The F band grows fairly rapidly at first,
slows down and then seems to rise at an increased rate. The composite
“H” band generally follows the F band, although the F/“H” ratio seems
to decrease as the irradiation progresses. The band at 2300A, which has
been attributed to the interstitial halide ion, is directly proportional to
the alpha band at all points on the growth curve. The total vacancy pro-
duction (F plus alpha centers) is a smooth but non-linear function of
absorbed dose.

The «/F ratio is not constant as the irradiation progresses. The ratio is
initially 4:1 and reaches a maximum 9:1 at an F-center concentration of
5 X 10" F centers/cm®. Continued irradiation causes the «/F ratio to
drop to about 4:1 at 3 X 10'" F centers/cm®. This variation in the o/F
ratio is the same for all types or “qualities” of radiation when plotted as
a function of the F-center concentration. The intensity dependence of
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vacancy production was investigated by varying the beam current by a
factor of 120 for the 2.0 MeV electron irradiations. More energy is re-
quired to produce a vacancy at higher intensities, but the «/F ratio is
unaffected.

Deductions regarding vacancy production mechanisms at low temperature
were made earlier’ on the basis of F-center production efficiencies. The
variation of total vacancy production efficiency in KBr with radiation
“quality” reported here parallels the F-center efficiencies reported earlier.
One is led to the same conclusion reached previously; ie., the low tem-
perature coloration process is dominated by mechanisms involving the
single ionization of two adjacent halide ions.> *

!V. H. Ritz, Phys. Rev. 133, A1452 (1964).

*F. E. Williams, Phys. Rev. 126, 70 (1962).
*C. C. Klick, Phys. Rev. 120, 760 (1960).

C tration Depend of the o/F Ratio in Potassium Bromide
Irradiated at 5°K

V. H. RITZ and M. N. KABLER, U.S. Naval R h Lab y. Washi D.C.

The shape of the growth curves of the alpha and F bands in KBr irradi-
ated at 5°K and the variation in the «/F ratio which were reported in a
previous abstract' may be explained in terms of the influence of the in-
tense recombination luminescence associated with the irradiation.? The
fraction of halide ion vacancies which contain electrons depends largely
upon the kinetic balance between two competing processes: One, a-center
formation through bleaching of F centers by absorption of recombination
luminescence; the other, F-center formation through electron trapping by
« centers. The measured bleach rate increases uniformly from zero and
approaches saturation at an F-center concentration of roughly 5 X 10°
cm; this concentration is high enough to absorb most of the lumines-
cence within the range of spectral overlap. Initially, since the bleaching,
rate is zero, the net growth rate is a measure of the effective trapping rate.
The latter will increase with irradiation as more « centers are created.
If one assumes that the trapping rate varies less rapidly with concentration
than the bleaching rate, the F-center growth rate will first decrease, pass a
minimum as the bleaching saturates, and then tend to increase until other
processes cause the Frenkel defect creation rate to saturate. This accounts
satisfactorily for the observed growth curves and for the «/F ratio
variation.

*V. H. Ritz, see Abstract No. 156.
*M. N. Kabler, see Abstract No. 100.
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The Spctial Distribution of Color Ceniers in Diffusion-Colored,
X-Ray-Colored and Electrolytically-Colored Crystals

F. F. ROBERTS, Post Office Research Station, Dollis Hill, London, England

The time, temperature, dose and clectric charge dependences of the micro-
spatial distributions of color centcrs have been studied in KCI by micro-
scopy with monochromatic illurnination in the visible and ultra-violet.
Significant correiations are found with the dislccation patterns for re-
cently-deformed crystals. The influence of excess electronic conduction
along and in the close neighborhood of edge dislocations in sufficiently
pure crystals will be discussed.

Anionic Impurities in Alkali Halide Crystals

J. ROLFE, National Research Council of Cancda, Ottawa, Canada

The purpose of this paper 1s to review as much as possiblc all of the work
on anionic impurities that has becn doue since the Stuttgart conferer:ce in
1962. Because of time limitations we will restrict thc review to these
impuritics stable in the melt. Thus transient species produced by irradia-
tion into an absorption band, or by ihe action of ionizing radiation, will
not be considered. Two classification methods will be used; by solid sol-
ubility of the impurity in the host crystal, and by the methods used to
decect the presence of the inpurity.

The first classification ieads to a fairly sharp separation between high and
low solubiiity impurities. High solubility impurities, such as Oz, X-
(halogen) and HS-, have the property that the co-ordination number of
the anion in the normal crystal form of the impurity itself is six, the same
as ilie co-ordination number of the ions in the sodium chloride structure.
As far as is known, all divalent anions, such as CO3, O, have a very low
solubility in alkali halide crystals.

Nearly all anionic impuritics can be detected by optical methods. Absorp-
tion bands can be measurcd over a very wide wavelength range. Fxampies
are the ultraviolet electronic absorption band of iodide ions in bromide
and chloride crystals; the infrared vibrational absorption band of hydro-
sulfide ions; and the far infrared 2bsorption bands induced by nitrite ions
in the phonon gap of Ki. Luminescence is the most sensitive method of
detecuing the impurities O: and S:.

Finolly, divalent anionic impuritics will affect the ioric conductivity of
the host crysial. A comparison between experimental resuits and theoreti-
cal predictions wili be made for such systems.
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Strain Effects on Aggregate Color Centers in Alkali Halides

M. N. RUDDEN cnd E. E. SCHNEIDER, Department of Physics, University of Newcastle vpon
Tyne, England

The absorptions in the F-band region of oriented M and R centers formed
in alkali halides by 50 kV X irradiation and subsequent polarized bleach-
ing under externally applied stress have becn investigated. The digitized
data from a double beam specirophotometer (maximum resolution 5)
was processed with an electronic computer. The dichroic curves of indi-
vidual My and Ry absorptions (at 12 and 80°K), i.e. the difference be-
tween absorptions observed with light polarized in appropriate perpendic-
ular directions, were obtained automatically.

In the strictly elastic region, shear stress applied parallel to the direction
of polarization of the bleaching light enhances the degree of orientaticn
and the rate of production of aggregate centers but docs not affect the
shape or position of the absorption bands. The most intercsting result of
strain orientation 1s the increased resolution of the absorption of aggregate
centers in the F-band region. This has now been found to occur only
beyond theé elastic limit as a consequency of plastic deformaticn. Apart
from the remarkable sharpening, the dichroic spectra of the Mp and Rp
bands produced under such conditions show characteristic shifts and
satellite components which can be explained by assuming that aggregate
centers are preferentially formed at defects, where they are subjected to
strong crystalline fields of low symmetry. For the particular case of the
M; absorpticn arising from the two transition moments, (110) and (100)
normal to the molec ailar axis /110), the effect of stress fields are considerad
which are appropriate to locating of the M center in close proximity and
with its axis paralie! to an edge dislocation.

Preliminary observations have been inade on the shape of individual
dichroic absorption lines as a function of temperature. The very small
width, <10 A, of some of the lines in deformed crystals, must be related to
a restriction in the participating lattice modes caused by the local distor-
tions of the lattice.

On the Configuration of the Radiation Induced Defects and the
Kinetics of the Colloid Formation in Sodium Chloride*

P. V. SASTRY and K. A. McCARTHY. Department of Physics, Tufts University, Medford, Mcs-
sachuseMts

The kinetics of formaiion and the behavior of two optical absorption
bands, namcly the C, (at about 560 mu) and the C. (at about 670 my),
are investigated in y-irradiated sodium chlonde by employing the meihods
of cptical and/or theimal bleaching and also subsequent x-irradiation of
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the bleached crystals. From these investigations the following points
emerge:

1. The C; and the C, bands are not observed in as-irradiated crystals.
The C, band appeared on optical bleaching (either by prolonged F light
or white light bleach) and the C, band appeared on thermal bleaching
(at any temperature in the range 160-200°C).* Also, crystals containing
C, centers when thermally bleached showed the evolution of the C; band.
2. Both the C; and C. bands are resistant to bleaching with monochro-
matic light of wavelength corresponding to their respective peak positions:
Also they are relatively insensitive to the changes in the temperature
of the crystal (RT to LNT). It is observed that the C; band is influ-
enced by concentrated white light, as well as ultraviolet light, the result
in each case being the shift of the peak towards longer wavelengths and
the increase in the half-width of the absorption band with the area under
the band remaining constant. During this process the initial violet color
of the crystal changed to blue.? But this blue crystal when thermally
bleached became violet again and the peak shifted towards the shorter
wavelength. These studies indicate a similarity between the entities re-

sponsible for the C,; and the C; bands. The C, band has the characteristic

properties of a colloid band. In regard to this band, despite the similari-
ties (as far as the insensitivity to temperature change and resistance to
monochromatic light bleach) there are some differences (as regards the
thermal stability, half-width, etc.) between irradiated and additively®
colored crystals.

3. The evolution of these absorption bands is observed only in heavily
irradiated crystals, that is crystals irradiated well into the second stage,
thus indicating that the presence of the lattice damage created by radia-
tion is essential for the evolution of these bands.

4. We found enhanced colorability and evidence or perturbed F centers
(F centers created by the trapping of electrons at anion vacancies situated
in the neighborhood of lattice perturbations like edge dislocations) in
y-irradiated crystals which are thermally bleached at moderate tempera-
tures (=200°C) and subsequently x irradiated. These studies indicate
that decoloration of an irradiated crystal at moderate temperatures does
not mean the annealing of the lattice damage, and that the excess anion
vacancies created by the radiation have different environment. Also the
damage is annealed completely at higher temperatures (=~350°C) and
the crystal returned™to its virgin state. However, significant difference
between hard and soft x-ray irradiation is observed in regard to the obser-
vation of the perturbed F band.*

These results are discussed in the light of the defect.generation and color
center formation by radiation damage. :

* Supported in part by a grant from the National Science Foundation and by the
Air Force [Contract AF19(628)-4029].
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*P. V. Sastry and K. A. McCarthy, Phys. Rev. Letters 12, 690 (1964).

*K. Przibram, Irradiation Colors and Luminescence (Pergamon Press, New York,
1956), p. 145.

*Sec F. Seitz, Rev. Mod. Phys. 26, 36 (1954); J. H. Schulman and W. D. Comp-
ton, Color Centers in Solids (Pergamon Press, New York, 1962) p. 256.

‘P. V. Sastry and K. A. McCarthy, submitted for publication in Phys. Stat.
Solidi.

Thermoluminescence in Quartz*

M. SCHLESINGER,! Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania

In a recent communication® Lietz and Matheja report on a study of the
trapping levels responsible for the thermoluminescent emission in quartz.
These authors assert that “the glow curves do not always show defined,
single-valued temperature maxima” and furthermore that “the interpre-
tation of the general glow-curves (light vs. temperature) is difficult, since
the exponential emptying of the trapping levels with increasing tempera-
ture does not hold.” g

We have recently been concerned with some of the optical properties of
quartz and in particular with the thermoluminescent emission. From the
thermal bleaching behavior of the various color centers as well as the
width and shape of the glow peaks it seems that they are rather complex
and consist of several components. The relative intensities of the com-
ponents (and therefore the apparent glow maxima) seem to depend on
several factors, e.g. irradiation temperature, dosage, etc. In this case the
best method for analyzing the glow-curves is the “initial rise”* mzthod.
In our experiments we recorded a sequence of initial rise curves and
plotted the thermal activation energies vs. temperature. In the germanium-
doped crystals, for example, thermal activation energies varying from 0.8
to 1.9 eV in the temperature range 100°K-600°K were found. In the
case of rose quartz the corresponding values are 10% higher. The con-
clusion that the emptying of the trapping levels is non-exponential seems
not to be justified.

Of further interest are the previously reported® thermal bleaching curves
of various color centers and their correlation to the different glowpeaks.

It seems that in quartz, just as in the case of alkali-halides, a careful ex-
amination of the thermoluminescent glow curves furnishes one with a con-
siderable amount of useful information concerning the electronic processes
in these crystals.

* Work supported by U.S. Army Research Office (Durham) and National Aero-
nautics and Space Administration.

t Present address Department of Physics, University of Western Ontario, London,
Ontario, Canada.

! J. Lietz and J. Matheja, Naturwissenschaften 51, 504 (1964).

* See for example Luminescence of Crystals, D. Curie (Translated by G. F. S. Gar-
lick), (Methuen and Co., 1963).

*F. Feigl, M. Schlesinger, and J. H. Anderson, Bull. Am. Phys. Soc. 9, 635 (1964).
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Moment Analysis of the K Band in Alkali Halides*

STEPHEN 'E. SCHNATTERLY, Department of Physics, University of Hlinois, Urbana, lllinois

Three simple models of the K band are tested by calculating the changes
in zeroth and first moments of the band to be expected upon warming
from 0°K to 300°K, and by calculating the changes in the same two
moments caused by applied uniaxial stresses. The models tested are:
1. s-state model. In this model the K band is presumed to be due to
transitions from the s-like ground state to an s-like excited state. The
transitions are made partially allowed by admixture of some F-band
p-like state into the s-like excited state by odd parity lattice vibrations.
2. d-state model.’ In this model the K-band state is d-like and the
transitions are, as above, made partially allowed by odd parity lattice
vibrations.
3. p-state model and many-p-state model. In this model the K band is
presumed to be due to transitions to a p-like state or, as proposed by
Mott and Gurney,? a series of p-like states approaching the series limit
at the conduction band edge.
Both the s-state model and the d-state model predict a strong temperature-
dependence of the zeroth moment or area of the K band. The minimum
area increase is estimated to be a factor of 1.5 upon warming from 0°K
to 80°K, and nearly a factor of 3 upon warming from 0°K to 300°K for
RbCL Such changes are not observed.* The s-state model also disagrees
with the measured first moment change due to applied uniaxial stresses.

The p-state and many-p-state models are both consistent with the ob-
served temperature-independence of the high energy side of the K band.
An approximate calculation shows that in the case of these models, the
K band increases in area by 39% and shifts .06 eV to the red upon warm-
ing from 0°K to 300°K. Such a change leaves the high-energy side of the
K band nearly unchanged. The p-state and many-p-state models are also
consistent with the observed changes in zeroth and first moments due to
applied uniaxial stresses, although this measurement does not severely test
these models.

* Supported in part by a grant from the National Sci Foundati

*R. F. Wood, Phys. Rev. Letters 11, 202 (1963).

*N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals, (Dover Pub-

lications, Inc., New York, 1964) 2nd ed., p. 114.
*F. Liity, Zeit. Physik 160, 1 (1960).

The Effect of Applied Uniaxial Stresses on the Optical Absorption
of F Centers in Alkali Halides*

STEPHEN E. SCHNATTERLY and W. DALE COMPTON, Department of Physics, University of
Wlinois, Urbana, Illinois

The optical absorption of F centers in alkali halides subjected to uniaxial
compression depends on the polarization of the light. Measurements are
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made of the polarization-dependence of the absorption by rotating the
plane of polarization of light passing.through the sample at a fixed fre-
quency. A small ac component appears in the intensity of transmitted
light, the magnitude of which is a measure of the difference in absorption
for light polarized parallel and perpendicular to the applied stress. The
differences in the first and third moments of the F band for light polarized
parallel and perpendicular to the applied stress are evaluated using the
measured data.

The changes in first moment for stresscs applied in (100) and (110) direc-
tions can be related to the coupling of the F-center excited state to lattice
distortions of tetragonal (I's) and trigonal (I';) symmetries, respectively.
The changes in third moment for the same applied stresses can be used to
obtain the contribution to the second moment of the band of dynamic
lattice distortions of tetragonal and trigonal symmetries. The contribution
to the second mement due to breathing (T';) modes can be obtained if in
addition the total second moment of the band is measured.

The first moment changes indicate that for the static case, the coupling to
a breathing distortion is two to three times larger than the coupling to
tetragonal and trigonal distortions. The relative magnitudes vary consid-
erably, however, upon changing from one alkali halide to another. All
three coupling coefficients have the same sign, indicating that there is a
net repulsive interaction between the F-center electron and both positive
and negative ions. The third moment changes indicate that, for the alkali
halides studied, the second moment is typically 709% due to breathing
modes, 15% due to tetragonal, and 15% due to trigonal modes at 8G°K.

J
* Supported in part by a grant from the National Science Foundation.

Luminescence of lonized F-Aggregate Centers in Potassi Chloride
and Potassium Bromide

IRWIN SCHNEIDER and MILTON N. KABLER, U.S. Naval Research laboratory, Washington,
D.C.

Infrared luminescence resulting from optical excitation into absorption
bands associated with ionized F-aggregate centers has been observed in
KCl and KBr at LHeT. The ionized F-aggregate centers were produced
by cooling additively colored crystals containing F-aggregate centers to
LHeT, irradiating with x rays, and then bleaching in the spectral region
of the self-trapped hole absorption.! Excitation into the Fi absorption
band (peak 1.40p in KCIl, 1.49x in KBr) gives an emission band at
1.65p in KCI and 1.80;. in KBr. For F; excitation (peak 0.96; in KCI,
1.02p in KBr), the emission band occurs at 1.08x in KCI and 1.18x in
KBr. The polarization properties of the emission from F: and F; centers
have been determined, and are consistent with the models of these centers.
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Often, additional ionized F-aggregate absorption bands are present which
partially overlap the F; absorption and which are characterized by zero-
phonon lines at 1.414x in KCIl and 1.547x in KBr. These bands give
emission at approximately 1.47u and 1.61p, respectively. Finally, absorp-
tion bands are observed (peak 1.67p in KCI, 1.80x in KBr) which give
rise to emission bands at 1.79p and 1.94u. These bands, as well as the F}
overlap transitions, are greatly enhanced in crystals which were annealed
at 85°C following F-aggregate center formation at room temperature.

For all the centers investigated, the Stokes shifts and band widths are such
as to suggest the occurrence of zero-phonon transitions. Sharp absorption
lines at the proper wavelengths do appear in all cases, though their origin
has not been uniquely determined.

*1. Schneider and Herbert Rabin, Phys. Rev. Letters 13, 690 (1964).

lonized R Center and Other lonized F-Aggregate Centers
in Alkali Halide Crystals

IRWIN SCHNEIDER and HERBERT RABIN, U.S. Naval Research Laboratory, Washington, D.C.

The technique of ionizing F-aggregate centers by means of x ray and
Vx-H light exposures at LHeT has been applied to additively colored
crystals containing R, as well as other F-aggregate centers in both KCI
and KBr. The R band transforms in one-to-one correspondence to a new
near infrared band attributed to the F3 center. In KCI this new band at
0.96p closely overlaps the spectral position of the N; band. In KBr, the
F; transition lies at 1.02y and is clearly resolved from the N, band which
peaks at 1.07p. (110) dichroism is present in these new bands when pro-
duced from R bands having (110) dichroism. There is evidence to indi-
cate that the Fj band is also produced at room temperature as a result of
either x-ray exposure of a virgin crystal or bleaching with F light of an
additively colored crystal.

For crystals containing relatively large R and N bands, the LHeT ioniza-
tion process also results in additional bands. First, a new absorption band
forms overlapping the F} transition. This is evident by the shift in peak
position of the Fi band to shorter wavelengths with a superimposed zero
phonon-type line (1.414x in KCI and 1.547p in KBr). The origin of
these overlapping transitions is unknown. Second, a new band forms at
1.67p in KCI and 1.80p in KBr. These bands, as well as the Fj-overlap
transitions, are greatly enhanced in crystals which have been annealed at
85°C following the production of F aggregates at RT. The 1.67p band in
KCI (and the 1.80x band in KBr) is probably associated with an ioniza-
tion product of the N; band. No transition has been identified with an
ionization product of the N center.
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DIRK SCHOEMA!(EI, Argonne National Laboratery, Argonne, lllinois

Irradiation of RbCl, KCI; NaCl, and LiCl with x rays at 77°K produces
the “self trapped hole” or Vx type centers, which are (110) oriented CI;
molecule ions not associated with any kind of lattice defect.’* Other
types of Cl; centers can be produced in these crystals by suitable doping.
When Pb** is incorporated in NaCl and KCI a “Bent Bond” or Vy type *
Cl; can be formed after thermally destroying the Vx type Clz centers.
The molecular axis of these Cl; centers, though still oriented along [110]
are bent in the (001) plane, the bending angle being about 1.5° in KCI
and 3.5° in NaCl. The defect responsible for this bending is probably an
adjoining positive ion vacancy. V, type® Cl; centers can be formed in
crystals doped with lighter alkali ions. For example in KCI doped with
NaCl, V, CI; in which one of the two adjoining K* is replaced by a Na*
ion can be created after thermal destruction of the Vx type Cl; center.
Similarly, Li* associated Cl; centers have been produced in Li* doped
KCI and NaCl crystals. There is only a slight indication of bending of
the molecular axis of these V, centers, and in the three cases an upper
limit of the bending angle is ~0.2°. The electron spin resonance spectra
of these Cl; centers have been carefully and quantitatively analyzed.
From this analysis it is strongly inferred that the hyperfine compounds all
have a positive sign. It follows that for the CI; molecule ion <r 3> =
27.7 X 10** cm™ and its value varies about 1% throughout the series.
The value of [¥(0) 2 at each Cl nucleus varies more, and its two extremes
are 4.91 X 10** ecm for the Vp type centers to 4.01 X 10%* cm™ for the
Vx center in LiCl. Finally, the experimental g components contain inter-
esting information about the influence of the crystalline environment on
the Cl; molecule ions. y

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission.

*T. G. Castner and W. Kinzig, J. Chem. Phys. Solids 3, 178 (1957).

*C. J. Delbecq, W. Hayes, and P. H. Yuster, Phys. Rev. 121, 1043 (1961).

*R. Gazzinelli and R. Miecher, Phys. Rev. Letters 12, 644 (1964).

*W. Kinzig, J. Chem. Phys. Solids 17, 80 (1960).

1. Bass and R. Micher, Bull. Am. Phys. Soc. 9, 643 (1964).

Electron Spin Resonance Study of the CIBr- and Br; Centers

DIRK SCHOEMAKER, Arg National Lab Yy, A , Winois

X irradiation at 77°K and subsequent thermal destruction of the Cl3
molecule ions in Br- doped RbCI, KCI, NaCl, and LiCl produces (110)
oriented CIBr- molecule ions" ? not associated with any lattice defect.
When the crystals contain also Pb** ions a further thermal treatment pro-
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duces CIBr* molecule ions whose molecular-axis make an angle e with the
[110] direction in the (001) plane.! The value of ¢ increases going from
NaCl to RbCl. These centers are ClIBr~ molecule ions probably associated
with a positive ion vacancy. In a Br- doped KCI crystal containing also
Na* ions a (110) oriented CIBr~ has been found in which one of the two
adjoining K* ions is replaced with a Na* ion. After a similar thermal
treatment and at higher Br~ concentrations (~1% and up), two types of
Br; molecule ions are readily obscrved in the Pb** doped alkali chlorides.
The first type has a straight molecular axis in the (110) direction, while
the other has a bent molecular axis. The bending angle 8 increases going
from KCI to LiCl. These two types of Br: centers have also been found
in Pb** doped KBr and NaBr. Finally in a Na* containing KBr crystal a
Va type® Br; was observed with 8§ = 0°. Quantitative analysis of the
electron spin resonance spectra indicate that very probably the components
of the Cl and Br hyperfine tensors in Brz, CIBr-, and CI; have a positive
sign. From it one calculates that <r*>> with respect to the Br nucleus is
45.2 X 10?* cm™ for CIBr- and 47.6 X 10** cm™® in Brz, while <r?®>
with respect to the Cl nucleus is 26.8 X 10** cm™ in CIBr- and 27.7 X 10**
cm™® in Cl;. These <r®> values do not change very much for each
molecule throughout the series. The density on the nucleus [¥(0) |* varies
more. Taking average values, one sees that on the Cl nucleus it decreases
from 4.3 X 10** em™ to 3.0 X 10** cm™ going from Cl: to CIBr. On
the other hand, ¥ (0)|*> on the Br nucleus increases from 6.9 X 10** cm™
to 8.8 X 10** cm™ going from Br: to CIBr-.

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission. .

*D. Schoemaker, C. J. Delbecq, and P. H. Yuster, Bull. Am. Phys. Soc. 9, 629
(1964).

*J. W. Wilkins and J. R. Gabriel, Phys. Rev. 132, 1950 (1963).

*1. Bass and R. Micher, Bull. Am. Phys. Soc. 9, 643 (1964).

Electron Spin Resonance of Sulfur and Selenium Radicals
in Alkali Halides

J. SCHNEIDER, Physikalisches Institut der Universitat, Freiburg-Br.,, Germany, A. RAUBER and
B. DISCHLER, Institut fur Elektrowerkstoffe, Freiburg-Br., Germany

Three classes of paramagnetic radical molecules have been detected in
alkali halides: S; and Sej, SO; and SeOyj, S; and Se;. The S; and Se;
radicals are bent molecule ions having Csy symmetry. They occupy a
lattice void formed by cne metal and two halide vacancies.! The C, axis
of the radical is orieated along a face diagonal axis of the crystal. For
Sey, strong hyperfine interaction of the unpaired electron with the central
Sc™ nucleus was observed as well as a weaker interaction with the outer
two equivalent Se” nuclei. The unpaired electron is localized in a =-type
molecular orbital formed by atomic p-orbitals pointing normal to the




plane of the molecule. The S; and Se; radicals are stable at room tem-
perature. No change in the ESR spectrum of the S radical in KCl was
observed when the crystal was heated to 300°C. Numerical values of the
g-tensor are given in the table.

The electronic structure of the SO} and SeOj radicals is analogous to that
of S; and Se;. However, these radicals probably occupy only one halide
vacancy site, see the table. In contrast to the S; and Se; radicals, internal
rotation was observed for SO and SeOj, resulting in isotropic ESR
spectra at elevated temperatures.

KCI crystals containing S or Se;” radicals were irradiated with x rays at
room temperature. After this treatment, the ESR spectrum of the S; and
Se; radicals had entirely disappeared. Instead, a new paramagnetic
center was observed having axial symmetry with respect to the cubic
crystal axis. Hyperfine interaction with four equivalent Se” nuclei was
detected. The g-tensor components are given in the table. We tentatively
assign this type of paramagnetic center to planar Sy and Se; radical ions
having their unpaired electron localized again in a »-type molecular
orbital.

* This model has been further confirmed by ENDOR studies performed by Drs.
Suwalski and Seidel in Stuttgart.

Components of the g-Tensor of ST, Se;, SO7, SeOy, “87” and “Se;™

Temperature
CJ‘YI‘&I Center CK) Bx 8y 8s Brotating
NaCl Sy 300 2.0465 2.0308 2.0014
Ka Sy 300 2.0499 2.0319 2.0026
NaBr Sy 300 2.0500 2.0348 2.0003
KBr Sy 300 2.0508 2.0327 2.0004
KCl Se; 77 2.2205 2.1545 1.9885
KCl SO 77 2.0110 2.0071 2.0025
300 2.0067
400 2.0068
KBr SO; 77 2.0075
300 2.0070
Ka SeO7 77 2.0367 .2.0155 1.9989
300 2.0165
400 2.0165
KBr SeO; 77 2.0368 2.0181 2.0001
300 2.0168
400 2.0171
KI SeO7 77 2.0365 2.0182 2.0000
300 2.0169
¥
8u g1
Kal Sy 300 2.0033 2.0338

KCl Se; 300 2.0005 2.1800
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170 Color Centers in |n'organj‘c Glasses

171

J. W. H. SCHREURS, J. S. STROUD, and R. F. TUCKER, Physical Research Laboratory, Corning
Glass Works, Corning, New York

Charge trapping by ions, added to inorganic glasses, has been used to
classify empirically radiation-produced optical absorption and magnetic
resonance spectra as being due to trapped holes or trapped electrons.
Addition of a variety of multivalent ions, such as cerium, iron, europium,
and others inhibits the formation of intrinsic centers by capturing holes
and electrons, respectively. For example, Ce®* captures holes and Ce**
captures electrons. To first order, the formation of intrinsic color centers
decreases exponentially with increasing concentration of the ion. We have
applied this technique to classify some of the radiation-produced centers
in binary silicate, phosphate, and borate glasses. The two absorption bands
in the visible in both the silicate and phosphate glasses are due to trapped
holes, while in high alkali borate glasses the band in the visible is due to
trapped electrons. In all three glasses there is an EPR absorption spec-
trum near g = 2.010 which is caused by trapped holes.

In order to see if the same hole trap gives rise to the optical and EPR
spectra in the silicate and phosphate glasses the dependence of the spectra
on such variables as the dosage of the ionizing radiation, composition
ratio of the glass, and bleaching temperature was studied. These experi-
ments indicate that the same type of intrinsic hole trap causes both of
these spectra. The characteristics of the spectra are in qualitative agree-
ment with a model of the hole trap in which the hole is trapped on the
oxygens of a single network tetrahedron.

'J. S. Stroud, R. F. Tucker, and J. W. H. Schreurs, VII*° Congrés International
du Verre, Brussels, 1965.

Electron Spin Resonance of Electron Excess Centers in Alkali Halides

H. SEIDEL, Il. Physikalisches Institut der Technischen Hochschule, Stuttgart, Germany

The following topics will be discussed:

Characteristic spin resonance behavior of electron excess centers:* g-shifts.
Hyperfine structure. Inhomogeneous broadening of ESR lines. Impor-
tance of ENDOR. Spin-lattice relaxation, dependence on temperature
and field, physical interpretation.? Spin-spin relaxation.® Experimental
problems.

Advances about F centers. Detection of spin resonance and relaxation by
optical methods. ESR of F centers in CaF, and BaF,.* ENDOR mea-
surements on Z, centers.®

5 -
ESR of the R-center ground state.® Consequences of orbital degeneracy.
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Paramagnetic resonance of metastable multiplet states of F-aggregate
centers: M center triplet state’ and R center quartet state.® Methods of
optical excitation, lifetimes. ESR spectra, fine structure, electron spin-spin
interaction. ENDOR measurements. Electronic wavefunction of the F
aggregate multiplet states, overlap integrals, influence of the lattice ions.
Problems about excitation and decay. Optical spin polarization of M-like
centers in CaO.? ;

*H. Seidel and H. C. Wolf, Phys. Stat. Sol. (1965).

*O. W. Feldman, R. W. Warren, and J. G. Castle, Phys. Rev. 135, A470 (1964)
and Phys. Rev. 136, A1347 (1964).

*P. R. Moran, Phys. Rev. 135, A247 (1964).

*J. Arends, Phys. Stat. Sol. 7, 805 (1964).

« * J. C. Bushnell, Thesis, University of Illinois, Urbana (1964).

*D. C. Krupka and R. H. Silsbee, Phys. Rev. Letters 12, 193 (1964).

"H. Seidel, Phys. Letters 7, 27 (1963).

*H. Seidel, M. Schwoerer, and D. Schmid, Z. Physik 182, 398 (1965).

*D. H. Tanimoto, W. M. Ziniker, and J. O. Kemo, Phys. Rev. Letters 14, 645
(1965).

Zero and One-Phonon Lines in Magnesium Oxide Color Centers

R. A. SHATAS, G. A. TANTON, AMBUJ MUKERJI* and JOHN D. STETTLER, Physical Sciences
Laboratory, U.S. Army Missile Command, Redstone Arsenal, Alabama

Sharp spectral lines associated with trapped carrier transitions in defect
lattices or impurity centers in ionic crystals have received much attention.
The narrowest one is usually the zero-phonon line. The structure next to
it is associated with the creation of one or more phonons. Additional lines
appear at elevated temperatures where the phonon-assisted process also
becomes probable. Such structure appearing in the absorption spectrum
of color centers induced by neutron-irradiation of MgO? has been inter-
preted in terms of the optical analog of the Mdssbauer effect? and one or
a few phonon transitions.® Subsequent measurements of the shift of the
zero-phonon line at 27,630 cm™ induced by uniaxial stress has shown a
linear shift-stress dependence without any line splitting.* Absorption
spectroscopic measurements of an infrared color center with a zero-phonon
line at 9,572 cm™ and its associated one phonon spectrum have also shown
the vibrational spectrum of the MgO lattice.® When uniaxial stress is
applied in the (010) direction, this line splits into two components of un-
equal absorption. The ratio of both absorption peaks depends upon the
polarization of the sample beam. The stress-shift relation of the main
peak, as measured with the unpolarized light, is linear with a slope of
5.6 X 10-* cm™ bar? at 80°K. Upon consecutive applications of the
stress, the slope decreases. The perturbation potential analysis of the ab-
sorption spectroscopic data yields peaks in the phonon density of states
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curve® which agree with Raman’s Reststrahlen measurements.” The re-
sults of our theoretical analysis agree with suggestions made by Wertz.®

* Permanent address: Physics Department, University of Alabama, University,
Alabama. .

'J. E. Wertz, G. Saville, P. Auzins, J. W. Orton, Proceedings of the International
Conference on Crystal Lattice Defects, 1962. J. Phys. Soc. Japan 18 suppl. 2,
305 (1963).

*E. F. Gross, B. S. Razbirin, S. A. Permogorov, Soviet Phys.-Doklady 7, 1011,
(1963). E.D. Trifonov, Soviet Phys.-Doklady 7, 1105 (1963). R. H. Silsbee and
D. B. Fitchen, Revs. Mod. Phys. 36, 432 (1964).

*R. A. Shatas, G. A. Tanton, Bull. Am. Phys. Soc. 8, 541 (1963); see also U.S.
Army Missile C nd, Physical Sci Laboratory, Fine Structure of Optical
Absorption Bands in Neutron Irradiated MgO, by G. A. Tanton, R. A. Shatas,
and C. A. Coulter, Report RR-TR-64-17, October 1964.

*R. A. Shatas, G. A. Tanton, and A. Mukerji, Bull. Am. Phys. Soc. 10, 247 (1965).
*G. A. Tanton, R. A. ‘Shatas, and J. E. Williams, Bull. Am. Phys. Soc. 10, 247
(1965).

¢ John D. Stettler, R. A. Shatas, and G. A. Tanton, Bull. Am. Phys. Soc. 10, 108
(1965).

"C. V. Raman, Proc. Ind. Acad. Sci. A 54, 205 (1961).

*J. E. Wertz, G. S. Saville, L. Hall, P. Auzins, Journ. Brit. Ceram. Soc. 1, 59
(1964).

The Use of Flow Stress Measurements for Investigation of Radiation
Produced Interstitials in Potassium Chloride*

W. A. SIBLEY and E. SONDER, Solid State Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee

Recent evidence stemming from observations of the x-ray lattice expan-
sion, thermal conductivity, and flow stress of room temperature irradiated
KCI crystals has indicated that interstitial halide is produced simulta-
neously with F centers. Previous x-ray lattice expansion measurements® *
have suggested that interstitials are produced in the late stage but not in
the early stage coloration. By combining flow stress and optical measure-
ments we have been able to confirm this for KCl. In fact, we found that
when a sample is so heavily doped with Ca or Pb impurity that late stage
coloration is totally suppressed there is very little increase in the harden-
ing. Recently we have studied the effect of irradiation temperature on
F-center and interstitial defects by a similar method of combining flow
stress and optical techniques. It is found that interstitials are produced -
during irradiation at liquid nitrogen and dry ice temperature, as well as
at room temperature. The majority of the defects remain stable upon
warming to room temperature; however, we find that the stability against
optical bleaching at room temperature of both the F centers and the inter-
stitials is less for irradiations performed below room temperature. This
may result from the production of different sized clusters of interstitials
during irradiation at the various temperatures.
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* Research sponsored by the U.S. Atomic Energy Commission under contract with
Union Carbide Corporation.

! H. Rabin, Phys. Rev. 116, 1381 (1959).

*D. A. Wiegand and R. Smoluchowski, in Actions Chimique et Biologiq des
Radiations, ed. by M. Haissinsky, Masson, Paris, 1964.

Far-Infrared Impurity States in Alkali Halide Lattices*

A. J. SIEVERS, Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca,
New York

With an incoherent source and optical techniques, the far-infrared (100
cm™ to 10 cm™) transmission of alkali halide crystals doped with small
concentrations of impurity ions has been studied at low temperatures. For
almost any choice of host lattice and dopant, impurity-induced absorption
is observed in this low frequency region. Broad absorption bands usually
appear at frequencies less than the T.O. mode phonon branch of the host
lattice; however, for some dopant-lattice combinations, sharp absorption
lines have been observed. If the impurity mass is much larger than the
host lattice mass or if the impurity is weakly bound in the lattice, a sharp
low frequency absorption ling appears in the acoustic phonon continuum.
Also, when a frequency gap exists between the optic and acoustic bands
of the host crystal, a sharp absorption line is usually found at gap fre-
quencies. Finally, when a molecular impurity rather than a monatomic
impurity is used as a dopant, more than one sharp absorption line is ob-
served at gap frequencies. For each of these three cases, a sharp absorp-
tion line can be identified with the vibrational transition of an infrared-
active lattice mode which is localized spatially around the substitutional
impurity site. Weak subsidiary absorption bands, which are found in all
cases, cannot be directly identified with the one phonon density of modes
of the host lattice. We are presently measuring the temperature depen-
dent properties, strain dependent properties and isotope shifts of some of
the localized lattice modes.

o Suppdrtcd in part by the U.S. Atomic Energy Commission and the Advanced
Research Projects Agency.

A Calculation of Excited States of the F Center

J. H. SIMPSON, National Research Council of Canada, Ottawa, Canada

An extension of the static method outlined earlier’ is used to calculate
the wave functions and energies of the excited states of the F center. Im-
proved initial conditions for both the absorption and emission transitions
are obtained by the application of a first-order Mott and Littleton (M-L)
calculation to determine the displacement and induced dipoles on the ions
adjacent to the center before the transition takes place. Before applying
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the method to the calculation of higher excited states, parameters for the
principal absorption process — from ground state (1s) to first excited
state (2p (1s)) when the surrounding ions are in a ground state con-
figuration — and the related emission process were determined and gave
the following results:

Radius (&) of ¥* r* max.

Transition energies (¢V) in equilibrium
Material Absorption Emission Ground State First Excited State
KCl 2.20 1.33 1.52 6.68
KBr 2.06 152 1.58 7.08

The higher excited states usually designated L,, L., L; appear to arise
from hydrogen-like transitions in which electrons are excited from the
ground (1s) state to 3p (1s) state, 4p (1s) states, etc. These higher states
are below the conduction band but are raised during the relaxation process
that follows the transition and the electrons are released. Photoconduc-
tivity is therefore expected to accompany these excitation processes.

Preliminary values of the theoretical excitation energies obtained are
shown together with experimental values in the following table:

Transition Energies (eV)

Optu:al Theorctical Experimental
Dissociation
Material Energy (eV)* 1s—3p (1s) 1s—4p (1s) e T
Kl 5.34 3.85 4.31 3.6 45" 49
KBr 5.05 3.68 4.12 33539 4.9

* Neglecting the “electron aﬁ'mity"’ of the crystal.

The L, band probably corresponds to a higher excited state about 0.4 eV
below the conduction band. The K band does not fit into this scheme
and may correspond to a partially forbidden transition, e.g. 1s— 2s (1s).
The investigation of these matters is continuing. ;

*J. H. Simpson, Proc. Phys. Soc. (London) 71, 761 (1958). The intcrpretation

of optical transition energies in this paper is in crror but the method of calculation
is correct.

A Second Order Mott and Littleton Calculation

J. H. SIMPSON, National Research Council of Canada, Ottawa, Canada

A method of calculating the energy to form a Schottky defect in an alkali-
halide crystal is described. The procedure is an extension of the first-order
procedure of Mott and Littleton® (M-L) in which the displacement z,
and induced dipole m, of an ion in the first shell surrounding the vacant
lattice point are determined exactly from the condition that the sum of

_the electrostatic and repulsive forces acting on these ions be zero. In
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the present case the displacement z, and induced dipole m, of a second
shell ion (next nearest neighbor of the vacancy) are determined in a sim-
ilar manner. Values for the two shells are made self-consistent by an
iterative process. The properties of the ions in the third and subsequent
shells are determined on the assumption that these ions are acted upon by
the average (continuum) electrostatic forces as in M-L and a Brauer?
(elastic) term. Other modifications include the addition of Van der
Waals forces and the use of the gencralized Huggins-Mayer form for the
repulsive energy.

The effect of the second order calculation is to decrease the displacement
and induced dipoles for the first shell and increase those for the second
shell. The net effect is to increase the Schottky energy relative to most
theoretical values in the literature and to bring them more in line with
experimental values. Theoretical Schottky energies for KCl, KBr and
NaCl are all about 2.20 eV. The change in the first and second shell
dipoles is expected to be more important in establishing the initial con-
ditions for static F-center calculations than in the Schottky energy cal-
culation.

'N. F. Mott and M. ]. Littleton, Trans. Faraday Soc. 34, 485 (1938).
* P. Brauer, Z. Naturforsch. 7a, 372 (1952).

Influence of External Perturbations on Optical Transitions in Electron
Excess Color Centerst

CHARLES P. SLICHTER, Physics Department and Materials Research Laboratory, University
of Iinois, Urbana, lllionis

The theory of optical absorption line shapes usually assumes the ground
and excited electronic states are orbital singlets. The recent experimental
studies of the Faraday effect in F centers by Liity, Mort, and Brown and
on circular dichroism by Karlov, Ma.rgeric, Romestain, and Merle-d’Au-
bigné require consideration of orbital degeneracy since the spin-orbit
“splitting” involves the removal of this degeneracy by the spin-orbit
coupling. One is then confronted by two major theoretical difficulties:
1) the failurc of the adiabatic condition which is usually invoked to
separate the electronic motion from the lattice motion and, -2) the fact
that the lattice coupling is typically as strong as or stronger than the
spin-orbit coupling. That the adiabatic hypothesis is in difficulty can be
casily scen by recognizing that its validity usually rests on the condition

- that electronic energy differences are large compared to lattice energy

differences (i.e., the electronic motion is “fast” compared to that of the
lattice). Such a situation is clearly violated when there is electronic de-
generacy since there is zero energy difference between degenerate elec-
tronic states.

Henry, Schnatterly, and Slichter have shown that it is still. possible to cal-
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culate the moments of the absorption line, and the change in moments
resulting from applications of applied external perturbations. From such
analyses one can determine spin-orbit coupling constants, and separate
the contributions of the cubic and the non-cubic lattice vibrations to the

- width of the absorption line. Henry has carried out experiments on cir-

cular dichroism for both F and F, eenters, the latter demonstrating what
happens when some of the electronic degeneracy is removed. Schnatterly
has measured the effect of applied stresses on the circular dichroism of F
centers to unravel the relative contributions of cubic and non-cubic lat-
tice modes to the optical line-width. Moran has looked in detail at the
manner in which lattice vibrations and spin-orbit couplings split excited
states in the limit of rather large spin-orbit coupling and has thereby ex-
plained the anomalous structure on the F band of the cesium halides.

t Supported in part by U.S. Atomic Energy Commission under Contract AT(11-
1)-1198.

Color Centers in Alkaline Earth Fluorides

A. SMAKULA, Crystal Physics Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts

The color centers in alkaline earth fluorides are complicated by crystal
structure (having coordination numbers 4 and 8), impurity of starting
materials (O, OH, Y, rare earths), and subsequent contamination (by
0., H;O, CO,). Although the concentration of impurities can be kept
lower (~ 10-°) than in the alkali halides, they have a strong influence on
spectral position and intensity of the color center absorption bands. Ab-
sorption spectra can be divided according to the coloration method, purity
of the crystals, and coloration temperature. Of the three alkaline earth
fluorides, CaF;, SrF, and BaF,, only the first one has been extensively
studied. &

Coloration of natural or synthetic CaF, crystals, by internal ionization
(subtractive) or by vapor (additive, with subsequent slow cooling), pro-
duces four bands. The position of the bands varies by about 0.1 eV in
various samples, and additional bands appear in some samples. This in-
dicates that some impurities or defects may be involved. Doping enhances
some of the bands more than others.

The color center spectra of SrF, and BaF, have a different structure from
that of CaF, and there seems to be no reliable correlation between the
three compounds. Only in crystals grown from purest synthetic materials
doped with yttrium do similar bands appear in CaF;, SrF, and BaF..
Contrary to internal ionization, coloration of CaF, crystals grown from
natural materials by metal vapor can produce either four or two bands,
depending on the degree of coloration and the subsequent heat treatment.
CaF, crystals grown from purest synthetic material show neither four
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bands after x-ray irradiation nor two bands after vapor coloration. There
might be a fundamental difference between the two coloration methods.
Coloration at low temperatures (190°C) produces in all three crystals
only two broad bands which are quite different from the bands obtained
at 25°C, but interrelated for the three materials, showing a regular shift
from CaF, to BaF,. At 25°C the bands either transform into 25°C bands
(in CaF;), or disappear (in SrF,, BaF,).

Compared with alkali halides, the color centers of alkaline earth fluorides
show the following main differences: impurities and defects play a greater
role, there is no sharp difference in the stability between various bands as
in F and V centers, temperature influence is'smaller on band position but
greater on coloration, and there is a strong difference between coloration
by radiation and by vapor.

Various models have been suggested for the explanation‘of color center
optical bands, but none is considered reliable at present.

Color Centers in Mixed Crystals of Rubidium Chloride-Rubidium
Bromide and Potassi Bromide-Rubidium Bromide

A. SMAKULA and A. BEDUHN, Crystal Physics Lab Y. M husetts Instit of Tech-
nology, Cambridge, Massachusetts

In continuation of our study of trapped charge carrier centers in KCI,
RbCI, KBr, RbBr and in their solid solutions, the systems RbCI-RbBr and
KBr-RbBr were investigated. Crystals of various compositions were ir-
radiated with electrons, 3 MeV, 10* to 10° rads at temperatures 20°C,
—80°C and —190°C. The influence of radiation dose, irradiation tem-
perature and crystal composition on spectral position, half width and in-
tensity of the electron and hole trapped centers were studied. A variety
of bands (M, F, K, Vx, V; and V., and some others) were observed. In
no case is the Mollwo relation valid. In solid solutions the shift of most
bands does not go linearly with the composition but deviates toward lower
energy. The half width of bands in solid solutions is always greater than
in pure components. The concentration of trapped centers increases with
irradiation, but at a decreasing rate. Most of the observed bands have
been correlated to already-known models, but the correlation of some new
ones (L,, V) is still uncertain.

Pseudopotential Theory in the Hartree-Fock Approximation and its
Application to Localized States in Solidst

D. Y. SMITH, Department of Physics, University of lllinois, Urbana, Hlinois

A pscudopotential formulation for the calculation of electronic wavefunc-
tions and energy levels may be derived in the Hartree-Fock approximation.
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In general, the resulting pseudopotential consists of the familiar Phillips-
Kleinman pseudopotential plus an electron-electron interaction term that
may be roughly regarded as a self-energy. In the case of large systems, in
which the electronic states are not localized, it may be shown that the
electron-clectron interaction or self-energy term in the pseudopotential
goes to zero, justifying the use of the Phillips-Kleinman form for band
structure calculations. For localized states such as atoms, molecules or
defect states in solids, the electron interaction terms correspond to a Cou-
lomb repulsion between the localized state and electrons occupying core
states. Depending on the degree of localization of the state, this repulsion
may raise the energy of the localized state by up to several tenths of an
electron volt. The structure of the “Hartree-Fock” pseudopotential has
been investigated and several approximation schemes for applying it have
been considered. In many systems of physical interest, particularly the
case of an extra electron or hole in an otherwise closed shell system, it
appears that the self-energy term may be incorporated in the other terms
in the pseudopotential. The result is then of the Phillips-Kleinman form,
but calculated with energies appropriate to the system with the extra elec-
tron or hole absent. This result suggests that calculations using this ap-
proximation may be useful in treating some color center problems.

t Supported in part by the National Science Foundation under Grant NSF GP
2218.

Influence of Impurity on Defed Production at 80°K*

E. SONDER and W. A. SIBLEY, Solid State Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee

Trace impurities influence the rate of F-center production at 80°K to
much greater degree than has usually been assumed. The F band grows
three to four times as fast in KCI containing 20 ppm lead or 50 ppm cal-
cium than it does in nominally pure material. As the lead concentration
increases and exceeds 100 ppm, the enhancement of the F-center produc-
tion saturates and actually begins to decrease again. This decrease appears
to be compensated by a corresponding increase in the rate of production
of a centers, which in nominally pure or lightly doped KCI are produced
much more slowly than F centers. To determine whether electronic pro-
cesses are responsible for these impurity effects, we compared the growth
curves of the trapped hole (Vx) band with that of the F band in lead-
doped samples. The optical absorption in the Vg band region quickly
saturates as the irradiation progresses, the level of saturation increasing
with lead content. There is no reflection of this saturation in the shape
of the F-coloration curves. This absence of a relation between trapped
holes and F-center production suggest that the impurity enhancement is
not purely an electronic effect. We believe that the results can be ac-
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counted for as follows: At 80°K radiation causes vacancies and mobile
interstitials to be formed. The interstitials tend to be trapped or stabilized
by the impurities. On the basis of this idea, the saturation of the F growth
enhancement occurs when enough impurity is present to stabilize all the
interstitials formed.

* Research sponsored by the U.S. Atomic Energy Commission under contract with
Union Carbide Corporation.

ENDOR Measurements on U, Centers in Potassium Chloride

J. M. SPAETH and H. SEIDEL, Il. Physikalisches Institut der Technischen Hochschule, Stuttgart,
Germany

U, centers in alkali halides are hydrogen atoms on interstitial sites, as has
been shown by ESR measurements.» 2 The hyperfine interactions with
the central proton and with the four nearest halogen nuclei are resolved
in the ESR spectrum. In order to resolve hyperfine interactions with other
nuclei of the surrounding lattice ENDOR measurements have ‘been per-
formed on U, centers in KCI at X-band frequency and 80°K. The large
concentration of U, centers needed for these measurements was achieved
by photo-dissociation of OH- or HS- ions with which the crystals had been
doped,* * the latter giving the better results. Using the spin Hamiltonian

Haut. = gw..ﬁ.,zf alS+ ?(311\.5. - T‘s‘) + b'(l,s, - /I\,S,) +

isotr. HFS amstr HFS
o q(g}\lﬁ 2 p) (I 1] z)

quadrupolc interaction

a somewhat reduced effective electronic spin (because of the large proton
coupling) in H, direction and second order perturbation theory, the fol-
lowing interaction constants, in Mc/s, were taken from the ENDOR
spectra:
nearest anions, ¥*Cl; : a/h = 23.74 (ESR-value 25)
b/h = 6.71 (ESR-value ~ 1/3 a/h)
3q/h = 0.174
z, z’ = {111)
nearest cations, Ky : a/h = 0.983 b/h = 0.457
3q/h = 0.045 z, z’ = (111)
next-nearest cations, : a/h =0.123 b/h = 0.032
b’/h = 0.010 < (z, [100]) = + 2°
"Ku, (1/2,1/2, 3/2) 3q/h = 0.040
— positions q =0 < (2, [100]) =  15°
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Two further chlorine shells could be approximately analyzed. The hyper-
fine interaction with the (%%, %, 3) Cly nuclei is sufficiently well ex-
plained by approximating the electron as a magnetic point dipole at the
proton position, but the interaction with the (%, 34, %) Clm nuclei is
considerably stronger than estimated on this basis.

_ The question is being considered if the large ratio of the interactions with

anions and cations in equivalent first shell positions can be explained by
the different core wavefunctions of these ions, or if it is a true indication
of a tetrahedral structure of the U,-electron envelope function. The rela-
tively large hyperfine interaction with the Ky nuclei and the fact, that the
principal is almost in (100) direction, may suggest a transmission of the
unpaired electron from the neighboring Cl; nucleus by slight covalent
bonding. The quadrupole interactions, especially the relatively large one
of the Ky nucleus, can be used to determine the displacement of the
neighboring ions.

' C. J. Delbecq, B. Smaller, and P. H. Yuster, Phys. Rev. 104, 599 (1956).

*F. Kerkhoff, W. Martienssen, and W. Sander, Z. Physik 173, 184 (1963).
*F. Fischer and H. Griindig, Phys. Letters 13, 113 (1964).

On the K Band in the Alkali Halides*

GIORGIO SPINOLO,t Department of Physics, University of Illinois, Urbana, Illinois, and
Istituto di Fisica, Universita di Milano, Milan, Italy, and D. Y. SMITH, Department of Phys-
ics, University of illinois, Urbana, lilinois

A scries of experimental and theoretical investigations of the K band in
colored alkali halides was undertaken to clarify some features of this
absorption and to examine possible theoretical models for the transitions
involved. In the case of colored RbCI it was found that, as in KCI and
RbBr, there is appreciable photoconductivity only in the high energy tail
of the K band. Experimental evidence was also found indicating that the
K band in RbCl is neither symmetric nor Gaussian, contrary to what has
been assumed. Together with the work of Schnatterly! and other investi-
gators, these observations suggest that the K band may not arise from a
single transition, but rather from allowed transitions of the F center to a
series of bound states above the first excited state, but below the conduc-
tion band. To test this conjecture, a detailed calculation of the energy
levels of the F center based on a semicontinuum model was undertaken.
It was found possible to reproduce the main features of the F and K
bands of RbCl from the solution of a physically reasonable Simpson-type
model potential assuming only emperical absorption band widths. A satis-
factory fit to the transition energies was found for aspotential with a Jost
cavity of radius 66% of the nearest neighbor distance, a well depth 77%
of the Madelung energy and a dielectric constant 37% greater than the
observed high frequency value. The differences of these values from those
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derived on the basis of theories by Simpson, and Krumhansl and Schwartz
are thought to reflect the finite size of the ions and the dependence of
dielectric constant on the distance between the electron and the vacancy.
These results together with the presently available experimental evidence
suggests that the Mott-Gurney model for the K band? is essentially correct
and that it provides a consistent picture of the optical properties and tem-
perature dependence of the K band, and the associated photoconductivity.
This work further suggests that some other centers may have spectra con-
sisting of a strong primary transition followed by a K band-like high en-
ergy tail. Presumably, the major differences between such spectra would
arise because of the different “core corrections” associated with the details
of the crystal potential near the specific absorbing center.

* Supported in part by the U.S. Air Force Office of Scientific Research under
Grant No. AF599-64 and in part by the National Science Foundation under Grant
No. NSF GP 2218.

+ Present address: Istituto di Fisica, Universitd di Milano, Via Celoria 16, Milano,
Italy.

*S. E. Schnatterly, Abstract 164 this conference and Ph.D. Thesis, University of
Illinois, Urbana, Illinois, 1965. (To be published)

*N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals (Oxford
University Press, New York, 1940), p. 114.

Eleciron-Phonon Coupling of Color Centers in Magnesium Oxide

JOHN D. STETTLER and R. A. SHATAS, Physical Sciences Laboratory, U.S. Army Missile Com-
mand, Red: % 1, Alab

The electron-phonon coupling in shallow (but not deep) electron traps is
well understood through their relation to conduction band minima. The
coupling Hamiltonian for deep traps is usually assumed to be the linear
term in the Taylor series expansion with respect to nuclear displacements
of the potential seen by the electron. Other sources of the electron-phonon
coupling were studied in the particle in a box model for which the Tay-
lor’s series expansion is not possible. The “walls” are assumed to be im-
penetrable oscillating ions coupled by springs to the lattice. The model,
solvable in the adiabatic approximation, exhibits several sources of elec-
tron-phonon coupling: breakdown of the Condon approximation, non-
adiabatic terms, and dependence of ionic vibrational frequency on elec-
tronic states. Their contribution to the line shapes is obtainable. We have
also studied the origin of the phenomenological interaction Hamiltonian
of McCumber, Kane, Schawlow, and others. The basic idea is that used
in the deformation potential analysis, namely, that the same interaction
Hamiltonian describes the effects of uniaxial stress on the electronic tran-
sition frequency and the electron-acoustic phonon interaction. Optical
phonons can be introduced by a modification of Reik’s argument. The
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resulting effective interaction is formally symmetric in acoustic and opti-
cal modes. This electron-phonon coupling has Kane’s form and is also
given by the deformable ion model. Separation of the electron and the
lattice coordinates is achieved by assuming that all phonon wavelengths
are larger than the dimensions of the electron wave function. This form
of the interaction Hamiltonian® has been used to deduce the effective
phonon density and the average magnitude of the electron-phonon cou-
pling from the one-phonon infrared absorption spectrum? of color centers
in neutron-irradiated MgO. Preliminary data for a Kaplyanski analysis
of uniaxial stress induced shift of the infrared zero-phonon line yields a
similar value for the coupling.

* John D. Stettler, R. A. Shatas, and G. A. Tanton, Bull. Am. Phys. Soc. 10, 108
(1965).
*G. A. Tanton, R. A. Shatas, and J. E. Williams, Bull. Am. Phys. Soc. 10, 247
(1965).

Calculation of Electronic States of the F/ Center*

JOHN A. STROZIER, JR., and B. GALE DICK, Department of Physics, University of Utah, Salt
Lake City, Utah

The ground and first excited singlet and triplet states of F’ center in KCIl
and KBr have been calculated using a two-parameter variation-type wave
function. Good agreement with the experimental F’ absorption edge has
been obtained.

The lattice is treated as a lattice of point ions. Corrections to this approx-
imation due to the finite size of the core orbitals and to the necessity of
orthogonalizing the F/ wave function to the crystal wavefunctions are
calculated using the Austin form of the pseudopotential. The coulomb
and exchange interactions between the two electrons are taken into ac-
count. Correlation between the two electrons of different spin is calcu-
lated according to the method of Mitler using the free electron gas
appproximation of Wigner to work out an approximate correlation op-
erator. Ionic polarization, which for this charged center is considerable,
is calculated on the basis of a semicontinuum model assuming that the
lattice plus vacancy is replaced by a polarizable medium plus a spherical
hole of radius equal to the nearest neighbor separation; and that the ions
follow the average value of the electronic motion. For the electronic
part of the polarization, it is assumed that (in the manner of Krumhansl
and Schwartz) the core orbitals follow the instanteous position of the elec-
trons. A correction is made due to the penetration of the core orbitals
into the vacancy. All spin interactions (except exchange) are neglected.

* This research sponsored by the National Science Foundation.
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Purification of Potassium Chloride by Zone Refining*

SHERMAN SUSMAN, Argonne National Lab y, Argonne, lllinois

Reagent grade KCl was zone refined in a halogen atmosphere with the
specific intent of reducing the sodium and bromine contamination. Puri-
fication with respect to these impurities was readily obtained, accom-
panied by an expected reduction in the total impurity content.

Reagent grade KCl was used directly without preliminary chemical puri-
fication. Zone melting was carried out in a high purity quartz boat under
a purified atmosphere of 2% HCI in argon. The ratio of ingot length to
molten zone length was varied from 6.8 to 9, and the zone speed was 2.0
inches/hour. The apparatus used has been described elsewhere.

Na and Br concentrations were determined by neutron activation anal-
yses. Five mg specimens were irradiated and then placed directly atop a
zirconium tungstate resin bed. Br®? was eluted with 5 ml 0.01 M NH,CI
followed by elution of Na** with 10 ml 0.1 M NH;CI containing Na?*?
tracer.

Zone melting KCI in a halpgen atmosphere simultaneously removed Br
contamination through segregation from the melt, distillation and dis-
placement. Analytical data for Br were fit to a computer-programmed
solution of the zone refining equation. An effective segregation coefficient
of 0.7 was calculated for Br in KCl. The value for Na in KCI was be-
tween 0.1 and 0.2. Both values are in agreement with Inoue and Mizuno.?

For typical reagent grade KCl (Baker and Adamson Co.), Br = 97 to
163 pg/g and Na = 7 ug/g. For Harshaw, single crystal KCl, Br =
92 ug/g and Na = 3.5 to 6 pg/g. Thirty-eight passes of the molten zone
reduced Br to 4.8 ug/g and Na to <0.1 pg/g.

Single crystals were subsequently regrown by pulling from the melt with-
out Na or Br recontamination.

* Based on work performed under the auspices of the U.S. Atomic Energy Com-
mission.

*T. J. Neubert and S. Susman, Rev. Sci. Instr. 35, 724 (1964).

* M. Inoue and H. Mizuno, J. Phys. Soc. Japan 16, 128 (1961).

Optical Excitation Spectrum of the F, Center and Relationship
to Calcium Oxide Absorption Bands*

D. H. TANIMOTO, W. M. ZINIKER, and JAMES C. KEMP, Department of Physics, University
of Oreg.n, Eugene, Oregon

Subsequent to earlier experiments,’ in which only broadband light was
used, we have been able to detect the ESR spectrum of the CaO F,-center
triplet state as excited by monochromatized light at 1.8°K, giving some
information on the nature of the F, absorption band and its relation to
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other bands. Though the signal-to-noise ratio in these observations was
poor owing to the monochromator insertion loss, we were able to see that
the excited ESR intensity peaks up definitely near 3700 A, falling below
our detectability outside the limits 4000 and 3200 A. Comparison with
the absorption spectrum of the CaO samples is interesting. In the region
4500-3000 A our spectra show two almost resolved strong bands peaked at
3720 and 3400 A respectively, the second being the stronger. Recent work
on the F band location, Ay, in MgO gave an experimental® Ar about 49
smaller (higher energy) than an earlier estimate, in which Ap for all the
alkaline earth oxides were estimated theoretically.® If the CaO value from
reference (3) is shifted 4% to higher energy one expects Ay = 3200 A for
CaO. It is interesting that the observed 3400 A band, which is closest to
this extrapolated estimate, as seen at low temperatures has sharp structure
on its low-energy side (i.e. between the 3400 and 3720 A peaks), with
the general appearance of phonon structure. Since as far as we know it is
uncommon to see phonon structure of F centers (though scen in other
defects) we are cautious about assigning the 3400 A band, specifically,
to the F center. Conforming with our model for the F, center, the F,
band should overlie the F band, with maybe some displacement plus ex-
cited state splittings. In any cvent, our opinion is that both the F and F,
band peaks are now confined to within the region 3200-3900 A, essentially
that covered by the two known peaks and the F, triplet-state excitation.

In some other observations we found by heating samples over the range
350-550°C that the F, is thermally less stable than the F center, as might
be expected for a center of the aggregate-vacancy type. After one hour at
550°C the F center ESR signal was scarcely reduced, while the F, signal
was reduced by a factor of over 50.

* Supported by the U. S. Air Force.

*J. C. Kemp, see Abstract No. 106.

*B. Henderson and R. D. King, see Abstract No. 77.
*J. C. Kemp, Bull. Am. Phys. Soc. 8, 484 (1963).

Volume Changes Connected with the Formation of F Centers from
U Centers in Potassium Chloride

K. THOMMEN,* Institut fir Strahlen und Kan;p;lysik der Universitat Bonn, Germany

It is well known that F centers can be formed from U centers by means
of ionizing radiation whereby the hydrogen atom is ejected into an inter-
stitial position. At room temperature the configuration of the hydrogen
interstitial is not known with certainty. It is believed that it joins another
interstitial hydrogen atom to form an interstitial hydrogen molecule.
On this assumption, the volume change connected with the reaction

irrad.

> F+ (1/2) (H:) can be written
AV = — AVy + AV + (1/2) AV,

&
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where AVy is the volume change which occurs when a halogen ion in a
perfect crystal is replaced by a negative hydrogen ion. AVy and AV are
the volume changes due to the lattice relaxation around an F center and
an interstitial hydrogen molecule respectively. AV was found experimen-
tally to be (1.12 == 0.03) a®, a being the interionic distance.® AV and
AVy were estimated theoretically: An approximative vacancy-centered
wave function for the F-center ground state was determined using effective
potentials for the interaction between the F electron and the lattice ions.
The repulsive interaction of the hydrogen ion in a U center with its
nearest neighbors was expressed in the form V(r) = A exp (—r/p),
where p was taken as 0.333 A and A was determined from the experimen-
tally value of AVy in KBr. The lattice distortion around a defect was cal-
culated adopting an approximate procedure, in which the atomistic struc-
ture of the crystal is taken into account only in the vicinity of the defect,
whereas the remainder of the crystal is treated as an elastic continuum.
Calculation of the volume change was performed using a method which
requires knowledge only of the displacements of those ions which are in
direct interaction with the defect. The results were AVy = 0.31 a3,
AVy = —0.134°%. This leads to AV; = 1.364®. The approximate accuracy
of the latter figure is believed to be =-0.4 4°.

* Present address, Atomics International, Division of North American Aviation,

Inc., Canoga Park, California.
* A. Bleckmann and K. Thommen, see Abstract No. 17.

Experimental and Theoretical Investigation of the Sidebands of the
Local-Mode Absorption of the U Center

T. TIMUSK and M. V. KLEIN, Department of Physics, University of lllinois, Urbana, lllinois

The sidebands of the U center local mode (infrared) were measured at
helium temperatures in KBr and KI containing H- and D- ions. The
sideband spectra for the two isotopes are identical. The gap between the
optical and acoustical branches can be seen between 95 and 100 cm™ in
KBr and between 69 and 87 cm™ in KI. This agrees very well with the
position of the gap determined by slow neutron scattering in KBr. Sev-
eral peaks are present and are particularly strong in the acoustical region.
Our theory treats the U center as a local mode vibrating in, say, the x di-
rection, which is anharmonically coupled to its nearest neighbors in the
=+ x directions. The U center frequency is thus dependent on X, the even
parity combination of the x displacements of these neighbors. As X oscil-
lates, it modulates the U center frequency giving sidebands, whose shape
depends on p,(w*), the power spectrum for the motion of X. This spec-
trum can be calculated using a Green’s function technique if the change
in harmonic central force constant’ AF between the U center and its near-
est neighbors is known.
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The appropriate Green’s functions for KBr have been calculated from the
phonon frequencies and eigenvectors of Cowley, Cochrane, Brockhouse,
and Woods. The resulting ps(?) fits the experimental data very well if
a fairly large negative AF is assumed. The-fit is poor for AF = 0. In this
model, the observed peak at 44.5 cm™ is due to an even parity “reso-
nance” motion of the nearest neighbors and is not at all caused by the
41.8 cm™ TA(100) Van Hove singularity. On the other hand, the ob-
served peak at 81 cm™ really mirrors a peak in the unperturbed LA den-
sity of states at 83 cm™. The shift of 2 cm™ is caused by the decrease in
force constant.

Photochemical Conversion of F Centers to F, Centers
in Potassium Chloride Crystals Containing Sodium

MASAO TOMURA, MASAMINE TAKEBAYASHI, and TADAYOSHI KITADA, Department of Ap-
plied Physics, Osaka City University, Sumiyoshiku, Osaka, Japan

The F centers in KCI:Na single crystals were excited with intense flashes
of/3 psec duration at temperatures near —10°C. Changes in optical ab-
sorptions and photo after-currents under application of ac fields were
simultaneously recorded.

Since the number of F’ centers formed by one flash was found to be inde-
pendent of the Na* content of the crystals, it was confirmed that the
ionized electrons were not trapped at N*, but at other F centers, forming
F’ centers. The decay time of the absorption at’ 967 mpu was attributed
only to the F’ center, whereas the decay time at 719 myu was composed of
two components: the decay times of the ¥/ and the F,’ centers. Further,
it was found that F,’ centers were formed directly during the lifetime of
the F’ centers. In a specimen which contains 1.5 X 10* /em® F centers
and 6.2 X 10*/cm® Na*, 36¢ of the F centers were converted to Fj
centers at +10°C under irradiation of one flash, while the amount of the
photocurrent was smaller by about 309 than that in a specimen contain-
ing no Na*.

If an F’ center moves towards a Na* ion, resulting in the formation of an
F,’ center, the decay of the F’ center is determined by probabilities of its
thermal ionization as well as its reaction with Na*. In this process, the
observed photocurrent may decrease by the amount of the reaction, since
the FA” center hardly contributes to the current because of its very long
lifetime and since the contribution by the migration of the F’ center is
very small owing to the small distances between the F’ center and Na*.
Thus, it was concluded that the F’ center had moved towards Na* under
the influence of the effective potertial of Na*, forming the F,’ center
directly.
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Thermoluminescence in Lithium Fluoride*

P. D. TOWNSEND,! Picatinny Arsenal, Dover, New Jersey, C. D. CLARK} and P. W. LEVY,
Brookh National Laboratory, Upton, New York

Thermoluminescence has been studied in LiF crystals which were pro-
duced by a variety of growth conditions. X ray, Co® gamma ray, and/or
optical excitation has been used to both populate and/or produce defects.
Collectively, as many as 28 different glow peaks are observed in the range
20-550°K. However, in any one sample only about 15 of these peaks
occur. The glow curves cover a range in intensity, the ratio of the stron-
gest to weakest peaks is about 104, and the strongest thermoluminescence
occurs near 140°K.” Not one peak is common to all samples but at least
one of three prominent peaks near 140°K is always observed. The rea-
sons for the presence or absence of a glow peak will be mentioned.

The activation energies for the major peaks have becn determined by
several methods and the four peaks at 115, 147, 154, 255°K and possibly
others follow first order kinetics. Typical peak temperatures (°K), pre-
exponential factors (sec!) and activation energies (eV) are 119, 2.7 X
10, 0.28, 133, 3.1 X 103, 0.14; 147, 8.3 X 10%,0.17; 154, 3.4 X 107, 0.29;
194, 1.8 X 10°, 0.31; 255, 4.7 X 108, 0.53.

The peaks at 115, 154, 194 and 255°K, and possibly others, result from
electron untrapping since they can be obtained by both x-ray irradiation
and by electrons obtained by irradiating a colored crystal with F-band
light. One center at 68°K, has been observed only after optical re-excita-
tion. Several of the glow peaks have been correlated with impurities,
ESR data, etc.

These correlations suggests specific models for the defects associated with
particular glow peaks. The peak at 115°K appears to result from the de-
struction of the H center. The peak at 133°K is impurity sensitive and is
probably caused by the untrapping of a hole from the Vx center. The
255°K can be produced by x-ray irradiation at temperatures below 220°K.
However, the ESR signal of the Vg center, which anneals in this range,
is not produced by x-ray irradiations above 185°K. Therefore, the 255°K
peak is not directly associated with the Vg center. Mg impurity produces
the known peaks from 430 to 490°K whereas Mn, Ti, Zr or Ce doping
merely enhance the 133°K peak.

* Work supported jointly by the U.S. Atomic Energy Commission and Picatinny
Arsenal. .

t Guest Scientist at Brookhaven National Laboratory.

{ On leave of absence from the University of Reading, Reading, England.
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192 Vibration-Iinduced Splittings of the A and C Absorption Bands

of Heavy Metal lons in Alkali Halides

YUTAKA TOYOZAWA and MASAHARU INOUE, The Institute for Solid State Physics, The
University of Tokyo, Azabu, Tokyo, Japan

A series of experimental studies on the absorption spectra of In, Sn, T,
Pb, Ga and Ge in alkali halides revealed that the so-called A and C bands
have characteristic structures, with two and three components, respec-
tively. These structures can be explained within the framework of the
Condon approximation by considering the instantaneous splitting of the
degenerate excited states (Tyu; [X>, [Y> and |Z>) due to trigonal lat-
tice vibrations (Taeg; Qi Qs, and Qs). With matrix elements of electron
lattice interaction given by <X|V|X> = 0, <X]|V|Y> = cQ; etc., the
secular equation for the excited states becomes (E/cQ)® — (E/cQ) —
20 =0, where Q* = Qf + Q,* + Q¢* and A = Q,Q:Q:/Q°. The dif-
ferential solid angle d2/dA in (Qu, Qs, Qs) — space becomes logarithmi-
cally infinite as |A| = 0, which means that the configurations A ~ 0 with
the roots Eo =~ 0 and E. = +cQ make predominant contribution. With
the approximation dQ/d\A = 478(\) and the Boltzmann distribution exp

—Q?/kT), one easily obtains the line shape function which consists of
three components: F,(E) = 8(E), F.(E) = 4n%(c*T)*?E*exp(—E?/
¢*T) (for E > 0, zero for E < 0) and F_(E) = F,(—E). Numerical
calculation with exact dQ/dX\ gives the line shape split into three com-
ponents, of which the central one has logarithmic singularity.

Tetragonal (Eg) lattice mode also removes the degeneracy of the elec-
tronic states Ty, but in this case, the resulting line shape is a superposition
of three identical Gaussian curves. The observed line shapes of the C
bands can be reproduced by mixing smaller amounts of A,; and E; mode
interactions to T, mode. As long as one takes into account the linear
interactions only, the line shape should be symmetric, and independent
of temperature if one uses the normalized energy scale E/A\/kT for the
abscissa. This is in qualitative agreement with observations. Any devia-
tions from this rule should be attributed to quadratic and higher order
interactions.

The quadratic interaction seems to play an important role in the A bands.
Following the Seitz model for the electronic structures of the excited
states of the A, B, and C transitions, and taking into account the T, mode
(mentioned above) alone, we get the energy matrix for the A-states
<AJUIA> = —(c/48) (Q* +3Q4), <AJUA,> = —(¢/2)Qq +
(c?/4A)3Q.Q; etc. The quadratic terms are second order perturbation
through the matrix elements of V between B and A states which have
energy difference A. Since the secular equation depends on Qy, Qs, and
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Qs throdgh Q and A only, we again approximate dQ/dA = 4=§(A). Put-
ting A = 0, we get the three roots: Eo = — (c2/A)Q? E. = = (c/2)Q—
(c?/4A)Q?. The resulting line shape is such that the — and 0 components
coalesce into a single band, except for very small xT values which will not
be realized because of zero-point vibrations. In this way, the asymmetric
two-component line shape of the A band, as well as the reversal of the
heights of the two peaks as T increases, can be explained with the use of
the value of ¢ determined from the splitting of the C band. A part of the
shift of the B band as T rises comes from the counterpart of the above
mentioned quadratic terms.

Color Centers in Ammonium Halides

L. VANNOTTI and W. KKNZIG, Swiss Federal Institute of Technology, Zirich, Swi fond

A survey of color centers in pure and doped ammonium halides has been
carried out. NH,Cl, NH,CI]: Tl, NH,CIl: Pb, ND,Cl and NH,Br crystals
were. X rayed at temperatures ranging from 12°K to 300°K, and investi-
gated optically and with electron paramagnetic resonance. In crystals
irradiated at 78°K two paramagnetic centers were found to be predomi-
nant, the Vg center and a second center, the structure of which is not

"yet known with certainty. The Vx center does not differ significantly from

the corresponding center in alkali halides, except therein, that the inter-
nuclear axis is along (100) and that the symmetry is exactly tetragonal
because the structure of the ammonium halides is of the CsCl-type. The
optical properties of the Vg center in NH,Cl and NH,Br correspond
closely to those in the alkali halides. The = — polarized transition in the
ultraviolet and the predominantly ¢ — polarized transition in the red were
found and used to align the centers with polarized light. Doping with Pb
and T1 enhances the production rate of Vx centers by X rays. In the pure
as well as in the doped NH,CI crystals, part of the trapped electrons are
released between 77°K and 110°K and annihilate the Vg centers. The
Vx centers themselves start to migrate, thermally activated, around 120°K
with an activation energy of about 0.3 eV.

The second paramagnetic center has axial symmetry along (111). The
basic hfs is due to halogen nuclei. The center undergoes, between 60°K
and 180°K, a gradual transition from a low temperature structure with
lower symmetry to a high temperature structure of higher symmetry with-
out changing the symmetry axis. Its optical absorption band peaks at
3850 A and has a half-width of about 1 eV. Attempts to orient this
center by means of polarized light were unsuccessful.
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194 Splitting of the 5865 A Zero-Phonon Line in X Irradiated Sodium
Fluoride by Uniaxial Stress

W. YON DER OSTEN and W. WAIDELICH, I. Physikalisches Institut der Technischen Hoch-
schule, Darmstadt, Germany

At liquid helium temperature the absorption spectrum of x irradiated NaF
exhibits an intense zero-phonon line at 5865 A on the long wave-
length side of the N, line.* Under stress along (100), (111), (110), and
(210) the line splits into 2, 2, 4, and 6 components, respectively. Color
centers of monoclinic symmetry (C,, C, and C; with twofold axis parallel
to (110) or reflection plane perpendicular (110)) should produce 2, 3, 4,
and 6 components, respectively. Lack of 1 component under stress along
(111) can be explained by calculating the energetic splittings. Under the
assumption of linear dependence on pressure these splittings can be ex-
pressed by 4 constants A,, A;, A,, A; for different directions of stress P:

P || <100} : A, — 2A, P | 111> : Ao+ As/3 + As/3
A, + A A, — As/3

P 110> : A, + A; + Ay/2 P || 210> : A, + A; + 2A./5
Ao — A1/2 + As/4 Ao+ 2A1/5 £ As/5

A, — 7A)/5 £ As/5

Utilizing the experimentally determined ratios A;/A, = —0.8 + 0.3; A,/
A, = — 1.1 +£0.3; Ag/A, = —1.5 == 0.5 one sees that 2 components for
stress along (111) cannot be resolved. Therefore the association of mono-
clinic symmetry to the color center corresponding to the 5865 A line proves
to be consistent. In a recent paper! the same symmetry has been found
for the N, center by splitting the N; line. However, from the opposite
thermal behavior of both lines one concludes that they are due to tran-
sitions in different color centers. Some possible F-aggregate center models
for the color center associated with the 5865 A absorption line have been
described earlier,! but color centers involving vacancies or impurities can-
not be excluded.

! G. Johannson, F. Lanzl, W. v. d. Osten, and W. Waidelich, Physics Letters 15,
110 (1965).

195 The Effect of Colloids on the Thermal Conductivity*

DEREK WALTON, Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Ten-
nessee

At the limit where the phonon wavelength is small compared with the
sizc of the inclusion, an inclusion in a crystal is expected to scatter phonons
geometrically (i.e., with a scattering cross-section independent of the
phonon frequency). On the other hand, when the wavelength is much
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larger than the inclusion, the scattering follows a Rayleigh law (i.e., with
a cross-section proportional to the fourth power of the phonon frequency).
The transition from one law to the other as the dominant phonon fre-
quency changes has a marked effect on the thermal conductivity: if the
scattering is geometrical the conductivity is proportional to the third
power of the temperature, but in the Rayleigh scattering region this is
no longer true. Therefore, the thermal conductivity of crystals containing
colloids should show a characteristic break if the thermal conductivity is
plotted as a function of temperature. This relationship has been found
to hold for silver colloids in NaCl whose mean radii vary from 40 A to
90 A. Thus, it appears possible to use this characteristic effect as a tool
to investigate the presence of colloids in other systems. Preliminary results
on KCI crystals irradiated at room temperature reveal the characteristic
temperature dependence of the thermal conductivity of a crystal which
contains colloids.

* Research sponsored by the U.S. Atomic Energy Commission under contract with
the Union Carbide Corporation.

Theoretical Transition Energies for Various Transitions
of the F; and F, Centers

SHAO-FU WANG,* Department of Physics, Tunghai University, Taiwan, China

Starting from a many-body formulation that includes the phonon field
in the proper way, we develop a method of calculating the quantum states
of the F; and F, centers. Detailed calculations for the F; and F, centers
in KCI are given. The transition energy for the optical transition 1so —
2pe of the F; center in KCl is predicted to be 0.93 eV, and ~ 0.1 eV less
than that given in the previous paper.? It turns out that the transition
1se — 2pe of the F; center may be responsible for the band appearing at
1.4p in KCL? The calculation for the F, center shows that M(M,) band

. may be due to the optical transition (1so 1s0)?3f — (1so 2pe)3i of the

F, center. The relations between the higher transitions of the F. center
and the M,, M;, M, bands in KClI are discussed.
* Present address: University of Waterloo, Waterloo, Ontario, Canada.

*S. F. Wang, Prog. Tueor. Phys. 33, No. 6 (1965).
* 1. Schneider and H. Rabin, Phys. Rev. Letters 13, 690 (1964).

Temperature Dependence of the F-Aggregate Center Absorption
Bands in Potassium Chloride

ROGER WARREN, Westingh Ry h Lab ies, Pittsburgh, P

9 Y

Measurements have been made in KCI, between 4 and 500°K, of the
M, R, and N optical absorption bands. The peak position, half width,
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integrated area, and shape of each band was determined whenever their
mutual overlap made this feasible. Three significant results were found.
All of these bands, including the F band, are approximately Gaussian in
shape and have a temperature-dependent half-width which can be fit by
the expression C coth* 6/T. C is different for each band but # has a
common value of 70°, equal to that found for the F band. This universal
value of ¢ implies that all of the different centers producing these bands
are interacting with phonons of the same frequency. Since local mode
phonons should have a different frequency for each center, it is likely
that the phonons involved are normal lattice phonons. It can be shown
that such a distribution of phonons can lead to a good fit of the data.
Because of its isolation from other bands, the M band could be examined
closely. Its area is temperature independent. Its shape is not symmetrical,
but is skewed in one direction at low temperatures and in the opposite di-
rection at high temperatures. This asymmetry can be interpreted in terms
of the curvature of the configuration coordinate curves.

The peak position of the various bands shifts with temperature very much
as the F bands does. The broad R; band is an exception. Its shift is at
least an order of magnitude less than the others and is zero within the
experimental error.

Color Centers in Magnesium Oxide

JOHN E. WERTZ, University of Mi

Magnesium oxide, having the rocksalt structure, shows some similarities
to the alkali halides, but there are numerous pronounced differences.
Since it is much more. difficult to obtain in pure form than the alkali
halides, one is forced to take into account the effects of impurities on ob-
served electronic properties. This is especially true of iron group ions,
some of which may be present in two or thrce valence states. Iron and
chromium ordinarily produce the most prominent effects on the ESR
and optical spectra and the thermoluminescence behavior, though man-
ganese is nearly always present. The extra charge of trivalent ions is
compensated by incorporation of cation vacancies. The cation vacancy
concentration controls impurity valence states as well as the relative in-
tensity of optical bands which are present before or after irradiation with
ionizing radiation. The concentration of cation vacancies is determined
by the oxygen partial pressure during heating.

Cation vacancies provide stable trapping sites for positive holes, i.e., the
MgO analog of the V, center proposed by Seitz. Due to lattice relaxation,
this center has tetragonal rather than octahedral symmetry. This is the
most important of the intrinsic centers formed in MgO by ionizing ir-
radiation. V, centers may also form associated neutral defects. Anion

154




199

200

vacancies are much more difficult to generate, requiring neutron irradi-
ation. Most anion vacancies are populated by a single electron during
the irradiation process, giving an F center with absorption near 5 eV.
The trapped electron is much more localized than in alkali halides. The
F center may associate with a cation vacancy (F, center) or form more
complex F-aggregate structures. In MgO it is ESR spectra which have
«ontributed most to a description of geometry and environment of defects;
subsequently some optical and infrared bands have been assigned. Prog-
ress has also been made in interpretation of thermoluminescence and
charge release peaks.

F-Aggregate Centers in X Rayed Plastically Deformed Potassium
Chloride

R. WHITMAN and H. N. HERSH, Zenith Radio Corporation, Chicago, lllinois

Single crystals of KCI, plastically deformed at room temperature, have
been x rayed at 78°K and their optical absorption spectra studied before
and after warmup to specific temperatures. The color center formation
can be divided into two kinds. The first is the “normal” kind occurring
in nearly perfect crystals (where the major color center products are F
and V, centers) ; the second is the extrinsic, being associated with the in-
troduced lattice defects and quickly reaching its maximum value. The
sub-system of extrinsic color centers is relatively independent of the
normal color center sub-system. The optical absorption spectra show peaks
at 356, 545, 630, 820, 1020, 1250, 1475, 1700 myu and absorption beyond
2 p, of which all, but the first absorption peak, correspond to electron
centers. The hole center is the Cl; center. Bleaching experiments indicate
that the extrinsic electron and Cl; centers are produced in pairs, closer
to each other than to F centers. Upon warmup, stepwise changes in the
absorption spectra occur which correlate with thermoluminescent glow

peaks.

Diffusions Effects in the High Temperature ESR of the F Center*

E. L. WOLFt and R. H. SILSBEE, Department of Physics, Cornell University, ithaca, New York

Saturation measurements on the inhomogeneously broadened magnetic
resonance of the KCI F center from 20° to 550°C show (yHx)? o T? up
to about 350°C and an exponential dependence on 1/T, suggesting defect
diffusion or ionization, from 400° to 550°C. Above about 470° the sat-
uration curve shape tends systematically toward that expected for a homo-
geneously broadened resonance. The changes, although not large with
an X-band microwave power of 0.4 watt, are present in zone-refined and
Harshaw crystals with F-center concentrations of 3 X 10'/ecm® to 2 X
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10'®/cm®. A transition to homogeneously broadened saturation could
reflect an increase of level broadening® o, = 1/T,, but the value of w.
required, larger than 10® sec™, makes this unlikely. The behavior is
thought to be a result of spectral diffusion, caused either by F-center dif-
fusion: exchange of an F center with one of its 12 nearest neighbor Cl-
ions, or by thermal ionization of the F electron, with spectral diffusion
enhanced by quantum-mechanical exchange of free and F center, elec-
trons. The saturation data are analyzed on a model of random spectral
diffusion,” appropriate to the above mechanisms: the resonant frequency
of a bound electron, determined by hyperfine interaction with nearby
nuclei, is assumed uncorrelated, after a sudden diffusion event, with its
initial value. In this case, saturation measurements in the transition range
can give the spectral diffusion rate wp. This analysis of the data above
470° is consistent with extrapolated values of the spin-lattice relaxation
rate o, measured by Feldman et al.®* The numerical rate and activation
energy differ, above 470°C, from those obtained on a simpler analysis. A
value op = 2 # 0.5 X 10° rad/sec is obtained at 500°C. Between 470°
and 550° the activation energy is estimated as U = 1.45 = 0.2 eV. This
large value, and the independence of wp on the F-center concentration,
favor the mechanism of F-center diffusion.

* Work carried out in part by the Atomic Energy Commission under Contract
AT (30-1)-2150.

+ Present address: Department of Physics, University of Illinois, Urbana, Illinois.
*T. G. Castner, Jr., Phys. Rev. 115, 1506 (1959).

*E. L. Wolf, Bull. Am. Phys. Soc. 10, 306 (1965).

*D. W. Feldman, R. W. Warren, and J. G. Castle, Jr., Phys. Rev. A135, 470
(1964).

The Calculation of the Electronic Structure of Lattice Defects in lonic
Crystals*

R. F. WOOD, Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee

We have been developing and using a model for the calculation of the
electronic structure, including the associated lattice distortion, of point
defects and excitons in ionic crystals. The inclusion of lattice distortion
or relaxation makes it possible to calculate the differences between the
wave functions and energy levels of the absorbing and emitting states self-
censistently within the framework of the model. The model involves a
combination of quantum mechanical methods and methods of classical
ionic crystal theory. Most of the calculations carried out thus far have
considered the detailed electronic structure of only those ions which are
nearest neighbors to the defect or are at the defect site (in the case of the
excitons). More distant ions, besides having attractive and repulsive inter-
actions with each other, are allowed to be polarized by the defect in a
self-consistent manner.




The model will be described briefly, but the results of calculations which
have been or are in the process of being carried out with it will be empha-
sized. For the F center, these include optical (absorption and emission)
properties, configuration coordinate and lattice relaxation curves, thermal
ionization energies, etc. For the exciton, they include information about
the electronic structure of the exciton states and their relaxation in alkali
halides. A two-stage relaxation process in which the exciton states just
before emission are identical to the states formed when a Vi center cap-
tures an electron will be discussed. Various calculated properties of the
U center in alkali halides and of the hydrogen interstitial in CaF,, SrF.,
and BaF, will be presented if time permits.

* Research sponsored by the U.S. Atomic Energy Commission under contract with
Union Carbide Corporation. ¢

Sidebands to the Infrared Absorption Peak Due to Localized Modes
of U Centers in Alkali Halide Crystals*

NGUYEN XUAN XINHt and A. A. MARADUDIN, Westingh Research Lab ies, Pitts-
burgh, Pennsylvania

Hydrogen or deuterium ions introduced substitutionally into an alkali hal-
ide crystal give rise to infrared-active localized vibration modes whose
frequencies lie far above the maximum frequency of the perfect host
orystal. The observed impurity induced infrared absorption spectra ex-
hibit a prominent peak at the localized mode frequency and two bands
symmetrically disposed on either side of the central peak. The central

‘peak has been previously interpreted as due to one (localized mode) pho-

non absorption processes.

We present a general theory of the sidebands based on two-phonon pro-
cesses involving a localized mode phonon and a continuum mode phonon,
taking account of coupling mechanisms due to both the cubic anharmoni-
city and the second order electric moment.

The theory is applied to the case of U centers in potassium iodide, using
a deformation dipole model for the perfect host crystal and a modified
mass defect model for the impurity. The latter is assumed to interact
through central short-range forces with its nearest neighbors only. The
comparative contributions from the two mechanisms have been estimated
by only taking into account the cubic anharmonicity of the overlap po-
tential and the second order distortion electric moment due to the overlap
forces.

It has been found for the higher frequency sideband that the ratio of the
anharmonic contribution to the second order electric moment contribution

" is a monotonically decreasing function of the frequency whose value is of

the order of 10® near the localized mode frequency v, and 10 at the fre-
quency o + o, where oy, is the maximum frequency of the perfect host

157



203

crystal. The spectrum calculated at 4.2°K is in excellent agreement with
Timusk’s’ experimental data regarding the frequencies of the various
maxima but shows some discrepancy about their relative magnitudes.

+ On leave of absence from C.N.R.S. Laboratoire de Magnetisme et de Physique
du Solide, Bellevue (8.0.), France.

* This rescarch was supported by the Advanced Research Projects Agency, Direc-
tor for Materials Sciences and was technically monitored by the Air Force Office
of Scientific Research under Contract AF 49(638)-1245.

*T. Timusk and M. V. Klein, see Abstract No. 189.

The Thermodynamics of M-Center Formation

JOHN D. ZAHRT, ALLEN B. SCOTT, and E. H. COKER, Department of Chemistry, Oregon
State University, Cor-allis, Oregon

Several attempts have been made previously to establish the stoichiometry
of the reaction between F and M centers by means of measurement of
their equilibrium concentrations. ** In no case, however, were the ob-
served concentrations actually proven to be characteristic of thermo-
dynamic cquilibrium at a known temperature.

We report here an experiment in which F centers in additively colored
KCI crystals were brought to equilibrium with M centers in complete
darkness at temperatures between 60 and 110°C. Below 60°C, the time
for attainment of equilibrium was excessive; above 110°C the equilibrium
concentration of M centers was too small for reliable measurement. F-
aggregate centers other than M ¢enters were removed initially by quench-
ing from 200°C. The existence of equilibrium at a given temperature was
proven by approaching the equilibrium point from both under- and
over-saturation with respect to M centers.
Curves of log ar vs. 10og ay, where a is the maximum absorption coefficient
measured at equilibrium, had an average slope 1.88, in reasonable agree-
ment with the slope expected if two F centers are used to form one M
center. AH° for the process
2F=M

was found to be —4.0 kcal (—0.18 ¢V), from the variation of K =
ny/n# with temperature. At 363°K, taking the standard state as 1 center
cm™, the following values were also obtained: :

K = 1.0 X 10" cm™®, AG® = 31.5 kcal, AS® = —98 cal deg.
The entropy change agrees with the configurational entropy change cal-
culated statistically for the formation of one M center-from two F centers.
If N is the concentration of negative ion sites,

AS® =R 1n 6/N = —103 cal deg™.
'W. A. Smith and A. B. Scott, J. Chem. Phys. 21, 2096 (1953).
* C. Z. van Doorn, Phys. Rev. Letters 4, 236 (1960).
*Y. Sato and T. Nakano, J. Phys. Soc. Japan 20, 173 (1965).
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204 The Electronic Structure of the O; Center

H. R. ZELLER and W. KANZIG, Swiss Federal Institute of Technology, Zurich, Switzerland

Using O enriched.oxygen the hyperfine structure of the paramagnetic
resonance of the (O — O?®)- centers and (O'" — O7)~ centers in KCI,
KBr and KI has been studied. The tensor of the hyperfine interaction
expressed in Mcps is given in the following table. The internuclear axis
is designated by z, and the x axis is taken along the lobes of the p function
of the unpaired electron.

Ass Ay ey
KCl 189.0 0 55.2
KBr 181.3 0 71.1
KI 184.1 0 64.0

The results confirm the model proposed by Cohen and Kinzig* according
to which the unpaired electron is in a ?z; state. The Hamiltonian of the
hyperfine interaction can be written as

Hiy = veva (87/3 WOV + 4/501 /) V/ATAT F X)) LS,
. + (87/3 [W(0)[2 — 2/5¢1/r%.) A/ (AT + W) LS,
+ (8/3 W(O)|2 — 2/5¢1 /135, + 21 /% A/ N/ (A% + M) LS. ]

Here A designates the spin-orbit coupling parameter and A the orthorhom-
bic crystal field parameter of reference (1). The values of

VAT (AP FN) and VN (A F N
can be taken from the analysis of the g factor.

The subscripts s and 1 refer to the spin density and orbital moment den-
sity, respectively. Using for (1/r®); and (1/r®), the experimental values
for the *P, state of the O atom as quoted by Bessis et al.? the thus
calculated anisotropic component of the hfs tensor agrees within a few
percent with our measurements. The isotopic component corresponds to
a value of |¥(0)[? of 1.65 X 10-**cm%, which can be éxplained by an ad-
mixture of about 3% 2s character.

' W. Kinzig and M. H. Cohen, Phys. Rev. Letters 3, 509 (1959). i
* N. Bessis, H. Lefebvre-Brion, and C. M. Moser, Phys. Rev. 128, 213 (1962).

205 Color Centers in Alkaline Earth Fluorides

J. H. CHEN,* Boston College, and J. R. O'CONNOR, Lincoln Laboratory,! Massachusetts In-
stitute of Technology, Cambridge, Massachusetts

The stable four-band spectra (580, 400, 335, 225 mu) normally reported
in irradiated CaF., is due to a 4d* electron trapped at an yttrium impurity
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in a cation site. Tonizing radiation converts the non-charge compensated
Y# to Y?*. Pure SrF, and BaF, exhibits no coloration when subjected to
irradiation. Coloration in CaF, decreases as the Y concentration. An
ultra-pure Vinor Laboratory CaF., containing less than parts per billion
of Y, was found to be highly resistant to coloration. Absorption coeffi-
cients less than 0.01 cm™ were mcasured after the crystals had been sub-
jected to 107 rad of 3MeV electron irradiation. This is better than a
factor of 10 smaller than the best crystal reported.! Irradiated SrF. and
BaF, doped with YF, possess the same bands as CaF,(Y) ; however, all
the bands shift to longer wavelengths, as the lattice constant increases.
Isoelectronic ions, such as Ti**(3d') and La® (5d'), exhibit similar ab-
sorption spectra as Y?*(4d') in CaF,. Except for the case of Ti*, irradia-
tion is necessary to trap the single d electron at the impurity ion. These
data are consistent with the fact that all trivalent rare earth ions can be
reduced to their divalent state in CaF,. No color centers analogous to
the F center in the alkali halides were observed.

* Work supported by the National Science Foundation.

+ Operated with support from the U.S. Air Force.
' J. R. O’Connor and J. H. Chen, Phys. Rev. 130, 1790 (1963).

Thermoluminescence and Dynamical Jahn-Teller Effects in Irradiated
Calcium Fluoride Containing Ytrium

J. H. CHEN,* Boston College, and J. R. O'CONNOR, Llincoln Lab vt M h In-
stitute of Technology

Coloration of CaF, by ionizing radiation has been shown to be due to
the trapping of an electron at Y** sites. Yttrium is a common impurity
in fluorite. Normally the extra positive charge of Y** is compensated by a
F- interstitial. The number of these associated pairs decreases as their
separation increases. Upon irradiation, electrons and holes are trapped
at Y* and F- sites, respectively. Radiative recombination has been ob-

_served in terms of thermoluminescent spectra from the first five nearest.
pairs. Therefore, the remaining Y**, in essentially cubic sites, are more

stable.

EPR measurements indicate an isotropic resonance with g = 1.971 above
20°K. At 4.2°K an axial resonance with g, = 2.00 and g; = 1.958 is
observed, corresponding to a tetragonal contraction of the lattice.

The behavior of the optical spectra’ as a function of temperature is also
commensurate with the interpretation that the 4d* electron is coupled to
the tetragonal and orthorhombic normal modes of the lattice, giving rise
to a dynamical J-T effect. This results in the lifting of the degeneracy of
the ¢, and ty; levels. s

* Supported by the National Science Foundation.

1 Operated with support from the U.S. Air Force.
'J. R. O’Connor and J. H. Chen, Appl. Phys. Letters 5, 100 (1964).




207 ENDOR and ESR Investigation of the S; Sulphur Center in Potassium
and Sodium Chloride :

J. SUWALSKI and H. SEIDEL, 1l. Physikalisches Institut der Technischen Hochschule, Stuttgart,
Germany

Schneider et al.* have found that alkali halide crystals, which have been
heated for a long time near their melting point under high pressure
sulphur or selenium vapor, show a characteristic ESR spectrum with or-
thorhombic (110) -symmetry. We have performed ENDOR measurements
on such KCI:S and NaCl:S crystals and ESR measurements on KC1:S% .
(11.56% enriched). The results are:

1. The ENDOR spectra in both KCI:S and NaCl:S show a strongly
anisotropic hyperfine and quadrupole interaction with chlorine neighbors.
The principal axes are near to z = [001] (center axes z = [001], y =
[110]) with a small tilt towards the [111] -direction. Interaction constants

(in Mc/s) :
a/h=394 b/h=15¢ q/h=16 ¢=7° (:]x:;f) CI* in KCI:S
a/h=99 b/h=314 q/h=2 ¢=6° CI% in NaCl:S

2. In NaCl:S$ an interaction with sodium is resolved. Its principal axis
is also near to z = [001], but this time slightly tilted in an oblique direc-
tion. Interaction constants:

detectable deviation

Wi =606 bk = 06 from axial symmetry

) q/h =016 ¢ = 7°

3. The ESR linewidth in NaCl:S is consistent with the assumption of an
interaction with two equivalent Cl-nuclei (1) and four equivalent Na-
nuclei (2).

4. The ESR spectrum of KCl:S* shows hyperfine splittings due to one
S*.nucleus (I) and two equivalent $**-nuclei (II). Both interactions are
almost purely anisotropic with principal axes in [001]-direction. The split-
tings in this direction are A; =53 G and Ay = 18 G. This is in good
agreement with results obtained by Schneider et al.,* for the analogous
selenium centers.

We think that the only model which can explain these facts is a bent S
molecule-ion (angle ~ 90°) occupying a corresponding KCI; or NaCl;
trivacancy. The plane of the molecule is (001). The unpaired electron
is localized in a p, -orbital formed of the sulphur atomic p -orbitals per-
pendicular to this plane.

~

* J. Schneider, A. Réuber, and B. Dischler: private communication.
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208 Multiplication of Electron Excitations and Formation of Color Centers
.. in lonic Crystals

E. ILMAS, CH. LUSHCHIK, and M. ROOSE, Institute of Physics and Astronomy, Estonian
Academy of Sciences, Tartu, U.S.S.R. 4

1. The spectra of F-center formation for NaCl-Tl, KCI-Tl, NaBr-TI,
KBr-TI and KI-TI crystals in the spectral region 4-21 eV were investi-
gated. The intensity of activator emission accompanying the optical ion-
ization of F centers was considered as a measure of the number of F
centers.

2. The comparison of the F-center formation spectra and absorption
spectra of ionic crystals leads to the conclusion that F centers are created
by electrons released from Tl*-centers, as well as by excitons and by elec-
tron-hole pairs.

3. F centers are generated in NaCl-TI crystals by ultraviolet radiation in
two stages. The first stage reaches the saturation in a short time. At the
second stage the number of F centers increases approximately linearly
with the irradiation time.

4. The change of photon energy from hv < 2E; to hv > 2E, (E; — the
band gap) causes a sharp increase in the efficiency of F-center formation.
It is due to the creation of two electron-hole pairs by one photon. This
effect has been examined in detail in NaCl.

5. The phenomenon of photon multiplication by crystals in the optical
region was observed for photon energies hv > 2E.. One photon of ultra-
violet radiation creates two photons of activator emission.*

6. The examination of the kinetics of F-centers formation and the ex-
citation of activator emission by photons with hv > 2E; leads us to the
conclusion that one such photon generates two electron-hole pairs in close
proximity.

*E. Tlmas, Ch. Lushchik, G. Liidja, Optika i Spectroscopiya 18, 453 (1965).
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