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I. INTRODUCTION 

Fluoride crystals belong to a class of inorganic compounds of alkali earth metal 
and fluorine. One of their important properties is a wide band gap, which leads 
to optical transparency in a wide range, including the visible and near-infrared 
ranges [1, 2]. Doping of fluoride crystals with rare-earth ions (RE ions) ions 
leads to the formation of different types of optical centers, which are quite 
stable and highly luminescent. Such optical centers (OC) are of great impor-
tance for various application in modern optics and photonics [3–6]. 

The atomic structure of RE ions is characterized by a Xe core, a partially 
filled 4f shell, and outer 5s-, 5p-, 6s- shells that shield the 4f shell from the 
external influences ([1s22s22p63s23p63d104s24p64d10](4fn)[5s25p6] (5dx)(6s2), 
where x = 1 for La (n = 0), Ce (n=1), Gd (n = 7) and Lu (n = 14); x = 0 for 
elements from Pr (n = 3) to Yb (n = 14)). This shielding effect protects to some 
extent the optically active electrons from the influence of the crystal field, 
leading to the well-defined absorption and emission spectra of RE ions, which 
are weakly dependent on crystal matrix [7]. The luminescence of RE ions 
having strong zero-phonon lines (Huang-Rhys factor S << 1) arises due to the 
electronic transitions inside the 4fn shell rather than the 4fn-15d1 → 4fn transi-
tions. These transitions in contrast to the latter ones are parity forbidden, but 
they become partially allowed due to admixing of the 5d orbital wave functions 
with opposite parity to a 4f wave functions. The value of admixing depends on 
the crystal matrix and local symmetry of the optical center of a RE ion [7–9]. 

A RE ion introduced into a crystalline host replaces the host cation and thus 
forms an optically active center, which exhibits luminescence when excited by 
an appropriate excitation source [7]. When the replacing ion and the replaced 
cation are of the same charge, the lattice symmetry at the site may stay the 
same, and the electroneutrality of the crystal in general is not disturbed [1, 10]. 
However, if these charges are different, the electroneutrality must be preserved 
by positioning of a charge compensating lattice ion nearby. This results in a 
complex set of optical centers in different crystal hosts [11]. 

There are several notable types of Nd3+ ion optical centers that can be for-
med in CaF2 and SrF2. The single Nd3+ sites with cubic symmetry can be formed 
in the Nd3+: CaF2 crystal at low Nd3+ concentrations, when their clustering into 
ion pairs, triplets, quartets, etc. does not occur. If alkali-metal ions such as Na+ 
are added, and occupy interstitial charge compensators at a considerable 

In this work, three types of fluoride crystals, LaF3, CaF2, SrF2, doped with 
Nd3+ were studied. The Nd3+ is triple-charged, thus there is no need for a com-
pensating ion in the case of LaF3, where the symmetry of crystal lattice 
(rhombohedral structure, space group P-3c1) stays undisturbed [10]. However, 
in the case of the CaF2 and SrF2 crystals with fluorite-type structure (both being 
characterized by cubic structure with space group Fm-3m) a charge com-
pensating ion is needed. This leads to the possibility of formation of different 
types of optical centers in both the CaF2 and SrF2 crystals [11–15]. 
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distance, which allows to maintain the cubic symmetry of the lattice, then 
formation of a single Nd3+ sites with cubic symmetry is possible [16, 17]. The 
pair of substitutional Nd3+ and Na+ ions has the same positive charge 4+ as the 
pair of Ca2+ ions. Consequently, such charge compensation does not require the 
presence of interstitial F- ions. Thus, the Nd3+ sites with high nearly cubic sym-
metry close to Oh and non-local charge compensation [16], can be formed. 

If additional Na+ ion replaces one of the close neighbor Ca2+ ions, the for-
mation of single Nd3+ sites with C2v symmetry [16], is also possible. 

Another type is single-site optical center with tetragonal symmetry C4v, 
which is lower than the cubic Oh. In this case, the charge compensating ion F- 
occupies the nearest interstitial position. Such an optical center is usually 
denoted as the L-center [18, 19]. In addition to single-site centers, pair optical 
centers consisting of two closely spaced Nd3+ ions can be formed. This center 
has orthorhombic symmetry and denoted usually as M-center [18, 19]. It is also 
possible to form cluster optical centers with different numbers of ions, for 
example, triple and quartet centers [11, 12, 18, 19] 

While single-site optical centers with C4v symmetry and pair centers of Nd3+ 
ion have been well studied [12, 14, 15, 18, 19, 21–25] the cubic sites in the 
Nd3+: CaF2 single crystal were only detected using electron paramagnetic reso-
nance [20, 26]. The high symmetry of the cubic center does not make it possible 
to remove at least partially the prohibition on the electric dipole transition, 
which leads to a very weak fluorescence intensity. There were only some short 
and incomplete reports [16, 23] about long-lived luminescence in Nd3+: CaF2 
that can be hypothetically associated with the cubic sites. 

In this work, the new results for the optical centers in Nd3+: CaF2 and Na+: 
Nd3+: CaF2 crystals were obtained. First, an optical center without inversion 
symmetry in the Nd3+: CaF2 crystal co-doped with Na+, characterised by C2v 
symmetry with the long radiative lifetime of τR = 8.5 ms was detected and 
described using the Judd-Ofelt approach. Another center with symmetry close to 
Oh possessing long radiative lifetime of τR = 13.6 ms was also found and 
described [27]. 

Recently, an interesting new application field of the pair optical centers of 
Nd3+ ion in fluoride matrices for quantum computing was suggested [28]. 
Previously, the use of hyperfine levels as qubits in rare earth doped dielectric 
crystals and nanocrystals (see [29–43] and references therein) was considered. 
Single qubit gate operations with such qubits require two optical pulses with a 
very small spectral width of the order of kHz or less. Therefore, such qubits 
operate with millisecond or longer sampling time. However, as it was shown in 
[28], the RE ions can also be used for qubits with optical frequencies. In this 
case, much shorter light pulses can be used allowing much faster QC with 
nanosecond clock cycles. 

It was shown [22, 25, 44–46] that the pair M and the quartet N optical cen-
ters of Nd3+ ions in the Nd3+: CaF2 crystal with the heterovalent substitution of 
Nd3+ for Ca2+ exhibit strong resonance exchange interaction of electronic excita-
tion between two Nd3+ ions. This can happen at liquid helium temperatures or 
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even higher when the OC is excited at the wavelength resonant with the  
4I9/2(1) → 4G5/2(1) transition between the lowest crystal-field (CF) energy levels 
of ground and excited manifolds. As a result, the one-exciton 4I9/2(1) x 4G5/2(1) 
cooperative state of two Nd3+ ions becomes entangled. Such centers of RE ions 
can be very prospective candidates as the elements of quantum logics for quan-
tum computing such as CNOT [28]. 

The strong resonance exchange of electronic excitation between Nd3+ ions is 
possible in the one-exciton state of the M-center, but such an interaction is 
absent in the two-exciton excited state 4G5/2(1) x 4G5/2(1) [47]. Thus in [47], the 
result of the earlier laser pump-probe absorption experiments [48] was con-
firmed that the exchange of electronic excitation between two Nd3+ ions is 
indeed the main mechanism for the splitting of one-exciton state. 

When considering the exchange of electronic excitation between two Nd3+ 
ions, the presence of a half-integer spin and a strong spin-orbit interaction in RE 
ions should be considered [47] since the electron excitation with spin con-
servation cannot be the reason for the observed splitting of the one-exciton state 
of the M center. The spin-orbit interaction does allow the exchange of electronic 
excitation with a spin flip between Nd3+ ions in the M center and the corres-
ponding theory explains well the observed splitting of the one-exciton state 
[47]. 

In [28, 47] it was shown that the optical centers of RE ions can be used to 
perform fast optical QC due to the presence of bright and dark states in these 
centers: the dark states can be used for qubits, and the bright states are suitable 
for implementing conditional gate operations. 
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II. RESEARCH TASK 

The goal of the thesis was to study the properties of optical centers in various 
fluoride crystals such as LaF3, CaF2, SrF2 doped with Nd3+ using laser site-
selective and kinetic spectroscopy, and to study the formation and the properties 
of quantum entangled cooperative states of the Nd3+ ion pairs. 
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III. EXPERIMENTAL SET-UP AND SAMPLES 

1. Experimental set-up and techniques 
Excitation of crystal samples was performed by tunable pulsed Rhodamine 6G 
dye laser DL-Compact (Estla Ltd., Tartu, Estonia) with the laser line width Δλ = 
0.0065 nm full-width-half-maximum (FWHM), pumped by the second harmo-
nics of Nd:YAG (model LQ215, pulse duration 14 ns, Solar laser systems, 
Minsk, Belarus). The wavelength of excitation was controlled by the wave-
length meter WS 5 (HighFinesse, Graefelfing/Munich, Germany/Ångstrom 
Ltd., Novosibirsk, Russia) with an accuracy of 0.001 nm. 

For the two-color excitation in the spectral range of 564–590 nm, a Conti-
nuum Sunlite OPO system PL 9010, TRP with EX OPO frequency extension 
module (signal 405–705, idler 715–1750 nm, laser line width Δλ = 0.003 nm at 
FWHM) was used together with the dye laser. 

The OPO was pumped by the second harmonics of Continuum Nd:YAG 
laser with seeder (f = 20 Hz, pulse duration 5 ns). 

The whole system and the timing of the laser pulses were synchronized with 
Digital delay/pulse generator DG645/1 (Stanford Research Systems, Sunnyvale, 
CA, USA) with the accuracy of 1.5 ns determined by the jitter of the internal 
pulse generators of Nd:YAG lasers. The laser beams were combined in one 
path, passed sequentially through two iris diaphragms, and were focused by a 
lens (f = 180 mm) onto a sample. 

The near infrared fluorescence of the sample was focused by a condenser lens 
on the entrance slit of the Andor Shamrock 750 spectrometer system (Andor, 
Oxford Instruments, Abingdon-on-Thames, UK) with gratings 300 gr/mm 
(spectral resolution 0.17nm; linear inverse dispersioon 4.27 nm/mm), 1800 gr/mm 
(0.03 nm; 0.66 nm/mm), or 2400 gr/mm (0.02 nm; 0.49 nm/mm). The fluore-
scence was detected with the gated Andor Technology iCCD camera iStar 
DH320T-18H-13 with the pixel size of 26 µm and with a Peltier cooling system. 
The FF01-593/LP-25 edge-filter (Shamrock) was placed at the front slit of the 
monochromator to block the stray light caused by the laser radiation in the case of 
luminescence detection at the 4G5/2(1) → 4I11/2 and 4F3/2(1) → 4I9/2 transitions. 

The upconversion luminescence excitation spectra with two-color excitation 
pumping were recorded at the 4D3/2(1) → 4I11/2(1) transition using OPO scanning 
at the 4I9/2(1) → 4G5/2(1) transition of the Nd3+ ion with simultaneous excitation 
by a second tunable pulsed dye laser with a fixed wavelength. The fixed laser 
was in resonance with one of four sublevels of the 4G5/2(1) x 4I9/2(1) one-exciton 
state. 

For fluorescence kinetics measurements, single photon counting Hamamatsu 
6240-02 PMT with a PC built-in card multichannel scaler (MSC) was used. 

The samples were placed either in the closed-cycle Janis CSS-300S/204N 
cryostat (USA) and kept at a temperature of 6.5 K, or into a bath cryostat 
Cryopt A240 (Cryogenic technology laboratory, Institute of Physics NAS of 
Ukraine) and kept at a selected temperature of 1.6 K, 4.2 K or 7 K. 
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2. Crystals preparation 
The oxygen-free Nd3+(0.6%): CaF2 (type 1) and Nd3+(0.5%): SrF2 crystals were 
grown by the Bridgman-Stockbarger technique in fluorine atmosphere at the 
Division of P.N. Lebedev Physical Institute (USSR) in the 60s of the twentieth 
century.  

The oxygen-free Nd3+(0.03%): CaF2 (type 1), Nd3+(0.05%): Na+(0.2%): CaF2 
and 1.0 at.% Nd3+: LaF3 crystals were grown by the Bridgman-Stockbarger 
technique in fluorine atmosphere at the Prokhorov General Physics Institute 
(Russia). 
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Fig. 1. Schematic of experimental setup 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

1. Optical centers in the Nd3+: Na+: CaF2 and the Nd3+: CaF2 
crystals and their type determination 

The optical sites with nearly cubic symmetry close to Oh  
in the Nd3+: Na+: CaF2 crystal 

The existence of the nearly cubic sites with symmetry close to Oh in CaF2: Nd3+ 
(Fig. 2a) was predicted by crystal-field theory calculations [16], which were 
confirmed in [27]. The corresponding spectra and kinetics are depicted in Fig.2 
of Ref. [27]. 

 
 

  

(a) (b) 

Fig. 2. Schematic diagram of the Nd3+ ion in the nearly cubic site with symmetry close 
to Oh (a), and in the C2v site (b) in the Nd3+: Na+: CaF2 single crystal. 
 
 
The presence of several spectral lines of fluorescence around 860 nm (Fig. 3b, 
blue) with long lifetimes of the 4F3/2(1) CF level indicates the inhomogeneous 
splitting of the Nd3+ optical centers with the symmetry close to Oh. Moreover, 
excitation at longer wavelength 584.250 nm (Fig. 3a) reduces strong fluore-
scence spectral lines around 860 nm and leaves only the second peak at 859.42 
nm (Fig. 3b, red). The measured radiative lifetime of the 4F3/2(1) CF level (τR = 
13.4 ms) associated with these excitation and detection wavelengths (Fig. 6c, 
red) is slightly less than for optical centers associated with 584.101 nm 
excitation and 860.70 nm detection wavelengths (τR =13.6 ms) (Fig. 3c, green). 
It should be noted that for the Nd3+ ions in crystals, no such long lifetimes have 
been reported as yet. In the literature, only the results of measuring the fluore-
scence kinetics in the Nd3+: Cs2NaNdC16 elpasolite at 77 K were found so far. 
The measured lifetime was determined as 11 ms [16]. 
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a) b) 

c)    
Fig. 3. (a) Fluorescence excitation spectrum in the range of 583.8-584.5 nm wave-
lengths; (b) fluorescence spectra of the Nd3+(0.05%): Na+(0.2%): CaF2 single crystal 
detected at the 4F3/2(1) → 4I9/2(1,2) transitions at different excitation wavelengths. The 
longest lifetimes are marked near the corresponding spectral lines; (c) normalized 
fluorescence kinetics measured for the Nd3+(0.05%): Na+(0.2%): CaF2 single crystal at 
different excitation and detection wavelengths: λexc = 584.101 nm and λdet = 859.29 nm – 
blue; λexc=584.101 nm and λdet = 860.07 nm – green; λexc = 584.250 nm and λdet = 
859.42 nm – red. The dashed lines are the approximation with an exponential decay 
function. The initial stage of the decay curves is shown in the enlarged inset. 

 
 

The optical sites without inversion symmetry in the Nd3+: Na+: CaF2 crystal 
The most intense spectral line at 583.729 nm of the fluorescence excitation 
spectrum of the Nd3+(0.05%): Na+(0.2%): CaF2 crystal at T = 7 K (Fig. 4a, green 
curve) corresponds to the fluorescence spectral lines at 859.78 nm (11630 cm-1) 
and 862.08 nm (11600 cm-1) (Fig.4b, green curve). They can be identified as the 
4F3/2(1) → 4I9/2(1) and 4F3/2(1) → 4I9/2(2) transitions of Nd3+ ion in the Na+ com-
pensated C2v site (Fig. 2b), since the position of the maxima of their fluorescence 
spectral lines is in good agreement with the calculated energies 11630 cm-1 
(859.84 nm) and 11599 cm-1 (862.14 nm) given in [16]. 
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The fluorescence kinetics of the 4F3/2(1) CF level, measured at 583.729 nm 
excitation and 859.78 nm detection wavelengths is a single exponential decay 
function with the decay time τ = 8.5 ms (Fig. 4c, green curve). In view of the 
absence of an inversion center in this optical center, the forbidden dipole tran-
sition is partially allowed since non-centrosymmetric interactions allow mixing 
in the electronic states of opposite parity [7–9]. 
 
 

 
a) b) 

c)  

Fig. 4. (a) Fluorescence excitation spectra recorded at the 4F3/2 (1)→ 4I9/2(1,2,3,4) transi-
tions of Nd3+ in the spectral range of 855–900 nm upon laser tuning at the 4I9/2(1) → 
4G5/2(1) transition, and (b) fluorescence spectra detected at the 4F3/2(1) → 4I9/2(1,2) 
transitions at an excitation wavelength of 583.729 nm for Nd3+(0.05%): Na+(0.2%): 
CaF2 – (green curve), and for Nd3+(0.03%): CaF2 – (blue curve); (c) normalized fluore-
scence kinetics at λexc=583.729 nm and λdet  = 859.78 nm – Nd3+(0.05%):Na+(0.2%): 
CaF2 (green curve) and Nd3+(0.03%): CaF2 crystal (blue curve); single exponential 
decay function with τR = 8.5 ms is shown by dashed line. 
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2. Theoretical discussion of the optical centers’ radiative 
lifetime using Judd-Ofelt approach  

Evaluation of the optical centers radiative lifetime  
using Judd-Ofelt approach 

The measured lifetime of the C2v symmetry site of Nd3+ τR = 8.5 ms is six times 
that of the C4v site where τR = 1.4 ms. Thus, it was observed that the radiative 
lifetime of the 4F3/2(1) excited state of Nd3+ of the higher symmetry site is 
almost an order of magnitude shorter than for sites with lower symmetry [27]. 

According to the Judd-Ofelt theory [7–9], the rate of the    radia-
tive transition is determined by the following equation for the probability of the 
forced electric dipole transition per unit time 
 

 .   (1) 

 
Here  is the electron charge,  is the frequency of the transition,  is the 
refractive index of the crystal,  is the speed of light in vacuum,  is the 
angular momentum of the initial electronic state,  is the Judd-Ofelt crystal 
field parameter stemming from the -th order multipole component of this 
field,  is the matrix element of the Judd-Ofelt operator , 

which depends on the radial coordinate  of the optical electron as . In the 
order of magnitude, the value of the crystal field parameter  can be 
estimated from the equation 
 

, (2) 
 
where  is the Judd-Ofelt crystal field parameter of a Nd3+ center of the C4v 
symmetry, stemming from the -th order multipole component of the crystal 
field of a nearest charge compensating F- ion along the  axis at a distance 

 nm;  is the actual distance between the 
Nd3+ and Na+ ions in the C4v center,  is the symmetry factor of the crystal 
field, which takes into account the dependence of the -th order electric 
multipole on the direction of the Na+ ion compensating the charge; in the order 
of magnitude αk ~ 1 . It is known [49] that for fluoride matrixes doped with 
Nd3+ the radiative decay of the  state of the Nd3+ ion occurs mainly due 
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to radiative transitions  (contribution 30% to the total decay 

rate; =0.0000, =0.2293, =0.0548) and  

(contribution 50%; =0.0000, =0.1422, =0.4104). Due to the 

zero values of  for both of these transitions, the contribution of the  
term to the equation, which takes into account the dipole component of the 
Stark field of the charge compensating Na+ ion, disappears, and the nonzero 
contributions come from the terms  and . However, due to the large 

difference  in the depends on the distance , only the  term 
makes a significant contribution in centers with a charge compensating Na+ ion 
located at a distance . The contribution of the  term is smaller 
and can be neglected. Therefore, the main contribution to the oscillator strength 
of the  transitions in  and almost cubic symmetry Oh 

centers on Nd3+ in CaF2 is made by the third-order ( , octupole) 
component of the Stark field of the neighboring Na+ ion, which compensates for 
the excess of charge. 

The difference in the values of the radiative lifetimes of the  and  sites 
can be found from the relations (1), (2) and taking into consideration, that τ ~ 1/A 

and 𝑅஼మೡ = √2𝑅஼రೡ, ோ಴మೡோ಴రೡ = √ଶோ಴రೡோ಴రೡ = √2,   ൬ோ಴మೡோ಴రೡ൰଼ = ൫√2൯଼ = 16, giving 

 

    (3) 

 
Here  and . According to 

calculations   . This gives , 
which deviates from the experimental ratio 

by 15% only. 
Using equations, one can also estimate the difference in the distance of the 

charge compensating Na+ ions of C2v center and of almost cubic Oh center as 
follows 
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Considering that  and supposing that  

and  have similar values ( ), . 
So, a conclusion can be made that the Judd-Ofelt approach gives not only the 

rates of radiative relaxation of excited states of a rare-earth ion in different 
crystal matrices, but also a difference in the rates of emission of an excited state 
in different optical sites of the same ion in the same crystal matrix. The diffe-
rences in the distance to a charged compensating ion can lead to inhomogeneous 
splitting of the spectral lines. The Judd-Ofelt approach can also be used to solve 
the inverse problem, i.e. to calculate the difference in the distance of the charge 
compensating ions for different optical centers of the same ion in the same 
crystal matrix. 
 

3. Optical sites in the Nd3+: LaF3 crystal 
The Nd3+ ions in the LaF3 crystal replace the La3+ ions without additional charge 
compensating ion, thus keeping the local structure of the crystal lattice 
practically undisturbed (unlike the CaF2 crystal for example). This allows for a 
pair of Nd3+ ions to have quite high symmetry, which leads to rather small 
induced dipole momentum. Other optical centers, such as single, triple and 
quad, also have higher symmetry than in CaF2 or SrF2. 

The fluorescence excitation spectrum of the 1% Nd3+: LaF3 crystal at T = 
1.6K detected without spectral resolution in the zero-order position of the 
monochromator grating at the 4I9/2(1) → 4G5/2(1) transition of the Nd3+ ion (Fig. 
5) shows a number of well-pronounced spectral lines. 
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Fig. 5. Time-resolved fluorescence excitation spectrum of the 1 at. % Nd3+: LaF3 crystal 
at T = 1.6K detected without spectral resolution in the zero-order position of the 
monochromator grating at the 4I9/2(1) → 4G5/2(1) (left strong line) and 4I9/2(1) → 4G5/2(2) 
(right strong line) transitions of the Nd3+ ion. 
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After measurement of the fluorescence spectra detected at the 4F3/2(1) → 4I9/2(1) 
transition (Fig. 6a), while exciting directly the maxima of each of the spectral 
lines located at the low energy spectral wing of the measured excitation 
spectrum (Fig. 5), the corresponding fluorescence kinetics were measured at the 
fluorescence spectral peaks (Fig. 6b). According to the values of the measured 
lifetimes it was established that the excitation relaxation is of radiative nature, 
and the spectral lines correspond to single-site optical centers distorted by 
nearby defects of crystal lattice. This explains the difference in the spectral line 
positions and the radiative lifetimes. 
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Fig. 6. (a) The luminescence spectra of single-site optical centers at the 4F3/2(1) → 
4I9/2(1) transition of Nd3+ in the 1 at.% Nd3+: LaF3 crystal at T = 4.2 K under selective 
pulsed laser excitation into maxima of excitation spectral lines marked on the figure. (b) 
Fluorescence kinetics of the 4F3/2(1) C.F. level of the 1 at.% Nd3+: LaF3 crystal at T =  
4.2 K at different excitation and detection wavelengths. 
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After measuring of fluorescence spectra, while exciting spectral lines with ma-
xima at 577.65 nm and 577.66 nm (Fig.5), and the corresponding fluorescence 
kinetics, it was confirmed that these spectral lines correspond to optical centers 
with different lifetimes determined by radiative and nonradiative excitation rela-
xation (Fig. 7). To determine the types of these centers, the approach used in 
[25] for a Nd3+: CaF2 crystal was used. 
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Fig. 7. Fluorescence spectrum at the 4F3/2(1) → 4I9/2(1) transition of Nd3+ of the 1 at.% 
Nd3+: LaF3 crystal at T = 1.6K selectively excited at (a) 577.65 nm wavelength, (b) 
577.66 nm, and 577.77 nm; (c) the measured fluorescence kinetics of the 4F3/2(1) C.F. 
level of the 1 at.% Nd3+: LaF3 crystal at T = 1.6K detected in the maxima of the spectral 
lines at different excitation and detection wavelengths − solid lines; a curve fit by single 
or a sum of two exponential curves – dashed lines. 

 

According to this approach, the excited Nd3+ ion after fast multiphonon rela-
xation from the 4G5/2 level to the 4F3/2 metastable level quenches as a result of 
incoherent nonradiative resonance energy transfer to an unexcited Nd3+ ions in a 
cluster governed by the 4F3/2 → 4I15/2; 4I9/2 → 4I15/2 cross-relaxation transitions 
with the energy transfer rate between two ions calculated as 
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1 /
1

meas
DA

AW
N

τ −=
−

,     (5) 

 
where A = 1/τR, τR = 789 µs taking for single-site optical center with maximal 
concentration, and N is the number of ions in the cluster. If we consider the 
optical center with the decay time τ4 = 320 μs (Fig. 7c, curve 4) as triple optical 
center (N - 1 = 2), the calculated value of WDA is 9.29 10-4 µs-1. With this value 

the calculated value of lifetime for the pair center τcalc(pair) = ( ) 1
DAW A −+  = 

455 µs, which is very close to experimental one τmeas= 457 µs (Fig. 7c, curve 5). 
thus this optical center can be considered as a pair center. For quads the cal-

culated τcalc(quads) = ( ) 13 DAW A −+ = 246 µs is longer than one of the measured 
lifetimes (τmeas = 229 µs) (Fig. 7c, curve 5), but this can be explained by an in-
crease of spontaneous emission A and energy transfer rates WDA due to increase 
of line strengths of optical transitions in a quad of Nd3+ ions because of stronger 
crystal field connecting with smaller radius of Nd3+ ions comparing to La3+ 
resulting to shorter distance between Nd3+ ions. Thus, we consider this optical 
center as a quad. 

Table 1 shows the calculation of the number of Nd3+ ions in observed optical 
centers.  
 
 
Table 1. Estimation of the number of Nd3+ ions in a cluster in the 1 at.% Nd3+: LaF3 
single crystal at T = 1.6K with the measured lifetime of the 4F3/2(1) crystal-field level. 

Type of optical 
center (OC) 

Measured 
lifetime τ, µs 

Rate of energy 
transfer in the pair of 
Nd3+ ions WDA, µs-1 

Calculated 
lifetime τ, µs 

N, number 
of ions in a 
cluster 

Single-site 789 - - 1 
Pair 457 9.29 104; τtr =10.8 µs 455 2 
Triple 320 meas

DAW  = 9.29 104 320 3 

Quad 229 9.29 104 246 4 
 
 
Another interesting result was experimentally observed after analysis of the 
fluorescence excitation spectra at the 4I9/2(1) → 4G5/2(1) transition with fluore-
scence detection at the 4F3/2(1) → 4I9/2(1) transition at 861.990 nm. The spectral 
dip between two spectral peaks with energy difference of 0.2 cm-1 demonstrates 
the entanglement of the 4I9/2(1) x 4G5/2(1) cooperative state of the Nd3+ ions in 
the Nd3+: LaF3 crystal (Fig.8). 
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Fig.8 Fluorescence excitation spectrum at the 4I9/2(1) → 4G5/2(1) transition and detected 
at the 4F3/2(1) → 4I9/2(1) transition at 861.990 nm. 

 
To confirm the formation of the entangled 4I9/2(1) x 4G5/2(1) cooperative state of 
the Nd3+ ions in the Nd3+: LaF3 crystal, the experimental spectrum (Fig.8) was 
compared to theoretically simulated shape of the spectrum of an entangled 
cooperative state. [50] 
 

4. Theoretical derivation of the entanglement state 
function for pair centers in LaF3: Nd3+ crystal 

Due to the difference in crystal field for different pair centers, the frequencies of 
the electronic transition in ions and the resonance interaction Γ in the pair 
optical centers can be different. The distribution function of the frequency of 
singlet-singlet electronic transitions in a single-ion optical centers in the case of 
the inhomogeneous field stemming from dipole-dipole interaction of ions with 
randomly distributed defects in the crystal lattice is Lorentzian [51]. 

The resulting spectrum of the optical 4I9/2(1) x 4I9/2(1) → 4G5/2(1) x 4I9/2(1) 
transition is described by the following formula 
 𝐽±(𝜔) = 𝐼଴௡ ∑ (భ∓ ೨ሜ೾)ം̄೙ഄ̄±ഏቆට|(ఠିఠ೙)మି௰బమ|ି௱బቇమାఌ̄±మ௡  (6) 

 
Here it is considered that the value of  is different for positive and negative 
ω- ωn and ωn is spectral positions of the line number n given by the energy 
difference of the participating states. 

ε
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For  the Boltzmann population factor factor 𝑒షℏഘ೗ೖಳ೅  for the singlet level 
in the ground state is very low and, therefore, transitions from this level are 
neglected. 
The  stands for the number of allowed optical transitions from the one-

exciton state presented in Table 2, 𝛾̄௡ = 𝛾଴′ (1 ± Г 𝛺⁄ )𝑒షℏഘ೙ೖಳ೅ , 𝑛 ≤ 8, and 
. , is the total rate of transitions 

from the one-exciton state, where  is the rate of transitions with the same 
direction of spin in both ground and excited states (transition without spin-flip, 
and  is the rate of transitions with changed direction of spin (transition with 
spin-flip). The rates of radiative transitions of the cooperative states can be 

expressed via the product of  or  and the factors  corresponds 

to the bright states, or  corresponds to the dark states (Table 2). If ቚ௱௰ቚ ≪ 1 then the bright states have radiative decay rate almost twice as large as 
for single-site optical center; the dark states are almost nonradiative. 
 

Table 2. The rates of radiative transitions of the cooperative state 
of the pair centers of the Nd3+ ion. 

Transitions Rates 
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Here Г is the resonance interaction parameter (Rabi frequency); Ω is the 
generalized Raby frequency determined as half-frequency difference between 
singlet (triplet) states; ω0 is the average frequency of the electronic transition in 
the pair optical center, Δ is the half-energy difference between states of ions in 
the pair. As the fluctuations of  and  are only partly independent, it is 
considered that  and , where  and  stand 

for the mean values of  and , respectively; ,  and  account for the 
variations of these quantities due to the interaction of the pair center with 
random crystal field:  accounts for the variations of  and for the mutual 
variations with , and  accounts for the variations of  independent from 
the variations of (Fig.9). 
 

 
Fig.9. Energy level diagram of the 4I9/2(1) x 4I9/2(1) → 4G5/2(1) x 4I9/2(1) transition for an 
exchanged coupled pair of the Nd3+ ions; here ω0 is the average frequency of the 
electronic transition in the pair optical center, Δ is the half-energy difference between 
states of different ions in the pair, Г is the resonance interaction parameter, k, k’ – shift 
between T0 and T1,2 states. 

 
 

The resulting theoretical spectrum fits well with the experimental one (Fig. 10) 
with the parameters used in [50]. 

Δ Γ
0 ξΔ = Δ + 0 λ ξ σΓ = Γ + + 0Δ 0Γ
Δ Γ ξ λξ σ

ξ Δ
Γ σ Γ
Δ



26 

 
Fig. 10. Fluorescence excitation spectra measured at the 4I9/2(1) → 4G5/2(1) transition 
and detecting at 861.990 nm at the 4F3/2(1) → 4I9/2(1) transition of the 1 at.% Nd3+: LaF3 
crystal at T = 1.6K. Red curve with crosses – experiment, blue curve – theory. 

 
The most important feature of the spectrum is the presence of a narrow dip in 
the line center. This dip is a consequence of the exchange interaction Γ; this 
interaction not only excludes the crossing of levels in an inhomogeneous crystal 
field, but also demonstrates the presence of the dark states of pair centers with |𝛥| ≪ |𝛤| at small negative values of . The difference between 
experiment and theory at the low-energy sideband can be attributed to a small 
contribution of the fluorescence of triple and quad optical centers with lower 
concentrations and lower fluorescence intensities compared to the pair center. 
 
 

5. The pair optical sites in the Nd3+: SrF2 crystal 
In this work, the spectral selection of at least two new types of pair optical 
centers of the Nd3+ ion similar to the M-type center in the Nd3+: CaF2 crystal has 
been carried out. 

The excitation spectrum of the one-exciton state of the M1 pair center in the 
Nd3+: SrF2 crystal at a temperature of 6.5 K shows three pronounced spectral 
peaks with a splitting of 3.0 cm-1 (Fig. 11c, right), while for the M center in the 
Nd3+: CaF2 crystal at 6.5 K this splitting is 2.2 cm-1 (Fig. 11c, left). The 
inhomogeneous splitting of the pair centers in the Nd3+: SrF2 crystal at T = 6.5K 
(two different types of pair M centers) was detected due to the significant 
difference in the lifetimes of the two types of pair centers, M1 and M2 (Fig. 
11d). The lifetime of the M2 pair center, τ = 259 μs (Fig. 11d, violet curve) is 
longer than that of M1 center, τ = 167 μs (Fig. 11d, red curve). The lumine-
scence spectrum of pair M2 centers (Fig. 11b) has a pronounced spectral peak at 
the 4F3/2(1) → 4I9/2(1) transition with a maximum at wavelength of 863.37 nm, 

0ω ω−
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that is, it is shifted by 0.07 nm to the longer wavelengths relative to the pair M1 
center (Fig. 11a). In the fluorescence excitation spectrum of the single-exciton 
state of M2 pair centers in the Nd3+: SrF2 crystal at T = 6.5 K, three spectral 
peaks are observed with an inhomogeneous broadening of each of them within 
1 cm-1 (Fig. 11c, violet curve). the total splitting of the M2 centers is 1.5 times 
less (2.0 cm–1) compared to the splitting of the M1 centers (3.0 cm–1). This can 
be related to the distance of the Nd3+ ions in the pair, since the greater this 
distance, the weaker is the electric quadrupole-quadrupole exchange interaction 
between them and the smaller the splitting of the one-exciton state. 

 

a)     b)  

c)    d)  

Fig. 11. Fluorescence spectra of two types of pair optical centers in 0.5% Nd3+: SrF2 at 
T = 6.5К detected at the 4F3/2(1) → 4I9/2 transition with zero gate delay at different 
excitation wavelengths: a) 578.398 nm, gate width of 1.1 ms (M1); b) 578.300 nm, gate 
width of 0.8 ms (M2); c) Fluorescence excitation spectra of the one-exciton 4G5/2(1) х 
4I9/2(1) states of the 0.5% Nd3+: SrF2 crystal at T = 6.5К when scanning tunable OPO at 
the 4I9/2(1) → 4G5/2(1) transition and detected: at 863.30 nm with the gate delay of 20 ns 
and gate width of 300 µs (М1) – red curve; and at 863.36 nm with the gate delay of 650 
µs and gate width of 350 µs (М2) – violet curve; d) Fluorescence kinetics of the 0.5% 
Nd3+: SrF2 crystal at T= 6.5К at different excitation and detection wavelengths: 
excitation at 578.353 nm, detection at 863.30 nm, τ = 167 μs (M1) – red curve, and 
excitation at 570.300nm, detection at 863.36 nm, τ = 259 μs (M2) – violet curve. 
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For the pair М1 center in the 0.5% Nd3+: SrF2 at T = 6.5K crystal, the up-
conversion luminescence excitation spectrum was measured (Fig. 12a, black 
curve) by scanning the dye laser at the 4G5/2(1) → 4I9/2(1) transition and 
luminescence detection at the 4D3/2(1) → 4I11/2(1) transition at 379.77 nm (Fig. 
12b). As in the case of the pair M center in the Nd3+: CaF2 crystal, upon 
excitation by only one tunable dye laser, only one pronounced spectral peak is 
observed when two excitation photons of the same frequency are in resonance 
with the two-exciton cooperative state 4G5/2(1) х 4G5/2(1), and the first photon 
from the pair is in resonance with the one-exciton cooperative state 4G5/2(1) х 
4I9/2(1). The inhomogeneous width of this line, which is at least two orders of 
magnitude larger than the homogeneous one [44], determines the energy spread 
in the position of the two-exciton state, which is approximately 1 cm-1. The 
splitting of two-exciton state in Nd3+: SrF2 at T = 6.5K caused by the magnetic 
dipole-dipole interaction is comparable with that in Nd3+: CaF2, which is  
~ 0.2 cm-1 [22, 47, 48].  
 
 

    a)    b)  

Fig. 12. a) Fluorescence excitation spectra of one- (4G5/2(1) х 4I9/2(1)) and two-exciton 
(4G5/2(1) х 4G5/2(1)) states of the pair M1 center in the 0.5% Nd3+: SrF2 crystal at T =  
6.5 K normalized to the area when scanning the tunable dye laser at the 4G5/2(1) → 
4I9/2(1) transition with a step of 0.0025 nm with zero gate delay and fluorescence detec-
tion at: 863.30 nm and gate width of 1100 µs − red curve; 379.77 nm and gate width of 
400 ns − black curve. b) Upconversion luminescence spectrum of the pair M1 center of 
the 0.5% Nd3+: SrF2 crystal at T = 6.5К excited at 579.397 nm with zero gate delay and 
the gate width of 500 ns. 

 

A confirmation of the larger distance in the M2 pair center is the longer lifetime 
of the 4F3/2(1) state, which is mainly determined by the incoherent electric 
dipole-dipole interaction in the Nd3+ - Nd3+ pair, and depends on the distance as 
1/R6 [25]. Using simple calculations, one can determine the ratio of distances 
between neodymium ions in pair centers of two types with different distance 
between ions.The fluorescence quenching rate of the 4F3/2(1) level of the Nd3+ 
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ion of the i-th pair center  is determined by the sum of the rates of radiative 
spontaneous decay and the rate of incoherent quenching in the pair  
[25] 

  (7) 

  (8) 
 

where  is a microparameter of the donor-acceptor interaction, which does 
not depend on the distance in a pair of neodymium ions. 

Assuming that  [25] and  (a necessary condition for 
the latter should be the equality of the rates of spontaneous emission in the 
donor and the absorption cross sections in the acceptor for both types of pair 
centers, i.e. , and ), the ratio can be determined 

 

 , (9) 

 

which gives . Assuming that the splitting due to the strong 
resonant exchange quadrupole–quadrupole interaction in a pair of neodymium 
ions in the one-exciton state is proportional to  [45], the ratio of splitting 
values in two types of pair M centers with different distances in the pair is 

, which agrees very well with the ratio 

obtained experimentally, . 
As in the case of the pair M center in the Nd3+: CaF2 crystals, the observed 

splitting of the one-exciton 4G5/2(1) х 4I9/2(1) state for the pair M1 and M2 centers 
in the Nd3+: SrF2 crystal is of the order of several cm-1. It is determined by 
strong resonance electric exchange interaction. The spectral linewidth of the 
two-exciton state 4G5/2(1) х 4G5/2(1) of the pair M1 center, like the pair M center 
in the Nd3+: CaF2 crystal, is determined only by the inhomogeneous broadening 
due to the absence of the electrical resonance exchange interaction between two 
excited Nd3+ ions [47, 48]. 

 
6. Two-exciton states of pair centers of Kramers Nd3+ ions 

in Nd3+-doped CaF2 crystal 
The strong crystal field of cubic symmetry resulting from the eight nearest F- 
ions splits the 4I9/2 state into three states: two quartets belonging to Γ8 
irreducible representations of the Oh symmetry point group, and one Kramers 
doublet belonging to Γ7 irreducible representations of this group. The Stark 
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splitting is several hundreds of cm-1 [14, 16]. The lowest energy state is a 
quartet of Γ8 irreducible representation. In the rhombic (C2v symmetry) crystal 
field of the M center it splits by 31 cm-1 into two Kramers doublets belonging to 
Γ5 irreducible representations of the point group C2v (see [16], Table 4.26)]. 
Thus, the ground state of the M-center is a Kramers doublet. The excited 4G5/2 
state splits in a field of cubic symmetry into one quartet Γ8 and one Kramers 
doublet of representation Γ7 with the energy difference of 181 cm-1 [16]. The 
state of representation Γ7 has lower energy; in the point group C2v it transforms 
in accordance with Γ5 irreducible representations and is responsible for the 
optical transitions observed here with the mean frequency  cm-1. 

The upconversion luminescence excitation spectra of the pair M center in the 
0.6% Nd3+: CaF2 crystal with biharmonic pumping were recorded at the 4D3/2(1) 
→ 4I11/2(1) transition. In each excitation spectra, distinct narrow peak was 
observed upon excitation into each energy sublevel of the one-exciton state and 
the sum of the energies of the resulting spectral peak and the fixed dye laser was 
2ω0 = 34520.2 ± 0.2 cm-1 (see, e.g., Fig. 13, dark green). 

 
 

  a) b)  

Fig. 13. a) Fluorescence spectra of pair optical M centers in the 0.6% Nd3+: CaF2 at T = 
6.5К at 578.357 nm excitation wavelengths detected with zero gate delay and gate width 
Δt = 400 ns at the 4D3/2(1) → 4I11/2 (1) transition. b) Fluorescence excitation spectra of 
the one- 4G5/2(1) х 4I9/2(1) and the two- 4G5/2(1) х 4G5/2(1) exciton states of the 0.6% 
Nd3+: CaF2 crystal at T = 6.5K measured by scanning OPO at the 4I9/2(1) → 4G5/2(1) 
transition: NIR fluorescence recorded at the 4F3/2(1) → 4I9/2(1) transition at 863.56 nm – 
orange curve; upconversion UV fluorescence recorded at the 4D3/2(1) → 4I11/2(1) tran-
sition at 380.98 nm: under excitation by tuned OPO – green curve; under simultaneous 
excitation by tuned OPO and dye laser fixed at 579.404 nm (shown by arrow) – dark 
green curve; Gaussian peak positioned at 579.331 nm according to ωdye + ωOPO=2ω0 – 
blue dashed curve. The position of ω0 is shown by vertical dashed red line. 
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The one-color excitation spectrum of NIR fluorescence has four well-pro-
nounced spectral peaks known from previous studies (Fig. 13b, orange curve) 
[22, 25, 45, 48]. For the laser pulse energy of up to 300 μJ, the intensity of all 
four peaks was proportional to the pulse energy, which indicated the absence of 
saturation. The estimated width of spectral peaks is about 0.5 cm-1, which 
exceeds more than twice the laser line width of 0.2 cm-1. This results from the 
inhomogeneous broadening and unresolved internal structure of the M-center 
absorption lines. The homogeneous width of fine-structure components is 
0.0017 cm-1 [44]. 

With single-color excitation to the one-exciton state, the M-center can 
absorb another photon of the same frequency. It leads to the formation of 
doubly-excited M center (two-exciton state), which can be monitored by the UV 
upconversion luminescence at the 4D3/2(1) → 4I11/2(1) transition of Nd3+ ions 
detected at 380.98 nm (Fig. 13a). The excitation spectrum of such an UV 
luminescence obtained in Nd3+: CaF2 using only one scanned OPO (Fig. 13b, 
green curve) is very similar to that obtained in [22] with the same sample. 

The one-color excitation band of doubly excited M-centers in Nd3+: CaF2 has 
maximum at 17260.5 cm-1 in one-photon scale. Contrary to the four-lines 
spectrum of the parent one-exciton state, the spectral band of doubly-excited M 
center has no detectable substructure. It agrees with previous experimental 
observations [22]. 

The absorption spectra of M centers under two-color laser excitation were 
examined in [48] using pump-probe technique. Here a similar two-color dye 
laser and OPO excitation scheme is applied, but controlled the intensity of the 
UV luminescence, resulting in a much higher sensitivity. Besides, in this case 
both laser sources had comparable pulse energy. This made it possible to initiate 
several one- and two-color excitation channels involving various combinations 
of absorbed photons. The pulses of both light sources overlap in time and their 
intensity maxima coincide.  

One of the examples of two-color excitation spectra obtained when the dye 
laser was fixed at the position of the spectral peak at 579.404 nm, which 
corresponds to the lowest of the four energy levels of one-exciton state (Fig. 
13b, orange line). The two-color excitation spectrum has one well pronounced 
sharp spectral peak (Fig. 13b, dark green line). This spectral peak is an analogue 
of the anti-hole observed in absorption spectra of Ref. [48], where it appeared as 
a result of the laser-induced excited state absorption. The most intense part of 
the peak near maximum is reproduced well by a Gaussian profile positioned at 
17261.3 cm-1 with the width of 0.4 cm-1 FWHM, the latter being the instru-
mental width of two-color excitation (Fig.13b, dashed blue curve). In absorption 
experiments [48], the antihole was shifted in the absorption spectrum when the 
laser was fixed on another peak of the M center, but the sum of the laser and 
antihole position energies remained constant. The same behavior was observed 
here.  The spectral maximum at 579.330 nm (ω = 17261.3 cm-1) has the energy 
that, in combination with the dye laser, gives the energy of two exciton state 
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2ω0 = 34520.4 cm-1. The corresponding position of ω0 = 17260.2 cm-1 is shown 
in Fig. 3 by vertical dashed line. 

In addition to sharp peak governed by ωdye +ωOPO =2ω0  equation, there are two 
broad excitation bands from both sides of the peak (Fig. 13b, dark green line). 
Such bands were not observed in absorption experiments [48]. Here, they are the 
result of other excitation channels initiated by intense biharmonic excitation. 

In general, four excitation channels leading to biexciton formation are pos-
sible under biharmonic pumping by fixed dye and tuned OPO (Fig. 14). Two 
types of the excitation pathways involve the combinations of dye+OPO and 
OPO+dye photons shown in Figs. 14a and 14b. Direct two-photon processes 
(Fig. 14a) proceed via one-exciton state sublevels without other intermediate 
processes, while the pathways in Fig. 14b involve phonon-induced population 
redistribution between one-exciton state sublevels [52]. 

 
 

 
Fig. 14. Energy level diagram of M centers in Nd3+: CaF2 with the main channels of 
two-photon excitation for the formation of biexciton: (a) – direct two-color excitation by 
dye+OPO and OPO+dye; (b) – two-color excitation by dye+OPO and OPO+dye 
involving population redistribution between one-exciton state sublevels; (c) – single-
color excitation by OPO+OPO involving population transfer between one-exciton state 
sublevels. 

 
The other two of four excitation channels are single-color ones resulting from 
the combinations of two photons with equal energies as OPO+OPO and 
dye+dye. For the fixed dye laser, the latter channel can be neglected since it 
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adds only a constant background, if any, to the spectra. Therefore, only 
OPO+OPO will be considered as the actual one-color excitation pathway. 

The process dye+OPO is just the process responsible for the formation of 
sharp peak considered above. For another two-color channel OPO+dye, the sum 
energy of two photon is the same, but another one-exciton sublevel is involved 
at the first step of two-photon absorption (Fig. 14a). Since OPO is scanned over 
all the spectral range of one-exciton state, it results in the formation of broad 
excitation band in the detected spectra. In particular, this channel is responsible 
for the formation of high-energy wing of the main peak. 

The processes of two-photon excitation (Fig. 14a) are associated with the 
excitation of an intermediate one-exciton state. However, for any selected 
sublevel there is always the possibility of redistribution of the population over 
other nonresonant sublevels due to non-radiative processes associated with the 
absorption and emission of phonons [22, 45]. As a result of two-phonon Raman 
processes [52] all other sublevels become involved into the excitation of two-
exciton state (Fig. 14b). Even though it is less effective channel than the direct 
two-photon excitation (Fig. 14a), it contributes to the detected upconversion 
excitation spectra. 

 
 

 
Fig. 15. Energy level diagram illustrating the excitation and detection of upconversion 
luminescence of the pair M center in the Nd3+: CaF2 (left) and M1 center in the Nd3+: 
SrF2 (right) crystals. The one-exciton levels consist of four bright and four dark 
sublevels; the energies of two bright sublevels almost coincide; the energies of three 
dark sublevels also almost coincide with the energies of bright sublevels (for more 
details, see below the theoretical model of electronic states of the M center). 
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Furthermore, the processes involving intermediate population redistribution are 
responsible for the formation of specific excitation band near ω0 registered 
under one-color excitation (Fig. 16, green curve). Such band, resulting from 
OPO+OPO process, is present in all the detected one- and two-color excitation 
spectra. In particular, the upconversion peak (Fig. 16, green curve) results from 
the excitation of the most intense peak in the one-exciton spectrum followed by 
relaxation to neighboring lower-lying level (Fig. 14c). Further absorption of 
another photon gives exactly the total excitation energy of 2ω0 leading to the 
formation of the two-exciton state. 
 
 

 
Fig. 16. Time-resolved fluorescence excitation spectra of 0.6% Nd3+: CaF2 crystal at T = 
6.5K measured by scanning OPO at the 4I9/2(1) → 4G5/2(1) transition: NIR fluorescence 
recorded at the 4F3/2(1) → 4I9/2(1) transition at 863.56 nm – orange curve; upconversion 
UV fluorescence recorded at the 4D3/2(1) → 4I11/2(1) transition at 380.98 nm: under 
excitation by tuned OPO – green curve; under simultaneous excitation by tuned OPO 
and dye laser fixed at 579.344 nm (shown by arrow) – blue curve. The position of ω0 is 
shown by vertical dashed line. 

 

When the fixed position of the laser is detuned from any maximum of the one-
exciton band towards nearby minimum, the intensity of the sharp peak rapidly 
decreases, since the number of corresponding M centers in the wings of the 
inhomogeneously broadened lines is greatly reduced. An example of UV exci-
tation spectrum obtained with dye laser fixed in one of the minima of excitation 
band is shown in Fig. 16, blue curve. In this case, the excitation profile is 
obtained due to predominance of one- and two-color OPO+OPO and OPO+dye 
processes, while no sharp peak from the dye+OPO process is detected. 
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V. SUMMARY 

The goal of the thesis was to study various fluoride crystals such as LaF3, CaF2, 
SrF2 doped with Nd3+ ions using laser site-selective and kinetic spectroscopy, 
and to study the entangled quantum state of the pairs of Nd3+ ions. The 
following results were obtained:  
1) Several previously undescribed optical centers of Nd3+ in LaF3, CaF2, SrF2 

crystals were discovered and described for the first time, including 
a) pair, triple, and quad optical centers of the Nd3+ ions in the 1% Nd3+: 

LaF3 crystal at T = 1.6K including the development of the method for 
determination of the number of ions in the cluster optical centers in the 
1% Nd3+: LaF3 crystal at 1.6K via the measured lifetimes determined 
from the selective fluorescence decay kinetics of the metastable 4F3/2(1) 
crystal-field level; 

b) the nearly cubic sites of the Nd3+ ion with a symmetry close to Oh with a 
very long radiative lifetime of the 4F3/2(1) crystal-field level (τR = 13.6 
ms) were found in an Nd3+: Na+: CaF2 single crystal at T = 7 K using 
time-resolved site-selective laser spectroscopy; an optical site with a 
radiative lifetime of τR = 8.5 ms was found and assigned to have the C2v 
symmetry, when the Na+ ion replaces the Ca2+ ion in one of the positions 
adjacent to the Nd3+ ion in order to compensate the additional charge; 

c) two types of the pair centers denoted as M1 and M2 in the Nd3+: SrF2 
crystal at T = 6.5 K, were found, spectrally shifted relative to each other 
by about 2 см-1. 

2) Time-resolved site-selective laser spectroscopy of the Nd3+: CaF2 crystal 
confirmed the splitting of the one-exciton 4G5/2(1) x 4I9/2(1) state of the pair 
M center of Nd3+ ions into four sublevels, at low temperatures with an 
energy difference ~1 cm-1, and a significant inhomogeneous splitting of 
several cm-1 of the one-exciton state of the pair centers of the Nd3+ ions in 
the Nd3+: SrF2 crystal. 

3) It was demonstrated for the first time that the Judd-Ofelt approach gives not 
only the rates of radiative relaxation of excited states of a rare-earth ion in 
different crystal matrices, but also a difference in the rates of emission of an 
excited state in different optical sites of the same ion in the same crystal 
matrix. 

4) It was shown that the reason for the observed splitting of the one-exciton 
state in the Nd3+: SrF2 and Nd3+: CaF2 crystals is a strong resonance ex-
change of electronic excitation between two Nd3+ ions in a pair. Spin-orbit 
interaction allows this exchange of electronic excitation between Nd3+ ions 
in the M center to occur with spin flip. 
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SUMMARY IN ESTONIAN 

Nd3+ ioonide optilised tsentrid ja kvantpõimitud seisundid 
dopeeritud fluoriid-kristallides 

Doktoritöö eesmärgiks oli laserkohtselektiivse ja kineetilise spektroskoopia abil 
uurida erinevaid Nd3+ ioonidega dopeeritud fluoriidi kristalle (LaF3, CaF2, SrF2) 
ning uurida Nd3+ ioonide paaride põimunud kvantseisundit. Saadi järgmised 
tulemused: 
1) Esimest korda leiti ja kirjeldati mitmeid varem kirjeldamata Nd3+ optilisi 

tsentreid LaF3, CaF2, SrF2 kristallides, sealhulgas: 
a) Nd3+ ioonide optilised paari-, kolmik- ja nelik-tsentrid 1% Nd3+: LaF3 

kristallis T = 1,6 K juures, sealhulgas meetodi väljatöötamine ioonide 
arvu määramiseks klastri optilistes tsentrites 1% Nd3+: LaF3 kristallis 
temperatuuri 1,6 K juures mõõdetud eluea kaudu, mis on määratud meta-
stabiilse 4F3/2(1) kristallivälja seisundi selektiivse fluorestsentsi lagu-
nemise kineetika põhjal; 

b)  kasutades aeglahutusega kohtselektiivset laserspektroskoopiat leiti Nd3+: 
Na+: CaF2 monokristallis temperatuuril T = 7 K Nd3+ iooni peaaegu kuubi 
sarnased saidid, mille sümmeetria on Oh-le lähedane ja mille kiirguse 
eluiga on väga pikk 4F3/2(1) kristallivälja seisundi korral (τR = 13.6 ms); 
leiti optiline koht kiirguse elueaga τR = 8.5 ms ja määrati selles C2v 
sümmeetria, kui Na+ ioon asendab Ca2+ iooni ühes Nd3+ iooniga külg-
nevatest positsioonidest, et kompenseerida lisalaengut; 

c)  leiti kahte tüüpi paaritsentreid, mis on kristallis Nd3+: SrF2 temperatuuri  
T = 6,5 K juures tähistatud kui M1 ja M2 ja spektraalselt nihkunud üks-
teise suhtes umbes 2 cm-1 võrra. 

2)  Nd3+: CaF2 kristalli aeglahutusega kohtselektiivne laserspektroskoopia kin-
nitas Nd3+ ioonide paari M-tsentri 4G5/2(1) x 4I9/2(1) ühe-eksitonilise seisundi 
jagunemist neljaks alamnivooks madalatel temperatuuridel energia erinevu-
sega ~1 cm-1; ja Nd3+ ioonide paaritsentrite ühe-eksitonilise seisundi olulist 
mittehomogeenset jagunemist mitme cm-1 suurusjärgus Nd3+: SrF2 kristalli 
korral. 

3) Esimest korda demonstreeriti, et Judd-Ofelti lähenemisviis ei anna mitte 
ainult haruldaste muldmetallide ioonide ergastatud olekute kiirgusrelaksat-
siooni määrasid erinevates kristallimaatriksites, vaid ka erinevust ergastatud 
oleku emissiooni kiirustes sama iooni erinevates optilistes kohtades samas 
kristallmaatriksis. 

4) Näidati, et Nd3+: SrF2 ja Nd3+: CaF2 kristallides täheldatud ühe-eksitonilise 
seisundi lõhenemise põhjuseks on elektroonse ergastuse tugev resonants-
vahetus kahe Nd3+ iooni vahel paaris. Spin-orbiidi interaktsioon võimaldab 
seda elektroonilise ergastuse vahetust Nd3+ ioonide vahel M-tsentris spinnide 
pööramise korral. 
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