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List of abbreviations

RE
NP
MR
TEM
LLS
CS
CCR
OPO
PMT
ICCD
PHL
CF

au

rare-earth

nanoparticle

multiphonon relaxation
transmission electron microscopy
Laboratory of Laser Spectroscopy
cryosystem

closed cycle refrigerator

optical parametric oscillator
photomultiplier

intensified charge-coupled device
photoluminescence

crystal field

arbitrary unit



1 Introduction

Regardless of the huge progress made in the scamtmedicine, cancer is still among the
leading causes of mortality worldwide and the nundfenew cases is expected to rise by about
70% over the next 20 years [1]. The rare-earth doyamoparticles (NP) can be used for photo-
induced heating for hyperthermia, possibly suitdbtdocal heating of cancer cells for
noninvasive treatment. The idea is to heat theearth doped nanopatrticles in the process of

multiphonon relaxation of the optical excitatioreegy [2].

A good candidate as the dopant iNidn. It has a high absorption cross-section in the
transparency window of biological tissues and c@lét be used as a biomarker [3]. Thed.aF
crystal matrix with a maximal phonon energymax. = 400 cm' [4] is chosen as the host for
Nd®* ions. In this configuration three phonons willdge the energy gap for tRdo + *Fs2 —

4Fsptransition during the multiphonon relaxation. [4]

The aim of this work is to investigate the influeraf laser excitation wavelength on heating of
the N&*:LaFs nanoparticles as the result of multiphonon relaxatFor this the 2 at% NéLaFs
nanoparticles were first synthesized and then studsing fluorescence emission spectroscopy.
The method to study the dependence of heatingeofdite-earth doped nanoparticles on the
wavelength of optical excitation is developed. dndsing, both He-bath cryostat and closed
cycle refrigerator, with a cold finger inside thecuum chamber, were used to cool the powder
of the 2 at% N&':LaF; nanocrystals down to 10 K and the fluorescencetspef the'Fs/; —

41912 transition were measured under laser pulses afadparametric oscillator at 522, 577.5 and
789 nm excitation wavelengths (respectively in®*B7/2, “Gs;» and?Ho/2+ *Fs/2 level). Then the
temperature was gradually increased up to 175 Kewheasuring fluorescent spectra at different
temperatures. Also different time gates were useitevimeasuring the fluorescence spectra. As
the last part of the work the data was collected¢cgssed and analyzed.

All parts of this work other than the synthesigh# nanocrystals and TEM imaging were done

by the author with the instructions from the sujpsK



2 Overview of the field

2.1 Temperature effect on emission spectra

The zero-phonon line and the phonon sideband ¢otesthe line shape of individual light
emitting molecule doped into a solid matrix. A pbans a quantized mode of vibration
occurring in a rigid crystal lattice. When the nbatrontains many fluorophores, each of them
contribute a zero-phonon line and a phonon sidebaiite emission spectra. The emission
spectra originating from a collection of identiflalorophores in a matrix is said to be
inhomogeneously broadened, because each fluoroghsuerounded and modified by a slightly
different matrix environment. The difference inansity between the zero-phonon line and the
phonon sideband strongly depends on the temper&tomever, in the RE (except for ¥

ions doped crystals due to super-weak electron-@mnooupling the phonon sidebands are
extremely weak comparing to zero-phonon linesAbjery low temperatures (near absolute
zero) the zero-phonon lines can become extremetpwaand the effect of inhomogeneous

broadening is well pronounced [6].
2.2 Multiphonon relaxation

Rare-earth (RE) ions commonly present a rich enkenggl diagram and doping them into
dielectric materials leads to the presence of gnlengels in the band gap. In cancer treatment
research the rare-earth doped nanoparticles ateedtmainly for possible application in
bioimaging the cancer tumor. Another prospect chglgphoto-induced local heating of the

cancer cells for hyperthermia. [4, 7]

The idea of heating nanopatrticles is centered erpthcess of multiphonon relaxation (MR) of
the optical excitation energy in the rare-earthatbprystals. The MR actually is a negative
effect to fluorescent properties of materials beeaticompetes with radiative relaxation, but it

can be used as a positive effect for nanoscalerse§f]

In the single frequency model of lattice vibratidhe rate of multiphonon relaxation is raised by
one or two orders of magnitude just by a decreapbanon numbep by one bridging the
energy gap\E

_AE
hweff ’

p



whereAE is the energy gap between two electronic levels/ang stands for effectivehonon
energy in single frequency model of lattice vibwas. If phonon number is equal or less than
three, then the MR almost completely dominatedltleeescence, because the rate of
multiphonon transition is on the nanosecond orgecond time scale while the spontaneous
emission rates is 20- 10’ times slower for the rare-earth ions. [2]

2.3 The requirements for the nanoparticles

The biomedical application sets strict requireméntshe nanoparticles. They must absorb in
the transparency window of biological tissue (750800 nm) and if used for bioimaging, also
emit in that region. The NPs need to be water dgiple, since the internal media of human

organism is aqueous. The size of the particlesdbs less than 10@m in diameter and have a
narrow size distribution to have high cellular lygaThey also need to be nontoxic and have

high crystallinity. [8]

The N&*:LaFs particles, which normally are studied for bioimagapplication, are reported to
be biocompatible, but the size of the particles thedwater dispersibility is strongly dependent
on method of the synthesis. One method to syntbesiiable particles is to use the microwave-
hydrothermal technique described in Refs. [3, 8 Nd* ion qualifies for both hyperthermia
and bioimaging. It can be excited at the beginmihgear-infrared region into tHélg2 + *Fs/2

level (~790 nm) and has thremission bands in the transparency window of bickigissue,

the *Faz — %lorz, *Farz = *l11/2, and*Fsz = “1zptransitions. [9]



3 Material and methods
3.1 The LaFs nanocrystals doped with N&* ions

For the synthesis of the 2 at% NdlaF; nanoparticles solutions of La(NJ@ 6HO and

Nd(NOs)s: 5HO were prepared in 10 ml of deionized water, as agethe solution of NEF in

30 ml of deionized water. After that the soluti@isitrates were added dropwise to the solution
of fluoride under vigorous stirring and left undgirring for 15 min. The freshly precipitated gel
was diluted in the mother solution with 10 ml ofatezed water. In order to increase the
dispersibility of the resulting nanoparticles tloelisim citrate tribasic dehydrate was added to the

rare-earth nitrates solution mixture before thepyetipitation.

Then the gel was transferred into the 100 ml Teffamoclave and exposed to microwave-
hydrothermal treatment (20T, 4 hours) using Berghof Speedwave-4 laboratomjcde(2.45
GHz, 1 kW maximum output power). After the treatmtre sample was centrifuged, washed

several times with deionized water and air-drietiCG2°C for 2 hours.

The size and shape of synthesized 2 at%*NaF nanoparticles were characterized with
transmission electron microscopy (TEM) (FigureTlhe size of nanoparticles is within the range
of 20 and 50 nm.

Figure 1. TEM picture of aggregated NdlaFs nanoparticles. The particles are mostly in the
size of 30-40 nm.



3.2 Experiment setup

The experiment was conducted in Laboratory of L&gpactroscopy (LSS) in Institute of

Physics. Two different setups, which differ the maghe method of cooling the sample, were
used to measure the spectra. One method used haditlmand the other cold finger in the
vacuum cryostats to refrigerate the sample. In baties the pulsed laser excitation of the optical
parametric oscillator (OPO) Ekspla NT342/1/UMEH15 nsf = 20 Hz) was used.

In case of helium bath method the UTREKS-LSO crgtay (CS) was used (Figure 2). The
sample is cooled by helium vapors and the temperadetermined by controlling the flow of
gas and by the heater. The long-pass filter BLPR7g&emrock) was attached before the front
slit of the monochromator to block the scattergttliof laser excitation. The fluorescence was
dispersed by the MDR-23 LOMO monochromator andaeteby the photomultiplier (PMT)
Pheu-79 in the photon counting mode using LabJa&ka&fa acquisition unit (for spectra) or
multi-channel analyzer MCA Series/P7882 (for flismence kinetics) with 100 ns time

resolution.
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Figure 2. Scheme of using the helium bath cryosysted PMT.

In the other case Janis closed cycle refriger&@R) system was used (Figure 3). CCR system
does not require liquid helium as a source of cgplHelium gas is compressed and expanded in
a closed loop and during each expansion phasejsheatoved from the cold finger and the
sample mounted on it, which are located in a vacabnamber. A heater and thermometer
installed on the cold finger are used to contrelshmple temperature. As this was the first

experiment done on Janis CCR in LSS, the capasiland limitations of the apparatus were not



really well know yet and a lot was learned aboetgbtup, that will be used in future works. The
sample was excited by nanosecdtaser pulses from OPO and the same long-passHiliBr
785R was used before spectrograph Andor Shamrdik Be fluorescence was detected by

Andor iStar intensified charge-coupled device (IQCD
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Figure 3. Scheme of the experiment setup with Ja@R and Andor iStar ICCD.

3.3 The experimental

First the photoluminescence (PHL) spectra of theparticles were measured in helium-bath
cryosystem using 577.5 nm laser excitation at 18fker that we measured the fluorescence
kinetics at different excitation laser wavelengtlesected at the most intensive emission spectral
line to do site-selective spectroscopy. Then theptrature dependence of the spectral line width

was measured at 50 and 100 K.

Next we changed to Janis CCR and cooled the samhopla to 10 K. PHL spectra were
measured at different excitation wavelengths: 522,5, and 789 nm. For each excitation two
different time gates were used. One was with zetaydand Sus width (o = O us, At = 5 us) just
after laser excitation and the other with 2@0delay and 100s width (o = 200us, At = 100us).

The temperature dependence of spectra were measitihetthe step o0 K till 100 K and then
with 25 K step up to 175 K. At all temperatures tNfferent time gates were used: zero delay
with 10 us width (o= Ops, At = 10pus) and 20Qus delay with 10Qus width ¢p = 200us, At =
100ps).



4 Results and analysis

4.1 The spectrum and energy levels
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Figure 4. A fluorescence spectrum of 2 at%NtaF; at 10 K measured with two different
setups: He-bath cryostat and cold finger cryostadak. The same numeration is used in the
whole work to identify the spectral lines. The ¢aton wavelength for curve 1 is 789 nm into
the?Ho2 + *Fs12 level and for curve 2 it is 577.5 nm into ti@2 level. Theheating due to the
multiphonon relaxation can be seen on curve 1.

To identify the transitions, the spectrum measuvid ICCD and cooled with CCR (Figure 4,
curve 1) is compared with the Ref. [4]. Our detestnsitivity drops rapidly before 900 nm, but
one optical transition is expected to be aroundr@@1which in our case is not detectable, but is
still marked in Table 1 and 2.

In Ref. [4], it is stated that peaks 1’ and 3’ aot¢ presented at liquid helium temperature and our
helium bath experiment confirmed that (Figure 4yelR). This indicates that their origin is the
optical transitions from the second crystal figlF] level of theé'Fs> manifold, which is

populated at temperatures higher than 10 K. Thietliat they are presented on spectrum 1
(Figure 4, curve 1) shows that the temperaturb@®tat% N&': LaFs sample is higher than the
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temperature of cold finger for Janis CCR setupK)LOThis is caused by multiphonon relaxation

from the®Hg/2 + *Fs/2 level to the*Fs;» metastable level and will be discussed later (&ap4
and 4.3). The spectral lines 1, 2, 3, and 4 (Figyrare connected with tHEs2(1) = *los

transitionsand can be thereby used to determinestiergies for thélo., crystal field levels

(Table 1).

Table 1. Crystal field levels for tH&/> manifold in the 2 at% Ni: LaF; nanoparticles.

Level

HarA(1)

NaiA(2)

aA3)

NorA4)

H9iA(5)

Energy (cnt) 0

45

99

141

~500

Table 2. Optical transitions in the 2 at%°Nd.aFs; nanoparticles and theénergies and
wavelengths.

Number Transition Energy Difference with referenceé Wavelength
(cm) (cm) (nm)
1 F32(2) - %oz (1) 11635 -3 859.5
1 Fa(1) - %oz (1) 11596 +1 862.4
2 Fa(1) - %oz (2) 11551 +4 865.7
3 Fa2(2) - Yloi2 (3) 11497 +2 869.8
3 (1) - Yloi2 (3) 11455 -1 873.0
4 AFa2(1) = Yorz (4) 11310 +5 884.2
5* Fa2(1) - Yloi2 (5) ~11100 ~901

*The last line is not visible on the spectrum, hessthe transition is outside the spectral

range of the detector used.
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Figure 5. The energy levels for Ridn the Lak bulk crystal taken from Ref. [4]. Blue arrows
show the excitation wavelengths used and the medvarshow the transitions that are detected in
the emission spectrum (Figure 4, curve 1). Gresheharrows show the multiphonon
relaxation process and number of arrows indicdtesiwtmber of phonons emitted in the
transition between the energy levels. Note thatrdmesitions 1’ and 3’ start frofiiFs2(2). The
transition®Fs2(1) — “lar2 (5) is outside the spectral range of the deteantdris not visible on the
spectrum.

Compared Figure 5 with Table 2 a conclusion camhde that the CF levels for bulk NdLaFs
crystal and nanocrystals are the same.
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4.2 Fluorescence kinetics

To measure the fluorescence decay curves the sasngpteited with 577.5 nm into tH&s»

level and the time dependent spectra are meastfiee different wavelengths (862.3, 862.5,
862.8, 863.3 and 863.4 nm) on the main spectral(time*Fs/2(1) - “l9/2 (1) transition) with
spectral resolution 1.6 ch(0.12 nm) (Fig. 6). Although the spontaneous eimiskfetimes
determined from the slopes of late stages of tineesuare close tor = 500us, it is clearly

visible that the time profiles of the curves at ithiéal stages are different. Thus we can say that

we are dealing with different types of optical @@stand the spectral line is inhomogeneously

broadened. [5]

[ —— det 862.3nm
det 862.5nm
det 862.8nm

det 863.3nm

det 863.4nm

14000

862.8 nm
e 1

12000
0.1

10000
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8000
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862.3 nm
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4000
1E-3

2000

T T T T T T T T T T T - .
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Figure 6. Graph a) shows the spectral line detemtéiae*Fs/2(1) — *lo2 (1) transition in the 2

at% Nd*:LaFs nanoparticles at 10 K in He-bath CS with specetablution 1.6 cm (0.12 nm)
and thedetection wavelengths for the fluorescence kingticaph b) shows the fluorescence
kinetics. A 577.5 nm laser excitation wavelengtio ithe*Gs. level was used. The decay curves
are normalized to the maximal intensity for bet@mparison.

4.3 Comparison of spectra from two different cryosysters
As already seen (Figure 4) when cooling the samyite Janis CCR the spectrum is not as
narrow as in case of cooling with He-bath CS altiofor both cases the temperature was set to

be 10 K. The presence t#s2(2) - *loi2 (1) and*Fs2(2) — “lor2 (3) transitions (Figure 4, curve 1)

indicates that the actual temperature of the samplanis CCR is significantly higher.

13
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Figure 7. Three fluorescence spectra of 2 at%"INdF; nanoparticles, normalized to unity area,
demonstrates the effect of heating the sampleiposi on cold finger of Janis CCR in the
vacuum with exciting radiation. The measurementewiene at 10 K of cold finger using the
excitation of 577.5 nm into tH&s/> level and 789 nm intéHg/> + *Fs2 level.

Two spectra (Figure 7, curve 1 and 2) measuredendifferent cryostats at the same setting
temperatures (T = 10 K) with laser excitation itlte*Gs. level ¢ex. = 577.5 nm) are remarkably
different. The spectral lines of the 2 at%°NHaFs nanoparticles mounted on the cold finger of
Janis CCR are broader than they are for the sammpaéticles inside He-bath CS. This may be
the evidence of higher temperature of the samglegol on the cold finger of Janis CCR.
Another indicator of increased temperature is tlesgnce of spectral lines 1’ and %F4(2) -
Yoz (1) and*Fsi2(2) — *lo2(3)) (Figure 7, curves 2, 3), which do not existtloa spectrum
measured in helium vapors (Figure 7, curve 1)h&ntelium bath the heating of the sample by
multiphonon relaxation is insignificant becausdaumalvapors remove the heat from the sample

much faster than the cold finger.

When comparing two spectra both measured insids TR, we can see that when using 789
nm excitation intdHe/2 + *Fs/2 level the effect of heating is lower (Figure 7pvau3), but still

evident compared to He-bath method. This indictitasthe sample does not heat so

14



significantly by the phonons emitted from the lowgéng ?Hg/2 + *Fs2 mixed energy level than it
is when using higher energy excitation into 1@ level. The effect that different excitation
wavelengths have different influence on the spectofithe 2 at% N#:LaFs nanoparticles will
be discussed in more details in chapter 4.4.

a ——1 - He-bath CS exc 577.5nm b _ : )
—— 2 - Cold finger exc 789nm Helium bath exc 577.8nm
—— Cold finger exc 789nm
0.4 50K
100K
0.2
= =
& 8
= =
o 0.2 ko)
£ £
0.0
0.0
T ol Todor T o dirT ol T Tl ol Tl T T edn T ol o el ™ b ol e ol Tt Y
856 858 860 862 864 866 868 870 872 874 856 858 860 862 864 866 868 870 872 874
Wavelength [nm] Wavelength [nm]

Figure 8. The fluorescence spectra of the 2 at%:Nal nanoparticles, normalized to unity
area. The comparison of two different cryostatsCaK (a) and 100 K (b) temperature.

If comparing two different cryostats at 50 and K0o@mperatures (Figure 8), then we can see
that the linewidths of the main peak and the irt@ssof peaks 1’ (at 860 nrffs2(2) — 4o

(1)) and 3’ (at 870 nnfFs2(2) - *lo2(3)) are similar for two different cryostat methodiis

tells us that the temperatures in two cases aghigithe same and the effect of sample heating
by the phonons emitted in the nanocrystals is igpifecant comparing to the heating by the

oven of the cryostat.
4.4 Different excitation wavelengths

To see how the excitation wavelength affect thenféactor and width of the spectral lines of the
2 at% Nd*:LaFs nanoparticles their fluorescence spectra are measn Janis CCR using three
different excitation wavelengths at 10 K of coldder: 522 nm (into th&Gz.; level), 577.5 nm
(into the’Gsy2 level), and 789 nm (into théle2 + *Fs2 mixed level). Two different time gates
were used. An early gate, which was set to medhkerspectra just after the excitation (gate
delaytp = 0 and gate widthAt = 5us) and a late gate that measure the fluorescercérsm

starting at 20Qus after the excitation laser puldg £ 200us, At = 100pus).
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From the spectra measured with the early date Q us, At = 5us) (Figure 9) it is seen that the
different excitation wavelengths have a strongatféa the spectral shape. For 789 nm excitation
wavelength into théHo2 + *Fs2 mixed level, which is the lowest energy levellud € at%
Nd®**:LaFs nanoparticles being excited in our experimentsiectral lines (Figure 9, curve 3)
responsible for transitions frofffs/2(1) to *lo2 (1) and*les2 (2) are significantly narrower than for
the other two excitation wavelengths. Also thearafi spectral peaks 1’ and 1 intensities
(transitions from the second and first crystaldikevels of théFs» manifold to the!lo (1) CF

level) is visibly lower than for two other curv@dis according to Eq. (7) (see below)
demonstrates the lower temperature of the sample.

0.4 - 1

—1-522nm
—2-577.5nm
— 3 -789nm

Intensity [au]

] y I : ] . I U 1 X 1 : I "
856 858 860 862 864 866 868 870
Wavelength [nm]

Figure 9. The fluorescence spectra of the 2 at:Nal nanoparticles at 10 K of cold finger in
Janis CCR using the excitation at 522, 577.5 adni8 (respectively into th&7/,, *Gs2 and
2Hg12 + *Fs12 level) and the early time gat® € O us, At = 5us). The increase in linewidths and
ratio of spectral peaks 1’ and 1 intensities shioat higher excitation energy will cause the
temperature of the nanopatrticles to be increased.

For two higher energy excitations into @y, and*Gs» level (excitation wavelengths 522 and
577.5 nm) the difference in spectra (Figure 9, ear® and 3) can only be seen in the ratio of the

16



intensities of spectral lines 1’ and 1, whereas tireewidths are almost equal. The difference in
ratio shows that for the highest excitation enehgytemperature of the 2 at% NdaFs

nanoparticles is the highest.

The heating of the nanoparticles is caused byaobethat after excitation the cascade
multiphonon relaxation takes place, whereby the@@nes transformed to heat in form of
phonons. The process of relaxation process isfastyand therefore occurs just after the
excitation and before the fluorescence. The higdtre energy of excitation, the more heat is

produced.

The same effects can be seen on the spectrum ¢Fl@ymeasured with late gate£ 200us,
At = 100us). Another thing to notice is that all the spddirees are remarkably narrower and

peaks intensity ratio lower than for the early ¢diable 3).

0.6
i —1-522nm
—3-789nm

0.4 -

0.3 1

Intensity [au]
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| |
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Figure 10. The fluorescence spectra of the 2 at$6:NaF nanoparticles at 10 K of cold finger
in Janis CCR using the excitation5@&2, 577.5 and 789 nm (respectively into 4Be, “Gs/2 and
2Hg/» + *Fs12 level) and the late time gate € 200us, At = 100yus).

17



Table 3. The FWHM values of the main spectral ne ratio of the spectral lines intensities at
859.5 and 862.4 nm (maxima) (t#&2(2) - “lor2 (1) and*Fa/2(1) — *lor2 (1) transitions) at
different excitation wavelengths and time gate.

Excitation FWHM (cmiY) | FWHM (cm?) Ratio Ratio
wavelength (nm) Early gate Late gate Early gate Late gate
522 18.6 12.4 0.231 0.190
577.5 17.9 12.2 0.160 0.148
789 12.6 10.4 0.088 0.070

The fact, that both the early gate and higher akon energy cause the linewidths to be broader,
is a sign of higher temperature than the settingprature and is caused by multiphonon
relaxation. A 20Qus delay makes possible to see the effect of coaoliige 2 at% N&f:LaFs
sample after heating by crystal lattice phonons.tRe excitation by 522 nm into tfi€72 level

and 577.5 nm wavelength into tf@s2level it is seen (Figure 10) that the sample is Eled
than at 789 nm excitation into tRidy» + *Fs> mixed level, because otherwise the FWHM of the
main spectral line would be equal for both cades. ot cooled to theame temperature as for

lower energy excitation because it is heated mareg the multiphonon relaxation.

If keeping in mind that larger FWHM and higher tala intensity of the 859.5 nm pe&lE{(2)
- 4912 (1)) indicate higher temperature of the sample the things become clearly visible

from Table 3:

1. High energy excitations heat the sample enoughaoge the spectral form factor and
lines widths.

2. The higher is the excitation energy the strongéhnasheating

3. Using the delayed time gate it is possible to detezcooling of the at% Nd*:LaFs

nanoparticles.
45 Temperature dependence

We revealed that the fluorescence spectrum of gi@@Nd*:LaF; nanoparticles has a strong
dependence on temperature. To investigate thisaelturther we started to increase the
temperature of the cold finger of Janis CCR with lieater attached to the cold finger. To have
as little effect as possible from the multiphonelaxation increasing the temperature of the
sample, the excitation at 789 nm into thle,> + *Fs2 mixed level was used. Again two different

18



time gates were used — the early gade O us, At = 10us) and the late gatéeE 200us, At =
100us). To quantify the change in the spectrum withititeeasing temperature, the spectra are
normalized to unity area and then the intensitfespectral lines at th#s(2) — “lo12 (1) and

4F32(1) - “lor2 (1) transitions are compared.

As the temperature rises for both the early andateetime gate the spectral peak 1’, which
responds to th#Fs;»(2) — “lei2 (1) transition, intensifies ampared to the main spectral peak,
which responds to th#s2(1) — “lei2 (1) transition (Figure 11). At the same time thesalening
of the main spectral peak can be observed. We dhaye in mind the fact of the

inhomogeneous broadening of the spectral linesu(gig).
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— 30K 1 — 50K
— 50K —— 70K
70K - —— 90K
— 90K
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Figure 11. The fluorescence spectra of the 2 at®:NaFs nanoparticles at different

temperature of cold finger in Janis CCR using tkeitation at 789 nm into th@Hg2 + *Fs/2

mixed level. An early time gate (grapht&s= O us,At = 10us) and a late time gate (graphds
200us, At = 100us) were used. All graphs are normalized to unigaaf his figure does not

show all the temperatures that were used for measnts.

The ratio values in Table 4 show that intensityhef spectral peak 1’ increases compared to the
intensity of the spectral peak 1 with the tempeamtise. It is visible that the values measured for

spectra with late gate are mainly lower than theyfar the spectra measured with early gate.
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Table 4. The values of ratio of spectral peaksisity maxima at different temperatures
measured with the early (*) and the late (**) gat&/89 nm excitation into tHélo2 + *Fs2
mixed level. 1’ stands fd¥Fs2(2) » “lor2 (1) and 1 fofFsz(1) > “ler2 (1) transition.

T [K] 10 | 20| 30| 40| 50 60 /0 80 90 10aA25|150]| 175
l1/lp (10%* | 88 | 114| 159 | 209 | 244 | 267 | 296 | 328| 382 | 406 | 451 | 455 | 482
l/l1 (103 | 84 | 104 | 135| 207 | 223 | 254 | 332 | 339| 340 | 379 | 408 | 443 | 450

The ratio between the first and the main peak cbaldsed to determine the temperature. It is
interesting to compare the experimental dependehie€T)/ 11(T) obtained from the spectral

measurements with the theoretically predicted.

The population of the first crystal field of tAigs;2 manifold according to Boltzmann distribution
law is
1 (1)
_AE”
1+ e kT
whereAE stands for the energy difference of two crystdtifievels of*Fs;> manifold,k is the

ny =

Boltzmann constant antlthe temperature of the sample. The populatioomnected with the

intensity of the fluorescence at they(1) - “la;2(1) transition as

11 = TllAlh\)l B (2)
whereA is the Einstein coefficient for spontaneous emisgi is the Planck constant amds the
frequency of emitted photon. Considering the tptglulation of two CF level of thFs,

manifold equal to unity we may write

Tll + nz = 1 (3)
From (Eqg. 1) and (Eg. 2) we can get populatiorhefsecond crystal field of t/{€s> manifold

as

_AE
e kT

M2 = _AE" (4)
14+ e kT

The population of that level is connected with ithtensity of the fluorescence at they(2) -

“loi2(1) transition as
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12 = nzAthZ. (5)
Now to get the equation for the ratio between thegetransitions we divide (Eq. 5) by (Eq. 2)
1_2 _ nzAthZ (6)

I, nyAjhvy
We will simplify (Eq. 6) by assuming thag~A, andhvi=hv,. The final formula becomes

12 = E = e_i_g_ (7)

E B n,
AE can easily be calculated from Table 2 by subtngdiie energy dfFsz(1) level from the
energy of'Fs;»(2) level.

AE = (11635 — 11596) cm™* = 39 cm™?!

The dependence of (Eq. 7) is plotted in FigurelbB@gside with experimental dependence. We
can see that the curves do not fit each otheratausimilar in the regularity. For the temperatures
lower than 30K the experimental dependence is liigger than the theoretical one that
indicates the higher temperature of the sample tih@iset temperature, whereas for the
temperatures higher than 30K the situation is maarThe later might be connected with

inhomogeneous broadening and overlapping of spdictes and requires additional study.
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Figure 12. The dependence of the ratio of the ésoence intensity measured at#egx(2) —
Yoz (1) and*Fai(1) = 492 (1) transitions on temperature of the 2 at%'™NeF nanoparticles.
The excitation at 789 nm into tRg,+ *Fs;» mixed level and two different time gatés¥ O us,
At = 10ps for curve 1 antb = 200us, At = 100us for curve 2) were used. For the theoretical
dependence (curve 3) the value A& was 39 crit.
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5 Summary
In the process of finding the influence of the tasecitation wavelength on the heating of the 2
at% Nd*:LaFs nanoparticles as the result of multiphonon relaxetomeconclusions were

made.

1. Six different radiative transitionéRa2(2) = *lor2 (1), *Fa2(1) = Yoz (1), *Fai2(1) = Hor2
(2), *F312(2) = *lor2 (3), *Fara(1) = “ar2 (3), *Fa(1) = Yoz (4)) were identified while
measuring the fluorescence spectra of‘ae — “lo/2 transition of the 2 at% N¢LaFs
nanoparticles between 850 and 890 nm at low teryrerdt was found that the crystal
field energy level positions are the same in a INdR": LaFs crystal and the
nanoparticles.

2. The spectral lines were found to be inhomogenedusigdened. This was determined by
measuring the fluorescence kinetics at 10 K aebsffit detection wavelengths on the
most intensive spectral line (tA&2(1) - “l92 (1) transition) and observing different
time profiles of the kinetic curves.

3. When comparing fluorescence spectra excited bybleraser of the 2 at% NtLaFs
nanoparticles inside the Janis CCR, for which déife cooling methods were used (He-
bath and CCR), we found a well detectable heatugytd the multiphonon relaxation of
the optical excitation. Theffect of heating of the nanoparticles was deteechin
gualitatively from the intensity ratio of the fllescence spectral lines connected with two
optical transitions from two Stark levels of ttig,,manifold to the ground crystal field
level of the*lo> manifold. This brought the expectation that exgjtihe Nd*ions into
different energy levels will heat the particleditierent extents. This hypothesis was
confirmed by using different excitation wavelengthbe excitation into higher lying
energy levels heats the sample enough to changpé#utral form factor and lines
widths. The expected relation between excitatiomedength and the amount of heating
was also confirmed. The higher is the energy okttmted level the stronger is the

heating caused by multiphonon relaxation.

Summing up, besides possible application for bigjimgthe Nd*:LaF; nanoparticles are a good
candidate for photo-induced heating for hypertharaficancer tumors. | think that Kd_aFs

nanoparticles should be studied further.

22



6 Acknowledgements

| would like to thank my supervisor Yury OrlovsKigr setting the problem and experiments, as
well as his patience and calmness, when it wasssacgto explain something more than once or
twice to me, and Laurits Puust for helping me wité measurements. | am also grateful to
Kerda Keevend for synthesizing the nanoparticlesfangiving advice on writing this work.

The final thanks go to all the members of LLS ddtitute of Physics for friendly and helpful

atmosphere.

23



7 Laserergastuse lainepikkuse mdju neodtiumiga dopeéud fluoriidi

nanoosakeste soojendamisele multifoononilise relaksiooni tulemusena

Kaarel Kaldvee
Kokkuvote

Haruldaste muldmetalli ioonidega dopeeritud nankest@ sobivus véahiraviks on jarjest ronkem
uuritud. Neoduumiga dopeeritud Lafanokristalle peetakse juba headeks kandidaatideks
vahirakkude kiirguslikul tuvastamisel. Selles tamsitakse antud osakeste soojenemist
mitmefoononilise relaksatsioonil optilise ergasttiéu, mille potentsiaalne rakendus on

vahirakkude havitamine hipertermiaga.

Selle jaoks siinteesiti 2 at% Nd.aR nanoosakesed ja uuriti nende fluorestsentskiirgust.
Uuritava objekti jahutamiseks 10 Kelvinini kasutedihte erinevat titpi kriostaate: heeliumi
aurudega jahutamist ja suletud tsiikliga kriiostagitiel objekt on vaakumis kiilmsérméFs,

— g2 ilemineku kiirgusspektrit méddeti vahemikus 850ik8#0 nm kolme erineva
lainepikkusega laserimpulsside ergastusel: 522557789 nm (vastavelGry, *Gs2 ja *Hoyz +

“Fs/» energianivoodele). Lisaks kasutati fluorestseptksite médtmisel kahte erinevat ajaakent:

kohe pérast ergastust (S laiune) ja 20@s parast ergastust (108 laiune).

Selle t66 kdigus maarati uuritavas lainepikkusteevaikus esinevale kuuele spektraaljoonele
vastavad tleminekudRs2(2) — *lorz (1), “Faiz(1) = “lorz (1), *Fz2(1) = *lor2 (2), *Fzi2(2) = lor
(), “Fai2(1) = *lor2 (3), *Fa(1) = “los2 (4)). Leiti, et Starki energiatasemete asukohadasnad
Nd®*: LaRskristalli ja nanokristallide jaoks. M&dtes fluorssntsi kineetikaid kdige
intensiivsemal spektri joonetfs(1) — 4oz (1) Uleminek) erinevatel lainepikkustel tuvastati

spektri mittehomogeenne laienemine.

Erinevatel seadistustel kiirgusspektrite omavakelidrdlemisel avastati hasti tuvastatav
Nd**:LaFs nanoosakeste soojenemine multifoononilise relaksatstottu optilisel ergastusel.

Kinnitati seos ergastamiseks kasutatava kiirgugga¢a soojendamise ulatuse vahel.

Jattes korvale Ni:LaFs nanoosakeste vdimalik rakendamine vahkkasvajatstaviseks kehas,
vOib jareldada, et uuritud osakested on sobivadtkasiseks vahiravigotoindutseeritud

hupertermia kujul ja neid tuleks uurida edasi.
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