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Since the temperature broadening of spectral lines is determined
by the phonon scattering by impurity centers, a modification of the
phonon spectrum can affect the temperature broadening suppres-
sion. So, by controlling the nanocrystal size, the effect of “cluster
freezing,” namely, the abnormal temperature broadening of weak
spectral lines up to room temperature, can be achieved. The spec-
tral lines of impurity ions in YVO4:Eu3+ nanocrystals remain ab-
normally narrow (10 cm~1) even at room temperature, whereas,
for the bulk crystals, the average linewidth at room temperature
is 70 cm ™1
plained by the manifestation of the phonon spectrum depletion
in nanocrystals. The temperature dependences of linewidths ob-
tained for nanocrystals with various sizes exhibit the strong de-
pendence of the spectral line width on the sizes of a nanocrystal
and differ from those for a bulk crystal.

. This narrowness of spectral lines can be clearly ex-

1. Introduction

The electron-phonon interaction (EPI) [1] as a ubiqui-
tous fundamental effect of condensed-matter physics has
been transformed nowadays into a potentially useful tool
for the creation of modern materials with constitutive
functional properties (such as photoswitches [2, 3|, phase
shifting materials GeSbTe [4, 5], high-temperature su-
perconductors [6, 7]). There are several manifestations
of EPI for impurity centers situated in solid matrices.
At first, EPI provides the ultra-fast relaxation of excited
electronic states for impurity centers [8]. For rare-earth
(RE) ions, for instance, EPI provides the relaxation be-
tween Stark components of split terms and the terms
themselves [9, 10]. In addition, EPI leads to a tempera-
ture broadening and a spectral shift of spectral lines cor-
responding to the optical transitions in impurity centers
[11, 12]. In the low-temperature range, the temperature
broadening makes an additive contribution to the homo-
geneous width of a spectral line hidden inside the inho-
mogeneous broadened spectral profile [10]. On the con-
trary, at room temperature, the phonon scattering on the
impurity center makes a dominating contribution to the
homogeneous width of a spectral line exceeding the in-
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homogeneous broadened profile [11-13]. The decrease of
the crystal size up to few nanometers manifests itself in a
significant modification of the phonon density of states.
In the case of rare-earth doped nanocrystals, this effect
can lead to the suppression of the phonon scattering con-
tribution to the homogeneous widths of the spectral lines
of doped ions. So, by controlling the nanocrystal size,
the abnormal temperature broadening of weak spectral
lines up to room temperatures can be achieved. The nar-
rowness of the spectral lines of impurity ions in YSO:Pr
nanocrystals at room temperature was shown in [14-15].
This narrowness was explained as a manifestation of the
phonon spectrum depletion in nanocrystals. In this pa-
per, the abnormally narrow spectral lines of impurity
Eu3+ ions in YVO4:Eu3+ nanocrystals observed even
at room temperature are measured. The narrow optical
resonances have been analyzed, and the tentative expla-
nation based on the manifestation of the quantum size
effect in the phonon subsystem of nanocrystals is found.
At first, the dependence of the spectral line width on the
nanocrystal size is demonstrated.

2. Experiment

YVO4:Eu3+ nanocrystals were synthesized by means of
the colloidal precipitation method. In the synthesis of
YVO4:Eu3+ water colloidal solutions, chlorides of corre-
sponding rare-earth elements (99.9), sodium metavana-
date (96), Trilon B, and distilled water were used. Aque-
ous solutions of rare-earth chlorides were mixed with dis-
odium edetate in the equivalent ratio. Then the equiva-
lent amount of sodium orthovanadate was poured drop-
wise into a solution. The mixture was stirred intensively
on a magnetic stirrer until bleaching. The solution was
heated in a thermostat at 90 °C for 30-90 min. After
that, the solution was dialyzed for 24 h with a membrane
of 12 KDa (pore size of about 2.5 nm). Changing the
synthesis conditions such as the temperature, time, pH
[16], and the ratio of EDTA /Re [17] significantly affects
the size of colloidal particles in a solution. The synthe-
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Fig. 2. TEM images of synthesized YVO:Eu nanoparticles. The
average particle size — 5 nm (a) and 30 nm (b), respectively

sis of colloidal solutions was carried out in a thermostat
at 90 °C for 30 and 40 min, the other conditions be-
ing the same. As a result, the solutions with particles
5 and 30 nm in size, respectively, were obtained. After
the synthesis, solutions were evaporated at T = 70 °C.
As a result, fine-dispersed powders were obtained. After
the drying, the powders were annealed at T' = 1000 °C.
The luminescence spectra of YVO:Eu nanocrystals have
been investigated with a specially created spectrofluo-
rimeter based on a grid monochromator SDL-1. The
reciprocal linear dispersion of a monochromator SDL-
1 is equal to 1.6 nm/mm. The registration of spectra
was carried out by a FEU-100, operating in the pho-
ton counting mode. The luminescence was excited by
a helium-cadmium laser at 325 nm. The possibility of
a temperature variation was obtained, by placing the
sample in a thermostat.
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Fig. 3. Luminescence spectra of YVO:Eu bulk (a) and nanocrys-
tals (b)

3. Experimental Results and Discussion

By means of the colloidal precipitation, the samples of
YVO4:Eu3+ (with different sizes, but similar in all other
respects) have been synthesized. XRD of the synthesized
nanocrystals is shown in Fig. 1. As a result, two groups
of nanoparticles with average diameters of 5 nm and 30
nm, respectively, with a narrow size distribution were
synthesized. The particle size distributions do not over-
lap (Fig. 2).

In Fig. 3,a, the luminescence spectrum of a
YVO:Eu bulk crystal at room temperature is shown
[18].  The spectral lines are sufficiently broadened
(FWHM = 71 ecm~!). In Fig. 3,b, we present the lu-
minescence spectrum of synthesized YVO:Eu nanocrys-
tals at room temperature. We note that, in the case
of YVO:Eu nanocrystals, the spectral lines of impurity
ions in the luminescence spectrum remain narrow even at
room temperature (FWHM = 14 cm™1), and the spec-
trum is similar to the spectrum of the YVO:Eu bulk
crystal under the effect of deep cooling.

In order to determine the mechanism of broadening of
spectral lines, we studied the temperature dependence
of linewidths for particles with different sizes. These de-
pendences for YVO:Eu nanocrystals with sizes of 5 nm
and 30 nm are shown in Fig. 4. The curves clearly show
that the temperature dependences of linewidths are sig-
nificantly different for nanoparticles of different sizes.

Spectral lines in the absorption and luminescence
spectra of impurity RE ions in bulk crystals at a low tem-
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Fig. 4. Linewidth temperature dependences of the 5D0-7F2 Eu3+
impurity ion optical transitions for YVO:Eu nanoparticles with
sizes of 5 nm and 30 nm, respectively

perature are inhomogeneously broadened. The growth
of the temperature leads to increasing the phonon scat-
tering contribution to the homogeneous linewidth. At
room temperature, the phonon scattering contribution
becomes determinative, and the spectral lines are homo-
geneously broadened. In the general case, the contri-
bution of the phonon scattering processes to a homoge-
neous linewidth is determined by the expression [12]

Y(T) = /(dw/27r) In{1 4+ W2p?(w)sh™(hw/ET)}, (1)

where W is the constant of electron-phonon coupling
for the impurity center, p is the phonon state density;
h is the Planck constant; k is the Boltzmann constant;
and T is the temperature. Expression (1) remains cor-
rect independently of the crystal size. The constant of
electron-phonon coupling is determined only by the lig-
and field structure. As one can see in Fig. 5, the micro-
scopic arrangement of an impurity center, as well as the
shape and the position of spectral lines, is not changed
with changing the nanocrystal size. So, the constant of
electron-phonon coupling for the impurity center is in-
dependent of the crystal size.

The main parameter in expression (1) critically de-
pendent on the crystal size in the nanometer range is
the phonon density [19]. A depletion of the nanocrys-
tal phonon state density leads to the suppression of the
fast nonradiative relaxation of excited electron states at
the impurity center [20]. In addition, the high-quality
of nanocrystal vibrational modes with low anharmonic-
ity was shown in [21, 22]|. The phonon mode quan-
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Fig. 5. Luminescence spectra of YVO:Eu nanocrystals with aver-
age size of particles to be 5 nm and 30 nm

tity in a nanocrystal becomes explicitly discrete, and
these modes can be expressed as the set of functions
p(w) = 1/((w — w;)? + (27pn) ~2), where w; and T, are
the frequency and decay time of the phonon mode, re-
spectively. Thus, at 7pn — o0, the integration in (1)
is performed with d-functions leading to the minimiza-
tion of 7. According to our interpretation, increasing the
nanocrystal size must lead unambiguously to increasing
the phonon density, which manifests itself in the growth
of the phonon contribution to the impurity ion homoge-
neous linewidth. The experimental results (Fig. 4) to-
tally confirm our predictions. Spectral lines in the impu-
rity luminescence spectrum of YVO4:Eu3+ nanocrystals
are broaden, as the nanocrystal size increases.

4. Conclusions

Rare-earth doped nanocrystals of wide-gap dielectrics
exhibit narrow optical resonances of impurity ions even
at room temperature. This effect is attributed to the
weakening of the impurity center phonon scattering ow-
ing to the size effect action in the nanocrystal phonon
subsystem.
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HAJHU3BKE TEMIIEPATYPHE
VIIUPEHHSA CIIEKTPAJIBHUX JITHI,
11O CIIOCTEPITAETBHCHA Y HAHOKPUCTAJII YVO:Eu

I1.0. Maxcumwyk, A.A. Macanros, B.B. Ceminxo, O.I. Baein,
B.K. Kaowkos, FO.B. Manroxin

Pezowme

OcKibKY TeMIlepaTypHe PO3IINPEHHs! CIEKTPAJIbHUX JIHINA BU3HA~
qaeThCsd po3citoBaHHAM (DOHOHIB, Mojudikaris (pOHOHHOTO cre-
KTpa MOXKe IIOTaCUTU TeMIlepaTypHe pPO3IIMpPeHHs. TakuMm dYu-
HOM, 3MIiHIOIOYH PO3Mip HAHOKPHCTAJIA MOXKHA CriocTepiraTu eekT
“KJIaCTEPHOI'O 3aMOPOXKyBaHHs — HaJc/labKe TeMIepaTypHe yIIu-
PEeHHsI CIIEKTPaJbHUX JIiHIM axX 10 KiMHaTHOI Temmneparypu. Cre-
KTpaJbHi jiHil momimkoBux ioniB y manokpucrasax Y VO:Eu3+
36epirarors Masy mupuny (10 CM’1) HaBITh NPU KiMHATHIN TeM-
neparypi, ToAl K [t 06’€MHOIrO KPUCTAJIa CepeHsl IUPUHA CTa~
HoBUTL 70 cm~ 1. Taxa By3bKIiCTL CHMEKTpasbHUX JIiHiN MoxKe 6y-
TU YiTKO IMOSICHEHA IPOSIBOM BUCHAXKEHHs CIIEKTpa (POHOHIB y Ha-
HOKpHCTaJIax. TeMieparypHe YIIMPEHHs CIeKTPAJIbHUX JIHIH, 1110
CIIOCTEPIra€ThCs I HAHOKPHUCTAJIB, 3aJIE2KUTh BiJl po3Mmipy Ha-
HOKPHCTaJIa 1 € IHmMKUM B 00’€MHUX KPHUCTAIAX.
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