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Peculiarities of the near-infrared and visible up-conversion spectra of nanocrystalline (EroO3)x (ZrO3);.x have
been studied. It is shown that for the samples with 0.026 < x < 0.143 the photoluminescence spectra of Er’* are
defined a by similar erbium environment in spite of the different symmetry of the host ZrO, matrix. The low
temperature and room temperature emission bands in the spectral range of the *I;35 — *I15/5 transition are
measured and interpreted in terms of the multi-electron molecular orbitals cluster model developed for the case
of nanocrystal structures. The role of the intra-manifold *I;3/, relaxation caused by the spatial confinement ef-

fects in erbium-stabilized nanocrystalline zirconia is discussed.

1. Introduction

Erbium-doped zirconia nanocrystals are recognized to be a very
promising material for numerous photonic applications [1-7]. They
combine the advantages of fast oxygen conductor with the rich energy
level structure of trivalent erbium ions and the photoluminescence (PL)
efficiency enhanced due to the small dimensions of nanostructures. Ionic
conductivity is provided by mobile oxygen vacancies introduced by
aliovalent dopant atoms for charge compensation [8]. These movable
vacancies play a substantial role in the formation of the nearest envi-
ronment of the Er** ions thus influencing the intra-atomic relaxation.
Another agent favoring the relaxation process is the phonon subsystem
of the host material. The phonon properties of the three low pressure
(cubic, tetragonal, and especially monoclinic) phases of ZrO, are
different and different are the related dielectric properties [9]. At the
same time, it has been found that the luminescence lifetime of the 4F9/2
excited state of Er>*-ions having a concentration of 0.05 mol.% in ZrO,
nanocrystals is very sensitive to the particle crystalline phase and size
[10]. The analysis performed in Ref. [10] has shown that modifications
of nonradiative relaxation mechanisms due to confinement effects are
more important than the local symmetry structure of the host lattice in
explaining the observed luminescence quenching. It has been shown
that the confinement effects can also affect the spectroscopic properties

of rare earth ions in nanocrystals due to the cutting of the low-energy
phonon modes in the 20-40 nm crystals [11]. As a result, the
phonon-assisted relaxation for electrons can be restricted leaving a
significant population of higher crystal field levels (contrary to Boltz-
mann thermal distribution) as the temperature is decreased [12]. This
factor, together with many others (like pumping regime, excitation
wavelength and power density, dopant concentration, temperature and
radiative lifetimes of the Er’t excited states) result in the complex
up-conversion emissions observed in nanocrystallites [13-17] doped
with Er®t.

We report the near-infrared and visible up-conversion spectra of
nanocrystalline (EryOg3)x (ZrO2); x prepared by the sol-gel method. Here
erbium acts both as the stabilizer agent and as a supplier of Er®* ions in
zirconia nanocrystals. The spectra are measured at various temperatures
with the purpose of detecting the phonon influence on the intra-J-
manyfold relaxation in the Er>* ions.

2. Samples and experimental details

Ery0s- stabilized ZrOy samples (ErpO3)x (ZrO2);1x with composition
x = 0.026, 0.053, 0.099 and 0.143 have been grown by precipitation
with ammonia solution of Zirconyl chloride octahydrate (98% Aldrich)
and erbium chloride hexahydrate (99.9% Aldrich). The resulting
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hydrous compounds were calcined in flowing air at 1000 °C. The sam-
ples were characterized by XRD Rietveld analysis as described in
Ref. [18]. The composition, structure and average crystallite sizes of the
various samples are summarized in Table 1.

Samples S5, S10, and S25 were obtained through the same process-
ing. Samples Sez10 and Sez18 belong to another batch, prepared with
the same method. As one can see, sample S10 has the same Er,O3 con-
tent as the sample Sez10 but a different phase composition. The reason is
still unclear. It is seen that the samples contain various phases: mono-
clinic/tetragonal, tetragonal/cubic, and purely tetragonal or cubic. Thus
one can expect significant differences in the Photo-Luminescence (PL)
and up-conversion PL spectra of different samples. For the spectroscopic
investigations, the powder samples were manually pressed inside a
plastic washer and were held in place by two fused-silica microscope
slides, one of which served both as input window for the exciting laser
beam and as output window for the collection of the luminescence.

All measurements were performed by exciting the erbium ions at
980 nm using an InGaAsP laser diode in continuous-wave operation. The
maximum laser power was about 400 mW. The laser beam was weakly
focused on the sample to a spot of approximately 1 mm?, corresponding
to a power density of about 40 W/cm?. The PL from the sample was
collected and analyzed by a 30 cm focal length monochromator and
detected in the visible range by a photomultiplier tube operating in
single-photon counting mode. Infrared spectra were recorded by using a
cooled germanium detector.

3. High-temperature experimental results

Fig. 1 shows the PL spectra of Er’" doped ZrO, nanocrystals
measured at room temperature. The PL spectra, peaked at an energy of
6532 cm ™! (A = 1531 nm) are ascribed to the 411 32— 411 5/2 transition of
Er>*. The relatively broad emission structure covers the spectral region
from ~6100 cm ™! to 7000 em L. The structure with distinct peaks re-
sults from the Stark splitting of the 4113/2 and 4115/2 levels of Er®" in
crystalline compounds. In general, PL bands related to the f-f transitions
in erbium-doped crystals are very narrow and their number is strictly
determined by the site symmetry of the active ion. The broader PL bands
are typical for erbium-doped glasses [19] and their width is ascribed to
the inhomogeneous broadening caused by random variations of the
crystal field. In our ceramics, such variations can be related to the ox-
ygen vacancies randomly distributed over the volume of the nanocrystal
and other defects. As a result, the crystalline symmetry (space group
D3, -for monoclinic phase, D} -for tetragonal phase, and O} -for cubic
phase) can be locally violated admitting partly or full lifting of the de-
generacy of J-manifold. Thus one can expect up to 7 energy levels for the
4113 /o state of Er®" ion and 8 levels for the *I; 5/2 state, yielding at most a
total of 56 PL components for the s /2 — “Iis /2 transition in Er®*jon at
room temperature. These bands form the structure of the emission
spectra shown in Fig. 1. What is surprising is that the PL spectra for the
different crystalline symmetries and different nanoparticle sizes display
the same number of peaks in the same energy position, with the
exception of sample S25, where the Er®* concentration is high enough to
induce concentration quenching and broadening effects. This similarity
suggests a similar environment for the Er>* ions in the different nano-
crystal matrices. In order to verify this conclusion, the up-conversion

Table 1
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Fig. 1. Room temperature 4113/2 — 4115/2 spectra of nanocrystalline (Ero03)x
(ZrO5); x for the samples from Table 1.

spectra have been measured for the same samples,
Excluding sample S25 for the above-mentioned reasons, at room
temperature by pumping the 411/, excited state of Er’* ion at 980 nm.
In the green spectral region (Fig. 2) we observe intense emissions
originating from the 483 /2 and 2H11 /2 excited states at 17,793 cm ™! and
19,032 cm ™! (562 nm and 525 nm), respectively. Again the similarity of
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Fig. 2. Room temperature up-conversion *S3,, — *I;5/5 spectra for selected
samples of different symmetry: S5 (monoclinic and tetragonal phases), S10
(tetragonal and cubic phases), SEZ10 (tetragonal phase) and SEZ18 (pure
cubic phase).

Phase composition and crystallite sizes of the investigated samples. (m = monocline t = tetragonal ¢ = cubic).

Sample Er;03 (mol%) Phase composition (wt%) Er;03 (mol%) Crystallite size average) (nm)
Nominal value Calculated value

S5 Ero.05 Zr0.95 O1.975 2.6 2.9 m (12)/t (88) 0/3.4 71

S10 Ero.10 Zf0.90 O1.95 5.3 4.8 t (80)/c (20) 4.1/7.9 77

Sez10 Ero.10 Zro.00 O1.95 5.3 5.7 t (100) 5.7 51

Sez18 Ero.1s Zro.82 O1.091 9.9 10.2 ¢ (100) 10.2 55

S25 Ero.25 Zr9.75 O1.875 14.3 14.5 ¢ (100) 14.5 34
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spectra for different samples is striking. The same behavior of the PL up-
conversion spectra, measured with pumping the *I;;,5 excited state of
Er®" ion at 980 nm, is observed at 14,720 cm ! (679 nm) (Fig. 3). This
strong red emission is ascribed to the “Fq 5 excited state radiative decay
to the 4115/2.

One can see again one-to-one correspondence between the spectral
features observed both in green and red up-conversion spectra of the
Er’* doped ZrO, nanocrystals under investigation. It means that at high
temperature Er®* ions are subjected to the same symmetry restrictions
formed by similar local environment for the crystal structures with
different weights of monoclinic, tetragonal and cubic phases.

In order to describe the observed PL spectra and determine actual
local symmetry of environment we apply the technique of molecular
orbitals in cluster approximation developed and successfully exploited
for description of rare-earth ions in various environments [20-22].

4. Cluster approximation for calculation of energy spectra of
Er®t in zirconium nanocrystals

The spectra of trivalent Rare-Earth Ions (REIs) in crystalline matrix
have peculiar properties. Although the 4f shell, the electrons of which
are responsible for optical transitions, is well screened by the electrons
of completely filled 5s and 5p shells, the crystal field created by the
nearest environment determines not only the fine structure of the
spectrum, but also the intensities of its components. Typically, the ab-
sorption spectrum of REI embedded in a single crystal consists of a group
of narrow lines. In solutions and glasses, the lines of each group are
broadened and, as a rule, represent one band. The fine structure, which
is the result of splitting in the crystal field of free REI levels, provides
information about its local symmetry and the geometric shape of the
coordination polyhedron. The nature of the fine structure of the REI
spectrum in a solid has been comprehensively analyzed in Ref. [23].

The understanding of the optical properties of REIs in crystalline
surrounding requires the knowledge of the REI to nearest-ligands
coupling. In the pioneering work of Brecher and Riseberg [24], a sim-
ple structural model of the rare-earth environment has been proposed to
describe the behavior of the first coordination shell of the Er** ion in
glasses. This model predicts crystal-field parameters whose behavior
well agrees with the experimentally derived values. Detailed structure
arising in the absorption spectra of Er>* in a phosphate matrix, associ-
ated with individual multiplet states, has been interpreted [25] using a
ligand-field coordination-sphere model in order to characterize the
microscopic environment surrounding the REIs in multiple sites. Simi-
larly, analysis of REI spectra in various surrounding has been performed
in other Ref. [26,27].
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—— SEZ18
ol —s10
4 4
5 Faz= 152

T=300K

Emission intensity (arb.units)

14500 15000 15500 16000

Photon energy (cm'1)

Fig. 3. Room temperature up-conversion 4F9/2—>4115/2 spectra for the same
samples as in Fig. 2.
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To calculate the probabilities and intensities of the luminescence
transitions of the REI ion in the crystal matrix, the method of multi-
electron Molecular Orbitals (MO) is used. For the calculation of the
energy levels of the complex, which are necessary both for the calcu-
lation of the wavelengths of optical transitions and the probabilities of
transitions (as intermediate results of calculations), the MO can be
constructed from the Linear Combination of Atomic Orbitals (LCAO) in
the framework of the Roothaan’s approach for one-electron molecular
orbitals [28]. The combination of the multielectron method with an
efficient and well-established one-electron method makes it possible to
consistently and most simply take into account the variation of the
symmetry of the ion environment, and the effect of the composition and
geometry of this environment on the electronic and optical properties of
the REL

The uncompensated charge due to the bond breaking, as well as the
charge of the cluster under consideration, is taken into account intro-
ducing an effective compensation potential. In this case, it is important
that for the calculation of the energy levels, the Hamiltonian and local
charge densities can be approximated by spherically symmetric func-
tions. However, when calculating the probabilities of luminescence
transitions, such an approximation is unacceptable, since the contribu-
tions to these probabilities come precisely from violation of spherical
symmetry. Therefore for calculation of the energy levels two coordina-
tion spheres are used, and the Hamiltonian and local charge densities are
approximated by spherically symmetric functions, while when calcu-
lating the probabilities of energy transitions, the first coordination
sphere is taken into account, but the matrix elements of the Hamilto-
nian, overlap integrals, and matrix elements of electric dipole transitions
are calculated without any assumptions about the spherical symmetry of
the Hamiltonian and local charge densities. Thus, the quantum-chemical
problem of constructing the one-electron orbitals is solved twice with
different assumptions.

Multielectron atomic functions have been constructed in the
nonrelativistic Hartree-Fock-Slater approximation using the Racah’s
technique [29]. First, the eigenfunctions and energy levels were calcu-
lated in terms of the free ion terminology. In this case, the designations
of the constructed terms are conditional. We have chosen the designa-
tions corresponding to the same arrangement (numbering) of the terms
of both the original and the diagonalized matrix. Moreover, there may
be discrepancies in L with empirically determined terms (S and J do not
differ). This is explained by the fact that the functions with different L
appear in the linear combination of term functions calculated by the
Hartree-Fock method, and it is impossible to assign a specific L to the
“perturbed term” (due to admixture of other terms). For “perturbed”
terms of higher multiplicity, the coefficient at the function of the main
term is close to unity, whereas for the rest of functions these coefficients
are close to zero, so that L can usually be chosen unambiguously.

Methods of theoretical analysis of atomic spectra, i.e. solutions of the
many-particle problem for isolated atoms and ions are quite well
documented [30,31]. By many particles in these problems, we mean
unpaired electrons of partially filled shells of electrons that move in the
effective central symmetric field of the nucleus and other electrons. The
successes of the theory of atomic spectra are based on the theory of
angular momenta and spherical tensors. Following Ref. [29] the
multi-electron wave function for the f configuration can be written in the
form:

Y/(I’I(ISLMSML): Z W(l"—la/S’L’MyML/)(ﬂ(m.\ml)
dSsrmMgM, )
x (1! aSLMgM,, Imsmy|I"aSLMsM,,).

Hereafter s is the electron spin (s = 1/2), l is the orbital moment of one of
the equivalent electrons (for REI | = 3), n is the number of equivalent
electrons, S denotes the total spin of unpaired electrons, L stands for the
total orbital moment of unpaired electrons, ms, m;, Mg, and M, are the
projections of the corresponding spin and angular moments, « is a set of
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additional quantum numbers different from the angular moments (to
distinguish between the 25411 terms with the same S and L), the stroke
refers to the terms (total angular momenta) of the [ n-1 configuration
over which summation is performed, finally ¢(msm;) is the one-electron
function of the n-th electron. Using special scheme developed in
Ref. [29], the coefficients of transformation in Eq. (1) break up in a
product of different factors, each of which depends only on a smaller
number of variables:

(I"'a'S' L' My M, Imgm|I"aSLMsM, ) = (S sMg m,|S sSM) (L ILMy |L' IMr )

x (I'"""(a'S'L)ISL) | }"aSL)
(2

In the equation above, (L'IM,m|L'ILM;) and (S'sMym,|S'sSM;) are
the Clebsch-Gordan coefficients, while (I"!(«'S'L)ISL)|}I"aSL) denotes
the genealogical coefficients, ¥(I" 'a’S'L' My M,/) refers to the wave
function of the I*~configuration.

The multielectron atomic and then molecular orbitals have been
calculated first using the technique developed in Ref. [29]. Initially, the
eigenfunctions and energy levels were calculated within the framework
of the terminology of free REI, using (Eq. (1)). The single-electron mo-
lecular orbitals can be constructed using one of the well-known methods
of MO LCAO [28] (The method of constructing one-electron wave
functions is not essential for further analysis and determines only the
accuracy of the estimates). Of fundamental importance here is the
construction of multi-electron functions from single-electron ones.
Single-electron molecular orbital yy for a complex can be presented in a
form:

V= Zagk)f;' + Z/fé-k))(i 3
i ij

where f; are the f functions of the central ion, y; are the s and p functions
of the ligands, @; and f; are constants, k denotes a set of quantum
numbers. Then we search the many-electron molecular orbitals in the
form

Fi=Y  CO W WV, 4)

ay...a,

The coefficients C¥ ,, .
coefficients, genealogical coefficients and, possibly, coefficients of
transition from a group of rotations to a point group of local symmetry
and considered constants. To find the matrix elements of dipole transi-
tions, using eq. (4), the matrix elements (f; | d | z;) and (y; | d | f;) were
calculated by the discrete method. In this case, the absence of spherical
symmetry in the Hamiltonian is essential;, otherwise, the transition
probabilities would vanish. From the matrix elements in the basis of the
group of local symmetry of the REI (crystalline field), we turn to the
basis of spherical symmetry so the angular momentum technique can be
applied. Finally, we turn to the basis of the local environment of REL In
this basis, the energy levels of REI complexes split, and the splitting is
small compared to the distance between the energy levels of a free ion
(for f-elements, any crystal field is weak due to screening). These split-
levels are degenerate and correspond to irreducible representations of
the local symmetry group of the crystal field. Matrix elements of
Hamiltonian and dipole moment D can be written as

are poly linear form from Clebsch-Gordan

/ / I (] ’
(TilH{ylj>cryst :FEM) F;M), <JM‘H‘JM >sph<‘r )
and
— - iy s 6
EDUE) =T Ty QM M) 1y ©)

respectively. Here I' is a transformation matrix from the basis of the total
momentum to the basis of the crystal field. Diagonalizing the matrix

(¥ H]| T_})cryst! where ¥; and 5"]'- are the multi-electron wave functions in
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the basis of the symmetry group of the ligand field (crystal), we obtain
the splitting of energy levels; D, is the component of the total electric
dipole moment D. In this basis, the squares of the moduli of the matrix
elements are the same between any two sublevels of different degenerate
states. Thus, the calculated probabilities of transitions are invariant with
respect to the choice of the matrix I".

5. Results of calculations and comparison with high
temperature experimental data

Starting from the room temperature experimental PL spectra of the
erbium stabilized nanocrystalline zirconia, we fit them with theoretical
ones calculated for this case. It was pointed out above that the spectra
for different samples are remarkably similar in spite of different crystal
symmetries (see Table 1). It means that the symmetry developed in
optics is different from that seen in XRD Rietveld analysis. Theoretical
and experimental studies [32,33] have shown that in case of zirconia
particles the relaxation of the atomic structures of nanoparticles has to
be taken into account. As a result, the symmetry of relaxed Zrg O12,
7110020, and Zr;404g particles becomes rhombic one. We use this sym-
metry in our fit.

The simplest I' matrix can be constructed for the ligand field
Hamiltonian in the model of point charges, even if the point charge
Hamiltonian differs from the crystal field Hamiltonian. Here only one
condition must be fulfilled: the ligand field symmetry must correspond
to the symmetry of the local environment of the REL Following Ref. [34,
35] the crystal field Hamiltonian for our system can be written in a form

H=H,+V (@]

Here H, is a Hamiltonian of free REL and V is an electrostatic potential,
which satisfies the Laplace’s equation V2V = 0 and has the symmetry of
the environment of the ion. In this case, the potential V can be developed
in a series of spherical harmonics YZ(&7 @) like [34]

0 k
V=">""BIrY(9,9) ®

k=0 q——k

The symmetry of the environment imposes some limitations on the
coefficients B, for example, with an inversion center there are no har-
monics with odd k. The simplest method of calculating this potential is
the so-called point charge approximation according to which each ion is
replaced by a point charge of the ion placed in the center of the ion.
Further, we developed the Coulomb potential in a series over 5 spheres
around the central ion. Besides B} we need also to calculate the radial
integrals (r*) [34]:

(*y=[If(r)*rar ©)
/

where fi(r) is a radial wavefunction in Hartree-Fock approximation.
Results of calculation of crystal field Hamiltonian for Er®Tin ZrO,
nanocrystals are presented in Tables 2 and 3.

We used these parameters to estimate the intensities of luminescence
transitions in the frame of improved Judd-Ofelt method [37,38] for a

Table 2
Parameters Bz expressed in cm ! for
Er’" in ZrO, (Wybourne normalization

[36D.
B! Er**
Bg 228
BY —687
B} 758
Re B} 506
Im B} 19.8
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Table 3
Radial integrals for Er>* in ZrO,.
k
() 2 0.706
4 1.217
6 5.193
k
(T*(d)) 1 1.803
3 7.306
5 33.924
k
() 1 0.534
3 2.868
5 19.306

comparison with the quantum chemical method. This comparison con-
firms the correctness of our results.

Results of calculation of the crystal field split for the Er®* ion man-
ifolds are shown in Fig. 4 for 4113 /o — 4115/2 transitions and given
separately in Table 4.

Using these splitting, the strengths of transitions between the J =13/
2 manifold and the J = 15/2 manifold sublevels have been calculated,
thus permitting us to reproduce the PL spectra in the range of the *I;3/5
— “I;5,2 transitions. The comparison with the experimental room tem-
perature measurements is shown in Fig. 5 for the case of Sez18 sample.
The calculated transition intensities well reproduce the high-
temperature experimental spectrum for the sample Sez18. Calculation
have been performed in the hypothesis that all energy levels of the
excited “I; 3/, manifold are equally populated at room temperature. Thus
the shape of spectrum is mainly determined by the strengths of indi-
vidual transitions between sublevels of 4113/2 and 4115/2 manifold. As it
follows from Table 4, we have totally 56 transitions which are shown in
Fig. 5.

The picture changes drastically at low temperatures. Temperature
induced transformation of the PL spectrum for 4113 /0 — 411 5,2 transition
for the sample Sez18 are shown in Fig. 6.

As it can be seen from Fig. 6, the high-energy wing of the PL spectrum
progressively disappears and the low-energy wing transforms signifi-
cantly as the temperature is decreased. The shape of the distinct PL band
at 6530 cm ™! became more asymmetric also. The temperature-induced
shift of the various PL features amount to a negligible 3 cm-1 for the
whole spectral range. Such a behavior of the PL spectra under temper-
ature changes can be describe taking into account the peculiarities of
intra-manifold relaxation. Indeed, while at high temperature the excited
electrons are equally distributed among the levels of the 411 3,2 manifold,
at low temperature they no-radiatively relax from higher levels to the
low-lying energy levels of the same manifold. As a result, the high en-
ergy transitions disappears in the low-temperature spectrum, as shown
in Figs. 5 and 6 above 6630 cm-1. Generally speaking, at temperatures

6500

6000

.1)

Energy (cm

4
15/2

-500

Fig. 4. Graphical representation of the crystal field splitting of *I;3,, and *I;5,2
manifolds for ZrO,:Er®" nanocrystals with rhombic symmetry.
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Table 4
Crystal-field splitting (cm™') of “I-manifolds for ZrO,:Er®* nano-
crystals with rhombic symmetry.

“I manifold Crystal-Field Splitting (cm™)

T30 6295
6238
6155
6035
5982
5961
5945

Iis/a 0
—41
143
-320
—447
—-570
—667
-681

T=15K
T=300K
0,8 Calculated
Sez18

4 4
1 -1

13/2

15/2

04}

Normalized PL Intensity

6000 6600 7200
Photon Energy (cm™)
Fig. 5. Normalized s /o — s /o spectra for the sample Sez18 at 15 K and

room temperature. Normalized room temperature calculated intensities for the
“liz/2 — *I15/2 transitions are shown with vertical bars.

12

Sez18

4 4
13127 512

Emission intensity (arb.units)

M.....

5800 6000 6200 6400 6600 6800 7000 7200

Photon energy (cm'1)

Fig. 6. The *“I;3/» — *I;5/, emission spectra at different temperature for the
sample Sez18.

lower than 10 K, only eight transitions should appear: from the lowest
level of the excited *I;3 ,» manifold to eight levels of split “Is 2 manifold.

In order to verify this suggestion let us consider the low-temperature
483/2 - 4115 /o transitions shown in Fig. 7. The 483/2 manifold normally
splits by crystal field into two components, 18189.86 cm-1 and
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Sez10
T=15K
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08 S312—~> 1512
0,6
04}

0,2

Emission intensity (arb.units)

18400

18000

17200 17600 18800

Photon energy ( cm'1)

Fig. 7. Normalized low temperature up-conversion PL spectrum in the region
of 83/ — “I;s5, transitions. Normalized calculated intensities for the same
transitions are shown with vertical bars.

18490.27 cm-1, separated by 300 cm ™! energy gap. Therefore, in low
temperature range, the transitions from low-lying energy level will
dominate. For transitions from 483/2 to 4115/2 manifold one can expect
eight lines in PL spectrum. Indeed, we see corresponding spectral fea-
tures at the positions of calculated transitions as shown in Fig. 7. It
should be noted that the PL bands are significantly broadened due to
inhomogeneity. If one substracts the energy difference between unsplit
483 2 and I 3,2 manifolds, the low temperature PL spectra of the 4S5 /2 —
411 5,2 and the 4113 /2 — 4115 /2 transitions should have similar features. We
show the results of such comparison in Fig. 8, where one can see that
both spectra have fairly similar features.

One can see that eight PL bands in the *S3/5 — *I;5/2 spectrum are
easily identified in the *I;3/9 — *I15/2 spectrum as well. These bands
correspond to the transitions from lowest state of 453/2 and 4113/2 man-
ifolds to all Stark states of 4115/2 manifold. It is also seen that the PL
bands at 6000 cm ! and at 6530 cm ™! in the *I13 2 — 4115/2 spectrum are
complex. The PL band at 6530 cm™! is significantly asymmetric as
compared with that seen in *Sz/5 — “I15/2 spectrum. This asymmetry is
due to the additional transitions, which survived in the low-temperature
regime and are related with the higher energy Stark components of “I;3/5
manifold. Such additional energy levels are absent for the *S3,, manifold

. 4 4 e Sez10
1,0 F Shifted "S- 155 transition T=15 K
— 4 4
2 o038} 132 452 ==
'
3
e}
i 0,6 |
2
g 04}
2
£
EI 0,2} \—/ \
0,0 1 ~r— A
5600 5800 6000 6200 6400 6600

Photon energy(cm'1)

Fig. 8. The low-temperature PL spectra of 483/2 - 4115/2 and 4113/2 - 4115/2
transitions. The spectrum “Ss /5 — “I;5,, is obtained from that shown in Fig. 7 by
subtracting the energy distance between *S3,, and “I;5,, manifolds. Vertical
lines stand for the calculated energies of transitions from the lowest state of S5,
5 and 4113/2 manifold to all Stark states of 4115/2 manifold.
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and the corresponding PL line in the *S3/5 — “I;5/5 spectrum is sym-
metric and inhomogeneously broadened (see Fig. 8). The contribution of
higher energy components of *I;3/, manifold can also explain a notice-
able blue shift of broad PL band at 6000 cm™! in the 4113/2 - 4115/2
spectrum under lowering temperature. The question is now why the low-
lying energy states of “I;3/, manifold are still highly populated at low
temperature. Let us consider the structure of the Stark splitting for s /2
manifold. As follows from Table 4 lowest energy levels are grouped in a
bunch with further energy gap above it. The first four levels are sepa-
rated by 16, 21 and 53 cm-1. Next level is about 120 cm-1 higher
creating a specific energy gap. For effective intra-manifold relaxation, it
is important the presence in the nanocrystals of phonons with suitable
energy.

As it has been shown in Ref. [11] the spatial confinement in ZrO,
nanocrystals leads to modification of the vibrational spectra, with the
introduction of a low-energy phonon band gap in the phonon dispersion
branches. The appearance of such gap hinders the efficient
phonon-assisted intra-manifold relaxation responsible for the rapid
thermalization of the electron level occupancy of the lowest Stark
component of the J-manifolds. Thus for a certain level a
phonon-bottleneck arises leading to an increase, compared to a thermal
equilibrium Boltzmann distribution, of the same level population [12].
As result, the intensity of the PL band related to this particular level
significantly enhances under temperature lowering, and this fact ex-
plains the 6530 cm-1 PL feature of the low temperature *I;3,5 — “I;5/2
transition. Therefore, we ascribe the asymmetry of this feature to
low-temperature hot PL bands. Temperature elevation increases the
phonon density with an increase of the inelastic scattering. This scat-
tering bridges the energy gap for the electron relaxation as the tem-
perature is increased, yielding the rapid depopulation of the higher
levels. We therefore assume that the dominant mechanism of carrier
population deviation from thermal equilibrium in (ErpOs)y (ZrOs3)ix
nanocrystals is the phonon restriction, caused by the lack of low-energy
phonons needed for effective carrier transfer between closely lying en-
ergy levels of the *I;3/, manifold.

6. Conclusions

Different sol-gel grown (EryO3)y (ZrO3)1x nanostructures stabilized
with Er’t ions have been optically investigated by means of photo-
luminescence and up-conversion techniques. The investigation of high-
temperature near-infrared and visible up-conversion spectra has shown
that for the samples with 0.026 < x < 0.099 the photoluminescence
spectra of Er®" are defined by similar erbium environment in spite of
different symmetry of the host ZrO, matrix. The low-temperature
spectra ascribed to the 4113/2 - 4115/2 transitions in Er®* reveal some
peculiarities which cannot be understand without knowledge of the
crystal-field splitting of “I;3/5 and *I;5,5 manifolds. These manifolds are
especially important since they are the working levels for Er-based la-
sers. Therefore, the simulations of the spectra involving transitions
among these manifolds have been carried out. The simulation has been
performed using multi-electron molecular orbitals cluster model devel-
oped for the case of nanocrystal structures. Both energy levels and
probabilities of transitions among the split levels have been calculated in
order to successfully reproduce the PL lineshape for the 4113/2 — 4115/2
transitions. We demonstrate the existence of a peculiar energy gap in the
level distribution of the *I;3/5 manifold. Taking into account possible
absence of low-energy phonons in the phonon spectrum of spatially
confined structures, the energy restricted relaxation (so called phonon
bottleneck) is expected for “Nis /2 manifold. This mechanism is the origin
of the observed “hot PL bands” in the low-temperature PL spectra in the
range of the 4113/2 - 4115/2 erbium transitions.
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