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Abstract—Solid solutions Gdy( _ ) TbyEu,O; (where x = 1 and 2.5 mol %) are prepared by the sol—gel
method with subsequent annealing at 700—1200°C in air and hydrogen atmospheres. It is found by XRD and
IR spectroscopy that the solutions undergo the chemical and phase transformations from the cubic modifi-
cation to the monoclinic one in the annealing process and change the degree of crystallinity. Microinclusions
of the Tb,0,:Eu** phase are present in a solid solution under certain annealing conditions, which are not
formed in a hydrogen atmosphere or with a high activator concentration of 2.5 mol % at 1200°C. In accor-
dance with these transformations, the Tb3* and Eu* photoluminescence activators are redistributed over the
C;; centrosymmetric and C, noncentrosymmetric crystal lattice sites and the C, surface states. These rear-
rangements give rise to changes in the parameters of the photoluminescence spectra, which are associated
with a change in the ways of transferring the excitation energy of the main radiative transitions of the Tb>*
and Eu?" photoluminescence activators.
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1. INTRODUCTION

Owing to the structural stability, sesquioxides of Y
and Gd are excellent matrices for creating phosphors
with various emission spectra when doped with photo-
luminescence (PL) activators based on rare earth ele-
ments (REE). The easily accessible and relatively
cheap Eu®" and Tb*" activators are widely used REE
activators, which make it possible to obtain efficient,
strong, and single-center emission in the red (mean
wavelength 612 nm), green (542 nm), and blue
(487 nm) regions of the visible spectrum [1—4]. These
colors are close to the main ones, by mixing of which
one can create different shades of the emitted color.

The bixbyite-type lattice, in which cations, includ-
ing Eu*" and Tb3*, are located in the C;; centrosym-
metric and C, noncentrosymmetric sites [5—8], is a
characteristic feature of the matrices of the cubic
modification of C-Ln,0;. For polycrystalline
nanoscale powders, the state of activators at the
boundaries (surfaces) of crystallites is of particular
importance [9, 10]. There are no Cj; sites in this state
because of distortion of the short-range order of the
crystal lattice. The monoclinic modification of
B-Ln,0; sesquioxides is characterized by three differ-
ent noncentrosymmetric positions of REE elements in
the crystal lattice [11—13]. Corresponding changes in

the structure of the first coordination sphere of the PL
activator cations, for example, the Eu** cation sur-
rounded by (O?7) ions, lead to redistribution of the
excitation energy over radiative electronic transitions
and energy losses due to electron—phonon interac-
tions [14—16]. This causes shifts in the maxima of the
emission bands and changes in their relative intensities
and, finally, in the perception of the color of displays,
monitors, and object images. The well-known optical
effect of warm—cold lighting can serve as an example
of the visual perception of such changes in radiation.

The coexistence of terbium ions with different oxi-
dation states Tb3" and Tb*" is a specific feature of PL
compounds with the Tb*" activator. The Tb*" state
does not create emission centers. Thus, it is necessary
to eliminate the oxidizing atmosphere and use either
an inert atmosphere or a vacuum in order to synthesize
the corresponding phosphors. Another option
requires varying the chemical composition or the lat-
tice structure in order to provide the thermodynamic
stability of Tb3* ions at the temperature of the synthe-
sis and under a nonequilibrium oxygen pressure. In
connection with the above peculiarities, it must be
admitted that a fundamental comprehensive analysis
of the chemical composition of the sublattices of Gd,
Tb, and Eu cations in the phosphors based on
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Gd,(, - 1O;:Tb,Eu, solid solutions has not yet been
carried out from the standpoint of the thermodynamic
state of the system, namely, the Tb>"** oxidation state
of the cations and the redistribution of the Gd3*, Tb3*
(Tb*"), and Eu?' cations in the bixbyite-type lattice
and at the boundaries (surfaces) of crystallites. Thus,
the objectives of this study were as follows:

—sol—gel synthesis of Gd,;, _ ,,Tb,Eu,(OH),(CO,), -
nH,0 solid solutions with their subsequent annealing
at temperatures of 700, 900, and 1200°C to the corre-
sponding C-cubic and B-monoclinic modifications of
Gdy(, _ ,)O3:(Tb***) (Eu*), compounds, and char-
acterization of the chemical and structural composi-
tions of the obtained solid solutions;

—analysis of the localization of Eu*" and Tb3" ions
over the C;; and C, cationic sites and the C; surface
states in the Gd,; _ ,O3:(Tb*"**) (Eu’"), lattice and
analysis of the distribution of the emission excitation
energy over radiative electronic transitions according
to the PL spectra.

2. EXPERIMENTAL

To obtain PL compounds based on Gd,; _ ,,Os:
(Tb3"4%) (Eu’"), solid solutions, we used the sol—gel
method [14, 17, 18]. Nitrates Gd(NO;); - 6H,0,
Tb(NO;); - SH,0, and Eu(NOs;); - 5H,O synthesized
from the corresponding oxides with at least 99.9% of
the main component were used as reagents. The syn-
thesis was carried out starting from aqueous solutions
of mixtures of the above salts, the compositions of
which corresponded to the ones necessary for the for-
mation of sol—gel products of solid solutions of
hydroxocarbonates  Gd,; _ ,, Tb,Eu,(OH) (CO;),
n(H,0). For this, 0.2 M solutions of nitrates that
corresponded, in percentage, to the compositions of
the required oxides were used. A twofold excess of a
solution of special-purity grade NaOH in bidistilled
water was used a precipitant. The synthesis was carried
out on a setup with sputtering of the starting reagents
to achieve homogeneity in the volume of the
working solution. The resulting precipitate of
Gdy; _ TbEu (OH),(CO;), - nH,0 was washed until
neutral pH of the rinsing water was achieved and dried
in air at 50°C. The product was divided into parts to
form polycrystalline samples weighing 1 g each, which
then were annealed at 700, 900, and 1200°C for 1-2 h
until formation of the final products, i.e., solid solu-
tions Gd,; _ ,)O3:(Tb*"*") (Eu*"),, where x = 1 and
2.5 mol %. Further, we will use notation Gd,O;:
Tb3",Eu** (x mol %) for brevity. The concentrations of
Tb** and Eu* were chosen equal to 1 and 2.5 mol %,
since the Tb3>" and Eu®' ions acquire PL excitation
energy independently at Tb3" concentrations of
<1.5 mol %, while the Tb** ions serve as PL coactiva-
tors at concentrations of >1.5 mol % and partially
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transfer the excitation energy from the 3D, level to the
3D, of Eu** cations, for example, in the CaWO, matrix
[19]. A concentration of 2.5 mol % was found to be the
most effective concentration for Eu*" (1—2 mol % in
[20, 21]). In [1, 22], it was recommended to use Eu®*
concentrations of 1.25 mol % in the Y,0; and Gd,0;
matrices for the effective emission of Eu’* cations, but
with low concentrations of the Tb3" coactivator at a
level of 0.0025—0.0050 mol %. Our goal was to study
the distributions of the Eu3* and Tb?* cations over the
lattice sites and to analyze the paths of the transfer of
the PL excitation energy over the sublattices com-
prised of the C;; and C, sites; therefore, equal concen-
trations of these ions were chosen.

The X-ray diffraction phase analysis of the samples
was performed on a Shimadzu XRD-7000 diffractom-
eter (CuK|, radiation, Ni filter, 20 range 5°—70°, step
0.03°, and 2s accumulation). IR spectra were recorded
on a SCIMITAR FTS 2000 IR spectrometer in the
frequency range of 4000—375 cm—".

The luminescence spectra were studied using a
Cary Eclipse fluorescence spectrophotometer
(VARIAN). The excitation wavelength was chosen
according to the diffuse reflection spectra (DRS) and
the excitation luminescence spectra of single vibronic
levels (SVL) of the main emission bands of the Tb**
(542 nm) and Eu’* (612 nm) ions. According to pre-
liminary DRS experiments, all polycrystalline sam-
ples have a high optical absorbance of about 70—80%
in the ultraviolet region. Wavelength A, = 280 nm was
chosen on the basis of the transfer of excitation energy
over the maximum possible number of known chan-
nels for these compounds, namely, charge transfer
channel Gd** — Tb?"; and electron transfer channels
4f — 5d Tb**, 5D, (Tb**) — 5D, (Eu") [2], 4f — 4f
(Eu®%) [1, 19, 22—25], and O*>~ — Eu®" [10, 26] for
efficient emission of Tb*" and Eu’* ions via the corre-
sponding radiative transitions. In comparison with the
cubic modification, the transmittance of the mono-
clinic modification at a wavelength of A = 280 nm was
lower by a factor of almost 2, and the excitation effi-
ciency was the same for the band with a maximum at
612 nm and eight times higher for the band with a max-
imum at 550 nm.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of the
studied samples.

The unit cell parameters of the main phase of
C-Gd,04:Tb** ,Eu** (x mol %), the sizes of the
coherent scattering regions (CSRs), and accompany-
ing phases are given in Table 1 for the samples
obtained by annealing the sol—gel products of
Gdy - »TbEu (OH),(CO;), - nH,O under various
conditions.
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Fig. 1. X-ray diffraction patterns of samples 1—8.

All samples, except for samples 1, 6, and 11, are
mainly cubic modifications of C-Gd,O0;:Tb** Eu**
(x mol %) with the crystal lattice belonging to space
group /a3 . The lattice parameter of sample 5 is closest
to that of the Gd,0; matrix. Taking into account the
known values of the radii of Eu3* (0.109 nm), Gd3*
(0.115 nm), and Tb** (0.093 nm) ions for a coordina-
tion number of 6 in oxides [27, 28], it can be assumed
that the Tb*" and Eu?®* ions substitute preferably the
Gd*" ions of the matrix in the Cj; sites, since the vol-
ume of the corresponding coordination sphere for the
C;; sites is smaller than that for the C, sites.

In the X-ray diffraction pattern of sample 1, which
is a sol-gel product annealed in air at 700°C for 1 h,
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twelve reflections belong to the phase of cubic oxide
C-Gd,0; listed in the Inorganic Crystal Structure
Database (ICSD) under entry # 183130 (/CSD-
96207), eighteen reflections can be attributed to the
Gd(OH); phase (/CSD-152449) in an amount of less
than 5 wt %, and eight reflections correspond to the
presence of the Gd(CO;)OH phase (/CSD-200093) at
a level of about 1 wt %. The same pattern has been
observed earlier [16, 17]. Reflections are shifted within
20 = £0.03° relative to their position in pure C-Gd,0;.
This is explained by the fact that all phases are solid
solutions of oxides based on neighboring REE ions,
i.e., Bu’*, Gd*", and Tb?*. In addition, the terbium
ion in the oxide has an effective oxidation state of
Tb>%4* in air [29], which corresponds to the mean oxi-
dation state of the cations in compound Tb;;O,,. All
reflections are broadened and there is a wide halo in
the region of small diffraction angles, which indicates
the small size of crystallites and the presence of an
amorphous phase.

Sample 2 is obtained from sample 1 by successive
annealing in an H, atmosphere for 2 h. The sample is
comprised of the phase of solid solution C-Gd,0x;:
Tb3",Eu*" (1 mol %) and the impurity phases of
tetragonal Tb,O,, (two strong reflections at 20 =

61.719° and 64.350°, space group R3, ICSD-73822)
and Gd(CO;)OH (one reflection at 20 = 61.908°) with
the diffraction peak intensities noticeably higher than
the background level. Other reflections cannot be
probably resolved within the technique used, and
some of the reflections overlap with the reference
reflections of C-Gd,0;. The reflections have devia-
tions with respect to the 206 angles, since the solid solu-
tions of three oxides of Eu?", Gd3", and Tb3* have a
bixbyite structure, which contains two types of posi-

Table 1. Results of processing the XPD data of the annealing products for the samples synthesized by the sol—gel method

Sample/annealing Compounds containing Cell CSR, nm
conditions Tb3* and Eu®" ions parameter*, A [ 555 004 044 226

1. 1% Eu, Tb (700°C, air) C-Gd,0;, Gd(OH);, Gd(CO;)OH - <30 nm
2. 1% Eu, Tb (700°C, H,) C-Gd,03, Tb;0,, Gd(CO3;)OH 10.8030(6) 34(3) 35(3) 37(3) 40(4)
3. 1% Eu, Tb (900°C, air) C-Gd;03, Tb;0,, TbO, ¢ 10.8187(5) 33(3) 35(3) 36(3) 42(4)
4.1% Eu, Tb (900°C, H,) C-Gd,04 10.8083(2) 86(9) 87(9) 71(8) 54(5)
5.1% Eu, Tb (1200°C, air) | C-Gd,05 Tb;0, 10.8091(1) —k
6. 1% Eu, Tb (1200°C, H,) |B-Gd,03, Tb;0, - -
7.2.5% Eu, Tb (1200°C, air) | C-Gd,0;4 10.8040(2) | 120%** | 140%** | 100*** | 100***
8.2.5% Eu, Tb (1200°C, H,) | C-Gd, 04 10.7958(2) 170%%% | 150%** —Hx 120%**

*Reference cell parameters: @ = 10.81 A for Gd,03 (ICSD-96207); 10.86 A for Eu,03; (JCPDS-34-392); and 10.76 A for Tb,0;

(JCPDS-23-1418).

**Full widths at half maximum of the peaks are equal to the full widths at half maximum of the reference peaks of the Si standard. The

CSR values cannot be calculated.

*** Full widths at half maximum of the peaks are close to the full widths at half maximum of the peaks of the Si standard. The CSR val-

ues are calculated approximately.
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tions of REE cations in the unit cell, namely, eight ions
in the centrosymmetric Cj; positions and twenty four
ions in the noncentrosymmetric C, positions. More-
over, the distribution of elements over the positions
depends on the ionic radius [30—34], on the tempera-
ture of synthesis or homogenizing annealing [14], and
on the conditions of compound synthesis, which can
be the sol-gel process [1, 22, 33], the hydrothermal
method [3], the solid-phase sintering [34], etc. The
CSR size determined by the Debye—Scherrer model is
36 + 3 nm for the isometric shape of crystallites.

Sample 3, which is a sol—gel product annealed in
air at 900°C for 1 h, contains the phase of cubic solid
solution C-Gd,04:Tb3*,Eu** (1 mol %). In conse-
quence of the fact that the sample was annealed in an
air atmosphere with subsequent free cooling, the
structure contains Tb3*" ions, since seven reflections
correspond to the trigonal Tb,0,, phase (see Fig. 1),
three reflections at 260 =29.239°, 48.683°, and 57.804°
correspond to the main reflections of the cubic

TbO, 5, phase that belongs to space group Fm3m
(ICSD-28916). The presence of these phases does not
contradict the thermography data [29], which indicate
a change in the stoichiometry of terbium oxide and,
consequently, a change in the effective oxidation state
of terbium ions after heating in air. The established
reflections of the oxide phases of Tb**" are located
quite close to the reflections of the C-Gd,0; phase
and are partially overlapped with them, changing their
reference intensity. This gives grounds to assume that
semicoherent interfaces are formed between the
phases, by analogy with compounds that have incom-
mensurate sublattices [35, 36]. Moreover, impurity
phases can be represented by polysynthetic twin layers
of nanometer sizes.

Sample 4 synthesized from sample 3 by annealing
at 900°C for 1 h in H, is comprised of one phase of

solid solution C-Gd,05:Tb*",Eu?" (1 mol %). The
Tb,0,, phase is absent, since the Tb*" ions in the oxide
are reduced to Tb** in the H, atmosphere. The coher-
ent scattering region is 36 £ 3 nm for sample 3, and
increases to 86 £ 9 nm in the [222] and [004] direc-
tions, to 71 £ 8 nm in the [044] direction, and to 54 =
5 nm in the [226] direction for sample 4.

Sample 5 was obtained by annealing a sol-gel prod-
uct at 1200°C for 1 h and mainly contains the cubic
phase of solid solution C-Gd,O5:Tb*",Eu** (1 mol %)
with a coherent scattering region at the level of that for
the reference micrometer-size indicates an increased
degree of crystallinity. For pure C-Gd,0;, the cubic
bixbyite lattice is a basic one lattice up to 1200°C [30].
However, this modification is a thermodynamically
metastable modification according to the conclusions
drawn in [37]. An impurity phase is found, four reflec-
tions of which are close to those of the Tb,;0, phase.
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Sample 6 obtained from sample 5 by annealing at
1200°C for 1 h in H, is comprised of the monoclinic
B-Gd,0;:Tb’" Eu** (1 mol %) phase belonging to
space group C2/m and an impurity phase of trigonal
Tb,0,, (four reflections) that contains Tb34* cations.
The appearance of the B-Gd,05:Tb>",Eu**" (1 mol %)
phase after annealing in a reducing H, atmosphere at
1200°C is explained by the specific behavior of the sta-
bility of the cubic and monoclinic phases of REE oxides
[29, 37, 38]. To check this feature, sample 6 was addi-
tionally annealed at 1200°C for 1 h in air (sample 9) and
sample 5 was annealed at 1200°C in high-purity grade
Ar for 1 h (sample 10). In both cases, phases of mono-
clinic B-Gd,04:Tb?",Eu** (1 mol %) containing an
impurity of the trigonal Tb,0,, phase were obtained.
Thus, polymorphic transition to the monoclinic phase
occurs after annealing for 3 h in total. This confirms
the well-known conclusion [37] that the cubic struc-
ture of sesquioxides of cerium group, including
C-Gd,0s;, is a metastable phase at low temperatures
and can be converted into the monoclinic phase at ele-
vated temperatures with a sufficient annealing time.
The C-Gd,0; lattice is a basic one lattice at a relatively
low concentration of dopants. However, we have pre-
viously found that solid solutions of rare-earth oxides
based on C-Gd,0; can be stabilized by Eu** impurities
in high concentrations [15].

To test the effect of an increased concentration of
PL activators, samples 7 and 8 with Tb3* and Eu’*
concentrations of 2.5 mol % each were synthesized.
Both samples contain the phase of the cubic modifica-
tion of C-Gd,05:Tb**,Eu’" (2.5 mol %) with CSR of
120 and 150 nm, respectively. The formation of the
cubic modification of sample 7, which is a sol—gel
product annealed in air at 1200°C for 1 h, and its reten-
tion after additional annealing in H, at 1200°C for 1 h
are explained by the stabilizing effect of Eu’" and Tb**
ions. The resulting C-Gd,O; matrix is a metastable
phase in terms of thermodynamics [15, 37] and is prob-
ably stabilized by terbium sesquioxide (Tb3*"), which is
thermodynamically stable in a cubic modification at
these temperatures. The absence of the Tb,0, impurity
phase and, consequently, Tb** cations is probably asso-
ciated with the formation of stable Tb**—OQ* —Eu**
clusters due to exchange interactions with concentra-

tions Eu?* and Tb3* ions above 1.5 mol %, as was estab-
lished for the CaWO, matrix [19].

The IR spectra of the samples are shown in Fig. 2.
With an increase in the annealing temperature in the
range of 700—1200°C, dehydroxylation of the samples
and a decrease in the content of carbonate ions occur,
which is reflected in a decrease in the intensity of
absorption bands of molecular water in the range of
wavenumbers 1400—3600 cm~', and absorption bands
of O—H groups and asymmetric stretching vibrations
of C—O groups at 1510 and 1400 cm™', respectively
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Fig. 2. Infrared spectra of samples 1—10.

[33]. The bands in the region of 390—600 cm™' are
related to stretching vibrations of Ln—O bonds in the
C-Gd,05 [39, 40], C-Eu,0; [41], and C-Tb,05 [42]
sublattices and Ln—O bonds of the monoclinic lattice
and impurity phases (sample 6). It is noteworthy that
the absorption bands of O—H groups appear after
annealing at high temperatures of 1200°C in an atmo-
sphere of H, (sample 6), which is probably explained
by the fact that the reduction of Tb*" ions (or the
reduction of an effective oxidation state of 3.64+ in the
Tb,,0,, matrix or 3.40+ in the Tb,0,, matrix to Tb>*).
In this case, oxygen is released and forms adsorbed
hydroxyl groups by reacting with H,. A control exper-
iment with additional annealing of sample 5 in an Ar
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atmosphere showed the absence of O—H groups (sam-
ple 10).

The PL spectra normalized with respect to inten-
sity are shown in Figs. 3a and 3b.

The spectra of the samples are given by histograms
of the main PL band maxima (Fig. 3a), which give a
clear idea of the change in the PL intensities from
sample to sample. The real spectra of samples 1—5 are
similar to the spectra of samples 7 and 8 (Fig. 3b) with
different ratios of band intensities, which are given in
Tables 2 and 3. Shifts of the band maxima along the
radiation wavelength are noted, which is associated
with a change in the crystal field in the coordination
spheres of the PL activators. This may be a result of
changing the real lattice structure (defectiveness) and
redistributing the cations over the C, and Cj; states
and over the surface C, states.

The obtained results indicate that the intensity of
emitted radiation in the reference bands of Tb*" and
Eu’* ions increases with an increase in the annealing
temperature. This is a result of dehydration of com-
pounds and an increase in the degree of crystallinity of
the samples. Moreover, the effect of dehydration in a
multiphase system on the redistribution of the exci-
tation energy over the bands can hardly be explained at
the existing level of theoretical knowledge.

The analysis of the I,/ I595 ratio of the PL band
intensities of Eu’" ions, which arise from radiative
transition 3D, — ’F, at 612 nm and radiative transition
>Dy— F, at 595 nm, respectively, is a well grounded
analysis of the redistribution of cations over the C, and
C,; sites. This ratio is proportional to the ratio of concen-

trations of Eu" ions in the indicated lattice positions
and is called the “asymmetric ratio” (AR) [43, 44].

(b)
80
]0—40 units
B 9 —20 units
-__/\J,\\/\Awﬂ_s
Y e NNy S —
L | L | L | L 7 | L
450 500 550 600 650 700
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Fig. 3. (a) Photoluminescence spectra of samples 1—6 in the form of 3D histograms of the maxima of the main emission bands

of Tb*" ions at 487, 513, 542, 550, and 584 nm and Eu? ions at 595, 612, and 622 nm, and (b) general views of the spectra of
samples 7—10; the spectra of samples 8, 9, and 10 are raised by 10, 20, and 40 intensity units, respectively.
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Table 2. Intensities of the PL bands of the samples in relative units after the decomposition of the spectra into components

A, nm 460 487 513 542 550 | 560% | 584 596 612 622
Tr:‘;rillggn/ 5Py — "Fy|5D, — F,|’D, — "F,|3D, — "Fs|5D, — TF; 5D, — "F,|3Dy — F,|3Dy — F, |3D, — 'F,
1 0.1 0.2 — 0.7 0.6 | 0.3 0.2 0.1 0.8 0.2
2 0.6 3 -~ 6 6 —~ 9 1 4 1
3 0.2 -~ 3 06| 08 0.5 2 0.5
4 0.7 5 —~ 8 7 —~ 2 1.4 1.4
5 1.7 9 — 19 17 —~ 5 4 11 3
6 4.5 15/ 53 5 sa/ | 4 28 7 1 25
(495 nm) (552 nm)
12 17
7 —~ 3 —~ 7 7 —~ 2 2 1 2
8 — 10 -~ 2 19 —~ 5 5 24 4
9 5 17 5 52 16 4 19/ —~ 1 30
(589 nm)
14
10 5 16/ 6 48 16 — | 27 8 1 26
(496 nm)
9

The second harmonic at A, = 280 nm.

Table 3. Intensity ratios of the main emission bands of Eu?* and Tb* ions for samples obtained under different annealing
conditions with different concentrations of PL activators

1 * —
samll:lz?;n};le/a ling 253—21946/ 610—614/|610—614/| 610—614 |487—491/(548—522/| 594—596 [594—596/|1622—624/|622—624/
.\ 1 487—491 | 541543 | 622—624 | 541—543 | 541—543 | 487—491 | 541—543 | 487—491 | 541543
conditions AR
1. 1% Eu, 8 4 1.1 4 0.3 0.8 0.5 0.1 1 0.3
Tb(700°C, air)
2.1% Eu, 3.5 1.2 0.6 3.8 0.5 0.9 0.3 0.2 0.3 0.2
Tb(700°C, H,)
3.1% Eu, 4 2 0.7 4 0.3 0.8 0.5 0.2 0.5 0.2
Tb(900°C, air)
4. 1% Eu, 3 1 0.5 3.1 0.5 0.9 0.3 0.2 0.3 0.2
Tb(900°C, H,)
5.1% Eu, 2.8 1.2 0.6 3.5 0.5 0.9 0.4 0.2 0.4 0.2
Tb(1200°C, air)
6.1% Eu, 1.5 0.7 2.2 0.4 3 5 0.5 1.5 1.6 5.0
Tb(1200°C, H,)
7.2.5% Eu, 6 3.6 1.6 5.7 0.5 0.9 0.6 0.3 0.6 0.3
Tb(1200°C, air)
8.2.5% Eu, 5 2.3 1.1 5.5 0.5 0.8 0.5 0.2 0.4 0.2
Tb(1200°C, H,)
9.1% Eu, Tb 1.3 1.1 0.4 0.6 0.3 0.3 1 0.3 1.7 0.6
(no. 6, 1200°C,
air)
10. 1% Eu, Tb 1.4 0.9 0.2 0.4 0.3 0.3 0.5 0.2 1.7 0.5
(no. 5, 1200°C,
Ar)

*Variation ranges in the position of the PL band maxima are indicated.
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Sample 2 after annealing of sample 1 in H, is char-
acterized by sharp increases in the intensity of the
band of Tb** at 490 nm by a factor of 16, in the inten-
sity of the superposition of bands (doublet [45]) at 542
and 550 nm by a factor of 18, and in the intensity of the
band at 585 nm by a factor of 40. Moreover, the emis-
sion band of Eu** at 595 nm increases by an order of
magnitude with an increase in the intensity of the band
at 612 nm merely by a factor of 5. It is understandable
that the Tb*" ions reduced to Tb3" are located prefer-
ably at the Cj; lattice sites. The concentration of Eu®*
ions increases predominantly in the Cj; sites because
of transferring these ions into the bulk of the material
with a decrease in the specific surface area of crystal-
lites, in which they occupied the noncentrosymmetric
C, sites. Moreover, the probability of incorporating
these ions into the Cj; sites with a smaller volume of
the surrounding sphere is rather high in accordance
with the following descending order of radii of the cat-
ions: Gd** > Eu®* > Tb3* [27, 46]. The noted violation
of the so-called “lanthanide contraction” of neighbor-
ing Eu®" and Gd3* ions has been recorded in the liter-
ature, and we have earlier observed it for solid solu-
tions of oxides in the (Gd,Y, _ ,),0;:Eu’* system [15].
This feature of Eu*" ions was also found in the anom-
alous shift of the Raman band of Eu** ions in the
region of 340—380 cm™! for the series of lanthanides in
the spectra of the corresponding cubic sesquioxides
[47], which can be explained by an enhanced elec-
tron—phonon interaction. In particular, the PL exci-
tation of Eu** ions occurs through electronic transi-
tions 3D, (Tb**) — °D, , (Eu*"). Energy is predomi-
nantly transferred along the Cj; sublattice within the
energy of the 3D, — 7Fj transition (487 nm), since the
lowest increase in the intensity of this band was found
after annealing of the precursor, i.e., sample 1. The AR
value naturally decreases substantially and practically
reaches the equilibrium value for the bixbyite lattice

(AR, = 3).

Annealing of the sol-gel product (sample 3) in air
at 900°C leads to an increase in the emission of all
radiative transitions in Tb*" by a factor of 4—5 com-
pared to sample 1, while the emission of the 3D, — ’F,
(595 nm) transition in the Eu?* ion increases propor-
tionally. The proportional distribution of energy over
radiative transitions indicates that the distribution of
PL activator Tb3* over local cation sites is preserved
and an increase in the radiation efficiency is associated
with an increase in the degree of crystallinity of the
sample. It should be noted that the annealing process
is accompanied by a decrease in the concentration of
Tb*" ions due to reduction of them to Tb*" with a
decrease in the partial pressure of oxygen relative to its
equilibrium value at a given temperature [29]. Exci-
tation of the emission of the D, — ’F, transition
increases only by a factor of 2.5 and is probably associ-
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ated with an increase in the crystallinity of the samples
in comparison with sample 1 (see CSR, Table 1). In
this case, the AR value decreases by a factor of 2,
which indicates an increase in the concentration of
Eu®* ions in the Cj, lattice sites. This is a result of the
transfer of some of these ions from the surface to the
bulk of the material with a decrease in the specific sur-
face area of crystallites. Moreover, the transfer of exci-
tation energy of the emission band of Eu** at 612 nm
and, to a lesser extent, of the band at 595 nm occurs
within the energy of the D, — 7 F transition of Tb**
(487 nm), since the total emission energy of the dou-
blet of bands at 542 and 550 nm increased by a factor
of 8 with an increase in the emission energy of the
band at 487 nm merely by a factor of 5. In this case, the
ratio between the AR and the [;,/l,; intensities
decreases proportionally by a factor of 2 in comparison
with sample 1 at a constant /5g5/1,57. The transfer of PL
excitation of Tb** ions to Eu®' ions has been noted
earlier [1, 19].

Sample 4 obtained from sample 3 after annealing in
H, is characterized by efficient reduction of Tb** to
Tb?* and a sharp increase in the degree of crystallinity
(CSR increases, see Table 1). Accordingly, the inten-
sity of all PL bands increases moderately (by a factor of
2—3). At the same time, relative increases in the emis-
sion intensities of the D, — 7F, transitions (487 nm)
by a factor of 4.5 and of the °D, — 7 F; doublet by a fac-
tor of 5.7 in total are observed. A slightly larger
increase in the emission intensity of the 3D, — ’F,
transition is associated with the transfer of Eu’* ions
from the C;sites on the crystallite surface into the bulk
of the material to the Cj; sites.

Annealing of a sol—gel product at 1200°C in air
(sample 5) gives rise to a further increase in the con-
centration of Tb3* ions [29] and a decrease in the spe-
cific surface area of crystallites relative to the results of
annealing at 900°C (sample 3). According to this, the
intensities of all emission bands increase by a factor of
5—7 for the most part. The emission intensity of the
3D, — "F transition at 487 nm and the total intensity
of the D, — 7Fs doublet transitions at 542 and 550 nm
in Tb>" ions show the largest increases by factors of
8 and 12, respectively. At the same time, the AR value
decreases insignificantly and the Iy;,/ 1,5, ratio slightly
increases. The latter corresponds to the transfer of
enhanced PL excitation from the Tb*' activator to
Eu’* ions through the C, sublattice in addition to the
excitation of emission due to 4f — 4f transitions of
Eu®* ions. In actual fact, the I5s/l4g; ratio slightly
decreases (Table 2).

Sample 6 obtained from sample 5 after annealing in
H, comprises a monoclinic phase based on the
B-Gd,0; matrix. A significant increase in the total
intensity of the emission bands of Tb3* at 487 and
Vol. 62
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550 nm is noted, which is naturally associated with the
reduction of Tb*' ions to Tb** ions that are effective
PL site. In this case, the intensity of the emission band
at 622 nm (taking into account shifts to the region of
622—624 nm) increases very strongly, which can be
explained by the superposition of the Dy, — F, radia-
tive transitions of Eu3* ions [48] (the low-energy com-
ponent of the doublet) and the D, — 7 F; transitions of
Tb?* ions. The conversion of gadolinium sesquioxide
into the monoclinic modification is a normal phe-
nomenon at 1200°C [37]. In this case, the emission
band of Eu** ions in the Cj; lattice sites at 595 nm is
due to the presence of centrosymmetric sites in the lat-
tice of trigonal Tb,0,,. Consequently, the trigonal
phase is doped with Eu®" ions. It is noticeable that an
unreferenced PL band appears at 513 nm in the spec-
trum of the obtained monoclinic phases, which is
probably formed by doublet emission of the D, — 7 F
transition of the Tb*" ion.

Sample 7 with an increased content of PL activators
at a level of 2.5 mol %, which is the cubic modification
of solid solution C-Gd,05:Tb*",Eu’" (2.5 mol %) of the
bixbyite type, is formed as a result of annealing of a
sol—gel product in air at 1200°C for 1 h. In this case,
the intensities of the bands of Tb3" at 487, 542, and
550 nm decrease by a factor of 2.5—3, the intensity of
the PL band of Eu** ions at 596 nm increases by a fac-
tor of 5, and the intensity of the emission band at
612 nm remains the same relative to sample 5, which is
also synthesized by annealing at 1200°C. These effects
are associated with the onset of the well known effect
of PL quenching of Tb3" ions at concentrations of
>1.5mol % [19]. A relatively larger increase in the
intensity of the emission band of the 3D, — 7 F, transi-
tion of Eu3* ions at 596 nm in comparison with sample
5 is explained by a two-fold higher concentration of
PL activators with a noticeable decrease in the degree
of crystallinity of the sample due to an increase in the
specific surface area of crystallites. This is associated
with an increase in the concentration of Tb*' ions in
the surface states, which leads to the transfer of Eu?*
ions from the C, surface states into the bulk of the
material to the Cj; sites. These conclusions are based

on the well known belief that the Tb3* ion is an inhib-
itor of the growth of crystallites in a similar chemical
system [1, 9]. Indeed, a decrease in the CSR is observed
in sample 7 compared to sample 5 (see Table 1). Appar-
ently, all additionally provided Eu*" ions occupy the
C;,; positions, since the intensity of the band at 612 nm
remains at the level that was in sample 5. Subsequent
annealing of sample 7 in H, for 1 h (sample 8) leads to
increases in the emission band intensities of the °D, —
7F; transitions of Tb3" at 542 and 550 nm and of Eu®*
at 612 nm by a factor of 2.0—2.5 relative to sample 5
with a lower activator concentration, reaching the
maximum PL efficiency of both activators for the
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cubic modification of a solid solution with the
C-Gd,04:Tb*" Eu’" (2.5 mol %) composition.

The maximum intensities of the PL bands of Tb**
at 487 and 542 nm are achieved in samples 6, 9, and
10, which consist of the monoclinic phase. Sample 10
is obtained by additional annealing of sample 5 in Ar
for 1 h. The efficient photoluminescence is probably
related to the fact that the cations coordinate seven
O?% ions, in the monoclinic modification [46], which
contributes to the more efficient transfer of excitation
energy to Tb*" ions. For Eu®* ions, the transition from
the octahedral environment can lead to the transfer of
excitation from the > D, level of Eu* to the closely lying
>D, level of Tb3* when the excitation energy of photons
is high (280 nm). As a result, the intensity of the band
ofthe monoclinic phase at 612 nm remains at the max-
imum level for the cubic phase. However, the band of
the D, — ’F, transition in Eu*" at 595 nm has a
slightly higher intensity. The presence of this band is
associated with the impurity of the trigonal phase of
solid solution Tb,0,,:Eu(x) (space group R3), in
which half of the Tb?" cations occupy the centrosym-
metric Cj; positions. The spectra of the monoclinic
phase (phases 6, 9, and 10) are characterized by a
sharp decrease in band intensity ratio (610—
614)/(622—624) < 1 relative to this parameter for cubic
phases in the range from 3.5 to 5.7 (Table 3). This is
explained by a decrease in the oxygen pressure relative
to the equilibrium pressure at 1200°C for Tb,;0,,.
However, this effect has been observed earlier in the
synthesis of compound B-Gd,0;:Eu’* (1.6 mol %)
[13] when the integrated intensity of the PL spectrum
increased as in our case. Sample 6 annealed in an H,
atmosphere is characterized by significant increases in
band intensity ratios (610—614)/(541—-543), (622—
624)/(541—-543), (487—491)/(541—-543), and (548—
552)/(541—543) compared to those for the samples of
cubic modification C. This indicates the excitation
energy in the emission doublet of the D, — ’F, tran-
sition of the Eu®' ion at 610 and 622 nm is mainly
transferred through the high-energy component
(541—543 nm) of the °D, — 7F; transition doublet of
the Tb** ion. This is consistent with an increase in the
(548—552)/(541—543) emission intensity ratio, which
generally indicates increased phonon—electron inter-
actions in sample 6. Moreover, this occurs preferen-
tially in the sublattice of noncentrosymmetric C, sites
of the Tb?* and Eu?* cations, since the spatial symme-
try of these sites is lowered. In actual fact, the (610—
614)/(541—543) band intensity ratio is 2.2 for the non-
centrosymmetric C, sites, while the (594—596)/(541—
543) band intensity ratio equals 1.5 for the centrosym-
metric Cy; sites.
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4. CONCLUSIONS

Solid solutions Gd,, _ ,,Tb,Eu,O; are character-
ized by photoluminescent properties that are deter-
mined by the modification of the lattice of the Gd,O;
matrix (which can be either cubic or monoclinic), the
concentrations of the Tb?" and Eu?' activators, the
composition of impurity phases, and the distribution
of activators over the centrosymmetric (C;) and non-
centrosymmetric (C,) cationic sites of the bixbyite lat-
tice and over the C; surface states. Phase transfor-
mations accompanied with dehydration, dehyd-
roxylation, and decomposition of carbonates occur
during the annealing of precursors, i.e., products
Gdy, _ »TbEu,(OH),(CO;), - n(H,0) (x = 1 mol %)
of the sol—gel process in the temperature range of
700—1200°C. Solid solutions Gd,0;:(Tb**) (Eu’"),
that are mainly formed contain microinclusions of
lamellas of the Tb,0,,:Eu’* phase. These microinclu-
sions are eliminated after additional annealing in a
hydrogen atmosphere as a result of the reduction of
Tb*" cations into Tb?* cations. The photolumines-
cence of such products at A, = 280 nm is characterized
by the predominance of the emission efficiency of the
bands of Tb3* ions in the blue and green regions of the
spectrum. The Tb?*" and Eu’* photoluminescence
activators preferably substitute Gd** ions in the Cj;
positions, and the excitation energy of the emission of
the °Dy, — "F, , transitions of Eu** ions is partially
transferred from Tb** ions mainly along the Cj; sites of
the sublattice, despite the fact that the concentration
of Tb3* and Eu?" cations is less than 1.5 mol %. Thus,
exchange interactions of activators also exist when
their concentrations are 1 mol %. A change in the
intensity of PL bands of activators and an increase in
the number of Eu** cations in the C;; positions cor-
relate with a decrease in the specific surface area of
crystallites (an increase in the degree of crystallinity of
the samples). Regardless of the air/hydrogen/argon
atmosphere, the annealing of the samples at 1200°C
for 2 h or longer leads to a phase transition of the
matrix into the monoclinic modification with a
Tb,0,,:Eu** impurity, while the emission intensity of
Tb3" ions reaches very high relative values in the bands
at 487 and 550 nm. At the same time, the excitation
energy of emission from the band of Eu®* cations at
596 nm is transferred owing to a decrease in the emis-
sion intensity of the high-energy band of the doublet
of the °D, — 7 F; transition of the Tb*" ion at 542 nm.

Samples with an activator concentration of 2.5 mol %
have a stable cubic modification of solid solution
C-Gd,04:Tb**,Eu’" (2.5 mol %). The degree of crys-
tallinity of the samples slightly decreases owing to the
appearance of crystal growth inhibitors on the surface
of crystallites, which are Tb*" ions in the C, surface
states. A corresponding increase in the concentration
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of Eu** ions in the bulk of crystallites, predominantly
in the Cj; positions, leads to the practical equality of
the intensities of the bands of Eu** ions at 612 nm and
the bands of Tb** ions at 542 and 550 nm.
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