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Two series of nonstoichiometric lanthanoid tellurite phases have been identified which are similar to
cubic (Ln,Te)O, anti-glass phases with CaF, defect structure. Their X-ray diagrams indicate low-
symmetrical CaF, superstructures. Monoclinic (or pseudotetragonal) subcells were determined. Anti-
glass disorder is consistent with the Eu?* and Te** luminescence of one series, but can be excluded for

the other one. © 1988 Academic Press, Inc.

Introduction

Anti-glass phases have been described as
metal-oxide modified TeO, with the fluorite
structure, e.g., SrTesOy (I) and Ln,TegOys
(Ln = lanthanoids or Y) (2). An anti-glass is
here defined as a solid with long-range or-
der, but with highly disturbed short-range
order, i.e., varying coordination from one
atom to the other which is apparent from
the large Debye—Waller parameters (1, 2).
In a simple glass, e.g., SiO, glass, we have
the reversed situation. Additionally, in the
fluorite-structured tellurite anti-glass the
metal ions and Te** ions are statistically
distributed in the cation positions; the an-
ion positions are incompletely occupied.

* To whom corréspondence should be addressed.

Recently we have reported on the lumi-
nescence of two series of cubic anti-glass
tellurites of La, Gd, and Y, one Te-rich and
the other Ln-rich (3). These are the first ex-
amples of oxidic systems containing Te**
(5s2) ions which show luminescence. Metal
ions with s? configuration are well known
for their luminescence (4) and have been
studied in detail (5). It has been shown that
the Stokes shift of the emission is related to
the amount of space which is available for
the s? ion in the lattice. Very large Stokes
shifts have been observed for s? ions in an
asymmetrical coordination which is charac-
teristic of these ions. In this respect the
well-known BiyGei0;; has become a fa-
mous example (6).

The normal fluorite iattice does not meet
the geometrical requirements of the Te**
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coordination in oxides (7). However, by
large atomic displacements and partly due
to the presence of anion vacancies it is pos-
sible to provide irregular coordinations.
The Te** luminescence points into the same
direction (3).

The reported lanthanoid tellurite anti-
glass phases are formed at 800-850°C. At
higher temperatures, noncubic phases are
formed, the structures of which appeared to
be derived from the fluorite structure by
lowering of symmetry (8). If these were
anti-glass phases also, not only the number
but also the structure types of such phases
would be enlarged. The determination of
the extremely high Debye-Waller factors,
however, which are characteristic of anti-
glass disorder requires the complete deter-
mination of crystal structure.

In this paper, the lower symmetrical
phases have been investigated in two com-
pletely different ways, viz., by X-ray dif-
fraction and by luminescence measure-
ments. The former technique reveals
long-range order properties, whereas the
latter is more suitable to the study of short-
range order properties. The Te** ions show
only broadband Iuminescence spectra
which are not very sensitive to change in
the Te*" coordination. Therefore we used
as one of the lanthanoid ions the Eu* ion.
Its emission spectrum is very sensitive to
the nature of its surroundings (9).

The two techniques yielded some unex-
pected results which agree very satisfacto-
rily with Raman-—spectroscopical data to be
presented elsewhere (10).

Experimental

By heating Ln-richer cubic anti-glass
phases (2) or mixtures of TeO, (99.9%,
Merck) and rare-earth oxides Ln,O;, but Pr
as PrsOq; (Sigma, Ventron), for 2 hr up to 3
days under 99.9% N, at 900-1050°C, non-
cubic phases were formed by loss of TeO,
and small portions of Te. X-ray powder dia-
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grams were taken with a Rigaku SG-9R dif-
fractometer (CuKea radiation, Ni filter) and,
for recording extremely weak reflections,
with a Siemens D 500 diffractometer using
crystal-monochromatized CuKa radiation.

Small, but largely varying contents of
‘‘active’” oxygen (i.e., oxidizing agent) in
the samples were determined by the Bun-
sen method (dissolving in half-concentrated
HCI solution, distilling the chlorine into a
solution of KI, titration of I, by thiosulfate,
see (11)). The proportion of active oxygen
is presented below as Teb*, though it can-
not be distinguished from a possible Ln**
content. The overall composition of the
samples was calculated from the weight
losses during their formation and from the
Teb* contents.

The optical measurements were per-
formed in the same way as described in
Ref. (3).

Results and Discussion

A. X-Ray Diffraction

Two series of noncubic phases were
identified and can be distinguished unam-
biguously for the elements La-Gd from
their stronger reflections (Tables 1 and 2).
Their compositions (Table 3) were deter-
mined from samples, the X-ray diagrams of
which showed no reflections of other
phases. The accuracy of compositions is
low, since phase impurities of about 1% or
less can hardiy be detected in this way. It is
sufficient, however, to recognize a ten-
dency toward lower Ln : Te ratios with de-
creasing ionic radius of Ln for the first se-
ries, and shifts of lattice constants with
composition for two phases in the other one
(see Table 3). These changes cannot be ex-
plained except by assuming statistical dis-
tribution of Ln and Te at least in some of
the atomic positions.

The first series (Ln = Y or La-Ho, but
Ce and Tb missing, Pm not investigated)
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TABLE I

OBSERVED d VALUES FOR FIRST SERIES OF LOWER SYMMETRICAL
ANTI-GLASS-RELATED PHASES (‘“MoNocLINIC I'")

hkl Y La Pr Nd Sm Eu Gd Dy Ho

11-1 3134 326.4 321.7 321.0 3213 317.6 3163 3147 3133
11 1 3127 3253 3202 3194 319.5 316.6 315.0 313.6 3127
20 0 276.6 2880 2839 2834 2819 279.8 279.0 277.0 276.3
00 2 2723 2844 280.5 279.6 278.6 276.0 2752 273.2 2722
02 0 2650 273.6 2714 270.1 270.7 267.6 267.3 265.7 264.5
20-2 1944 2034 2004 200.1 198.8 197.3 196.7 195.1 194.3
20 2 1935 201.7 199.2 1983 197.4 195.7 195.0 193.7 193.0
22 0 191.2 1988 1963 1956 1951 193.4 193.1 191.7 191.0
02 2 189.7 197.5 1952 1945 194.0 192.2 191.7 190.1 189.7
31-1 1658 173.2 170.7 170.5 169.4 168.2 167.7 166.5 165.8
31 1 1656 1727 1704 169.7 168.8 167.8 167.0 1654 165.4
11-3 164.1 1719 1694 168.8 167.8 166.6 166.2 164.8 164.3
11 3 1637 171.0 168.8 167.8 167.2 166.0 165.5 1643 163.5
13-1 160.7 166.6 1648 1645 1644 162.7 162.6 161.1 160.9
13 1 160.7 1663 1648 1641 1639 162.3 162.2 160.9 160.4
22-2 1567 163.4 161.2 1609 160.3 158.7 1584 157.3 156.6
22 2 1561 1625 160.7 159.9 159.6 158.1 1574 156.6 155.9
40 0 138.1 1442 142.1 1419 141.0 1400 — 138.3 138.0
00 4 1359 1423 1404 1398 — 138.1 137.6 136.5 135.8
04 0 1324 136.8 —_ — — 133.7 133.7 1325 —

31-3 1258 131.8 129.8 1294 128.6 127.8 1273 1265 —

31 3 1251 1306 128.8 1285 127.8 1269 1264 1256 —

33-1 — 129.1 127.6 — — — — — —

33 1 — 1289 1273 — — 1253 1252 — —

13-3 123.4 1284 127.1 — 126.2 1250 1249 — —_

13 3 1232 1279 1267 — 126.2 1247 124.6 123.5 123.0

Note. Indexing refers to subcell only (true cells unknown, weak reflections

omitted). —, Unobserved.

shows Ln : Te ratios between 1.5 and about
1.0 (see Table 3). The Dy and Ho com-
pounds were identified also, but the sam-
ples always contained minor proportions of
the tellurates (VI) LngTeOq, (12), which, by
large loss of TeO, and Te, under the same
conditions were the only products from
mixtures with Er, Tm, Yb, and Lu oxides.

The second series (Lrn = La-Gd, Ce
missing, Pm not investigated) shows higher
Ln: Te ratios (1.6-2.2, see Table 3).

The X-ray powder diagrams of both se-
ries display groups of stronger reflections
close to the Bragg angles of the correspond-
ing cubic phases (2). They can be indexed
by assuming monoclinic (or partly pseudo-

tetragonal) deformations of the cubic fluo-
rite cell (Tables 1 and 2). For lattice param-
eters see Table 3. They refer to unreduced
subcells which correspond to the cell of
fluorite. The standard deviations of the
“‘monoclinic I’ lattice constants are less
than 0.6 pm (a, b, ¢) and 0.04° (B), and
those of the ‘‘monoclinic II'” and *‘pseudo-
tetragonal’’ lattice constants are less than
1.0 pm and 0.06°, except for the Sm phase,
where due to overlap a few reflections only
could be used in calculating lattice . con-
stants. In this case the standard deviations
are about one-half larger than above.
Highly sensitive X-ray records revealed,
in addition to the indexed reflections, char-
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TABLE 11

OBSERVED d VALUES OF SECOND SERIES OF LOWER
SYMMETRICAL ANTI-GLASS-RELATED PHASES
(*“‘MoNocLINIC II"* AND “‘PSEUDOTETRAGONAL’’)

hkl La Pr Nd Sm Eu() Gd@®
11-1 3339 325.1 3251 319.8 321.3 3183
11 1 3327 322.7 3228 317.6 * *
02 0 2910 — 2832 2785 279.7 2774
20 0 291.0 2822 — 2785 * *
00 2 2855 2789 278.1 2747 277.0 2752
22 0 2053 1999 199.3 1959 196.4 195.1
20-2 203.6 198.7 198.6 1959 195.1 194.2
02 2 203.6 198.7 198.6 1959 * *
20 2 2024 197.1 196.8 193.5 * *
13-1 1749 170.7 170.2 1679 167.9 166.9
31-1 1749 170.2 170.2 167.9 * *
13 1 1749 170.7 170.2 167.9 * *
311 — 1693 168.9 166.6 * *
11-3 173.0 169.3 168.9 1659 166.5 165.9
11 3 1722 167.7 1677 — * *
22-2 167.3 163.1 162.8 1603 1599 159.0
22 2 166.1 161.8 161.4 159.1 * *
04 0 1453 1419 1415 139.6 139.5 138.7
40 0 1453 — — — * *
00 4 — — — — 137 —
33-1 — 1298 1295 1275 127.1 126.6
33 1 1329 1295 129.0 1275 * *
31-3 1329 1295 129.0 127.1 126.7 *
13-3  — 1295 129.0 127.1 * *
133 — — — — * *
313 — — 1277 - * *

Note. Indexing refers to subcell only (true cells un-
known, weak reflections omitted). —, Unobserved; *,
reflection not separated from foregoing one in the case
of pseudotetragonal indexing ().

acteristic patterns of weak reflections
which indicate much larger supercells for
all samples. Figure 1 shows for the La and
Eu phases of the first series shifts of reflec-
tions and some changes in intensity as ex-
pected when La is replaced by Eu in an
isostructural phase. In the second series,
the ‘‘pseudotetragonal’’ and ‘‘monoclinic
II’’ La and Sm samples of different compo-
sition represent the same phase for each el-
ement and show almost identical patterns
of weak reflections, except for minor shifts
(for the La phase see Fig. 2). The weak
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reflections give no indications of ‘‘mono-
clinic I"” phase being present in ‘‘mono-
clinic II"* samples or vice versa.

We have not yet been able to index the
weak reflections. Lattice constants and
symmetry of the superstructures remain
unknown, therefore, and the Debye—Waller
parameters cannot be calculated. Lumines-
cence, however, yields some evidence on
anti-glass disorder.

B. Luminescence Properties

From the samples prepared those with
the highest luminescence efficiency were
selected for measurement of their lumines-
cence properties. They are given in Table 4.
The Eu?* tellurites give a red luminescence.
The spectra show the characteristic Eu*
lines. The La3® and Gd*+ tellurites give
band emission and eXxcitation spectra.
These are due to transitions on the Te**
ion, as discussed before (3). Since spectra
of that kind were presented in Ref. (3), we

TABLE I

APPROXIMATE COMPOSITIONS, TEMPERATURE
OF FORMATION, AND LATTICE CONSTANTS
(SUBCELLS) OF LOWER SYMMETRICAL
LANTHANOID TELLURITE PHASES

Te(VD) T
Ln:Te (wt.%) (C) a(pm) b(pm) c(pm) B
‘‘Monoclinic I'* phases

Y 1.02 0.70 810 552.6  530.0 5439 90.28
La 1.26 0.61 1050 577.2 547.6 569.5  90.49
Pr 1.17 2.15 920 568.3 5433 561.4 90.39
Nd 1.50 0.61 920 567.4  541.0  559.2 90.47
Sm 1.18 0.6 920  563.3 541.7 5567 90.35
Eu 1.10 0.62 920 559.5 5344 551.9 9041
Gd 1.04 0.73 920 557.2 5353  550.7 90.48
Dy No pure phase 920 5535 530.7 546.6 90.45
Ho No pure phase 920 552.0 529.4  544.0 9034

“‘Monoclinic II"’ and ‘‘pseudotetragonal” (¢) phases
La 2.07 0.82 1050  580.2 581.6 570.8  90.55
La (®) 1.70 0.47 1050 579.2 — 563.5 —
Pr 1.73 2.79 915  563.5 567.6  556.7 90.61
Nd 1.62 0.60 915  562.0 566.0 5567 90.68
Sm 2.21 0.22 1050 554 558 547 90.7
Sm (¢) 1.90 0.44 1050 557 — 549 —
Eu (1) 1.77 0.44 1050  556.5 — 549.3 —
Gd (@) 1.79 2.50 1050  553.5 — 548.9 —

Note. Te(VI) contents refer to the overall weight of the samples.



LUMINESCENCE OF TELLURITE ANTI-GLASS PHASES 349

T T

U T
8.00 12.00

L T

T v T M T T ! T T
16.00 20.00 24.00 2B.00 32.00

y T

-7 T T T T v T T T  B—
8.00 12.00 i6.00 20.00 24,00 28.00 32.00

FI1G. 1. Characteristic weak X-ray reflections indicating superstructure of *‘monoclinic I'’ La and Eu
phases (20 scale in degrees).

TABLE IV

SURVEY OF LUMINESCENT PROPERTIES AT 4.2 K OF SEVERAL LANTHANOID TELLURITE PHASES

Main center Additional center
Emission Excitation T\° Emission  Excitation Nonlum.
Ln max. (nm) max. (nm) (K) max, (nm) max. (nm) centers? q°

‘“Monoclinic I’ phases

La 540 290 110 - - + Medium
Gd 530 285 80 490 320 + Medium
Eu Eu¥* Eu¥+ 30 - - + Medium
“‘Monoclinic II"” and ‘‘pseudotetragonal’’ (¢) phases

La 470 = 104 310 100 - - - High
La (#) 480 320 100 530 280, 330 + Low
Gd (1) 480 320 100 530 290, 340 + Low
Eu (1) Euv?*+ Eu?+ 150 - — + Medium

¢ Temperature at which the 4.2 K emission intensity has dropped 50%.
4 From reflectance spectra. —, Absent; +, present.

¢ Estimated values of the quantum efficiency.

4 Dependent on excitation wavelength.
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FiG. 2. Characteristic weak X-ray reflections indicating identical superstructure of ‘‘monoclinic II"’

and ‘‘pseudotetragonal’’ La phases.

give here only the maxima of the bands in
the spectra. These are tabulated in Table 4.
We have also included the values of Ty,
which give some idea about the tempera-
ture quenching, estimates of the quantum
efficiencies ¢, and information on the pres-
ence of nonluminescent centers. The latter
was obtained from a comparison between
the excitation and the diffuse reflectance
spectra. When these spectra coincide, the
number of quenching sites is low (i.e.,
<1%); when they do not, there is a certain
concentration of quenching sites present
(>1%). As Table 4 shows, the reflectance
spectra all show a tail into the longer wave-
length region, with the exception of the
““monoclinic II’” La phase.

Let us start our discussion with the
“monoclinic I"’ samples. The La phase is
simple, because there is one emission band.
Their maxima do not vary if the excitation

wavelength or the emission wavelength is
varied. This suggests strongly that we are
dealing with one type of luminescent Te**
ions. This situation is comparable to, for
example, the luminescence of Cs,TeBrg
(13, 14), GngbjO]z (15), and CszNaSbCl(,
(16).

The fact that the quantum efficiency is
medium is ascribed to the presence of non-
luminescent centers. The emission band
overlaps the absorption tail, so that energy
transfer to the quenching sites is possible.
The nature of these sites is not clear, but
is most probably connected with deviations
from stoichiometry. The temperature
quenching is ascribed to quenching within
the Te** centers.

The situation in the ‘monoclinic I"” Gd**
tellurite is similar, but an additional
(weaker) center appears which complicates
the situation. By far the most information is
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FIG. 3. Emission spectrum of ‘‘monoclinic I"> Eu?*
tellurite at 4.2 K. Excitation into the 3D, level. The
numbers indicate J in the transitions Dy-"F,. The v
indicates the vibronic transitions.

given by the spectra of the corresponding
Eu?* tellurite. Figures 3 and 4 give some
details. What is of importance here is the
occurrence of sharp Eu®* lines. The line
width is 1-2 nm which is a typical value
observed with completely ordered systems
under the experimental conditions (17, 18).
This fact proves that the structure is defi-
nitely not disordered.

In Fig. 3 the number of Eu** emission
lines is as follows: Dy-"Fy 1 (1), SDy-"F, 4—
5 (3), ’D¢-"F; 3-4 (5). The numbers in pa-
rentheses indicate the highest possible
value if only one type of Eu?* ions is
present. The results show that there are
probably two different Eu* ions present.
The sharpness of the lines shows that the
crystal field does not vary from site to site;
i.e., the compound is ordered with probably
two crystallographic sites for Eu3*.

The Eu** spectra show some interesting
details which will be discussed beiow. First
we turn to the ‘‘monoclinic II”’ and
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‘‘pseudotetragonal’’ phases. The ‘‘mono-
clinic II"” La sample presents the most sim-
ple results (Table 4). There is one emission
and one excitation band, no quenching cen-
ters, and the quantum efficiency is high,
The emission maximum varies with excita-
tion wavelength which indicates that we are
dealing with one type of Te** center with
varying crystal field, i.e., with varying co-
ordination. Actually this luminescence is
very similar to the one described for the
Te-richer cubic anti-glass phase (3). This
shows that the ‘‘monoclinic II”’ phase is
disordered.

It is interesting to note that the ordered
“‘monoclinic I’ phase shows a considera-
bly larger Stokes shift of the emission than
the ‘““monoclinic I’ phase, viz., 16.500
cm~! vs 11.500 cm~!. We have recently
shown that a larger Stokes shift for the Te**
emission points to a stronger offset position
in the ground state (19), i.e., a position with
short distances to the ligands on one side
and long ones on the other side. Using this

Il i

520

— —_

460nm

F16. 4. Excitation spectrum of the Eu** emission of
“‘monoclinic I'* Eu** tellurite at 4.2 K. The emission
wavelength is 612 nm. The numbers indicate J in the
transitions ’Fy—°D,, whereas v indicates the vibronic
lines.
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Fi1G. 5. Emission spectrum of ‘‘pseudotetragonal’’
Eu?* tellurite at 4.2 K. See further Fig. 3. The differ-
ence in line width between Figs. 3 and 5 is roughly a
factor 5.

relation, the ordered phase places Te**
more offset than the disordered. It may be
that in the ordered modification these off-
sets will also be ordered; i.e., they will en-
hance each other (cooperative effect).

In the ‘‘pseudotetragonal’’ phase the sit-
uation becomes complicated. The main
emission is still that of the ‘‘monoclinic II”
phase, but other centers are present as
well, viz., quenching centers and a center
with another luminescence characteristic.
The Eu?* phase, on the other hand, gives
results which are easy to interpret: the
emission spectrum consists of broad lines
which can hardly be resolved (Fig. 5). The
width of the emission lines is some 7 nm,
i.e., about a factor of five larger than for the
ordered ‘‘monoclinic I’ phase. This large
broadening indicates that the crystal field
on the Eu** ion varies considerably from
site to site; i.e., the direct surroundings of
the Eu?* ion differ from site to site. As a
matter of fact the 3Dy—"F, transition at
about 580 nm is not so strongly broadened,
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because the levels involved are not degen-
erate so that the crystal field has no influ-
ence on these levels. Its width is neverthe-
less 2 nm which is a factor of three broader
than for Eu** in the ordered monoclinic I
phase. The Eu’" emission yields the most
convincing evidence that short-range order
is highly disturbed in the ‘‘pseudotetrag-
onal’’ phase.

In conclusion the luminescence proper-
ties of the lanthanoid tellurite phases de-
scribed in this paper make it possible to de-
cide on the degree of order. Since these
luminescent properties are determined by
short-range, and not by long-range order,
the method is rather general, especially
when the Eu?* ion can be used.

Anti-glass disorder can be ruled out de-
finitively for the ‘‘monoclinic I"’ phases,
despite a statistical distribution of Lrn and
Te in equivalent positions (see above), and
also despite their similarity to the cubic or
“monoclinic II”’ anti-glass phases. The
statement that of the phases investigated
here only the ‘“monoclinic II"’ or ‘‘pseudo-
tetragonal’’ phases show anti-glass disorder
is in full agreement with an investigation by
Raman spectra (10).

Appendix: Spectroscopic Details in the
Eu’* Luminescence

In this section we pay attention to some
interesting details in the Eu3* lumines-
cence. First we note that the excitation
spectra of the Eu’" emission contain a
broadband which coincides with the Te**
absorption of the corresponding La3* and
Gd** sample. This indicates energy transfer
from Te* to Eu?t (see also Ref. (3)). The
Eu?* charge transfer band cannot be ob-
served; it is hidden under the 1S, — 3P, ab-
sorption band of the Te** ion.

Second we note a striking difference be-
tween the values of T,, for both Eu**
phases (see Table 4). These values were de-
termined for 3D, excitation. Nonradiative
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TABLE V

COOPERATIVE VIBRONIC LINES IN THE SPECTRA AT
4.2 K oF Eu?* TELLURITES (VALUES IN ¢cm™})

‘“Monoclinic I"’, excitation

21.410 "Fo—SD,
21.790 "F—3D, + 380 Te-O def.
22.160 "Fo=3D, + 750 Te-O stretch
18.975 "Fo—D,

~19.320 Fo-3D; + ~345 Te~O def.

‘“Monoclinic I, emission

16.340 3SDy-'F, (a)
16.040 SDy-TF; (b)

15.950 SDy-"F, (a) — 390 Te-O def.
15.650 SDe-"F, (b) — 390 Te-0 def.
‘‘Pseudotetragonal’’, excitation

21.410 Fo=3D,

21.760 "Fy=3D; + 350 Te-O def.

22.140 "Fo=D, + 730 Te-0 stretch

18.960 TFo~"Dy

19.300 "Fo-3Dy + 340 Te~O def.

17.230 TFy~3Dy

17.570 TF=~3Dy + 340 Te—-0 def.
~17.985 TFo~Dy + ~755 Te-O stretch

transitions from this or lower levels are
hard to imagine. The quenching is, there-
fore, ascribed to energy migration over the
Eu?t ions to quenching sites (4, 20). This
migration is thermally activated (21). It is
interesting to note that the ordered phase
has a much lower Ty, i.e., a lower activa-
tion energy than the disordered one. This
corroborates our conclusion: in the disor-
dered phase the crystal field on the Eu3* ion
varies from site to site: i.e., the energy lev-
els vary also from site to site, so that the
energy mismatches will be much larger than
in the ordered phase The mismatches are
the energy differences which determine the
thermal activation. Finally we draw atten-
tion to the cooperative vibronic lines (22) in
the spectra. These are due to transitions in
which an electronic transition on the Eu3*
ion is coupled with a vibrational transition
on the neighboring tellurite group. Figures
3~5 show some of these, whereas Table 5
gives a survey and an assignment. There is
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a coupling with the Te~O deformational
mode and with the Te—O stretching mode.
The former is the stronger, which is quite
exceptional. We have recently observed
similar transitions for Eu?* in Eu’* nitrates
18, 23).
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