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A series of Te-substituted pyrochlores of stoichiometry Gd,(Ti_yTe,)O7 (y <0.2) were prepared under
high-pressure and high-temperature conditions and characterized by X-ray diffraction, X-ray photo-
electron spectroscopy and Raman spectroscopy. X-ray diffraction and X-ray photoelectron spectroscopy
studies revealed that the Te** and TeS* ions occupy the Ti*'sites; the percentage of the contribution of
Te®* increases as tellurium content. These substitutions induce an increase of the volume of the TiOg octa-
hedron due to the increase in the Ti-O(2) bond length, which preserves the oxygen positional parameter

I;’;\;S(;.Ng (x4s) and the Gd-0(1) bond length. Results of Raman spectroscopy showed a significant shift to higher
79.60.Ht frequencies of the E; mode associated to the O(2) sublattice, as well an increase in the full-width-at-
07.35.1k half-maximum intensity (FWHM) of the F»; mode (O-Gd-O bending) as the level of Te substitution for
61.10.—i Ti increases. These results are discussed and compared with those reported in the literature.
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1. Introduction

Rare earth (RE) pyrochlore materials of the type A;B,07, where
A stands for RE and B for a transition metal, have attracted con-
siderable attention in basic science and engineering. As discovered
recently, the tetrahedral geometry of cations in pyrochlore exhibits
interesting quantum phenomena at low temperature, such as spin
ice [1-3] and quantum liquid [4] states. Applications arise, for
example, as candidate for radioactive waste disposal and nuclear
engineering [5] and potential electrolytes in solid-oxide fuel cells
in pyrochlore compounds with intrinsic ionic conduction [6]. The
crystal structure of pyrochlores has been described in different
ways by many authors [7-10]. Most of these descriptions consider
the coordination polyhedra around the A and B cations: the atomic
arrangement is completely specified except for the x positional
parameter for the 48f oxygen site, which defines the displace-
ment from the ideal fluorite structure. There is no displacement
at its minimum value at x=0.375, whereas for x=0.4375, its max-
imum value, the 48f site is displaced toward the vacant 8b site.
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The phase transition between pyrochlore and defect fluorite struc-
ture is driven by the coupled anion occupancy of the 8b site, which
results in a seventh oxygen atom coordinating the B cation, and the
creation of an anion vacancy on the 8a site, resulting in an oxygen
deficiency coordination of the A cation [11]. The systematic dis-
ordering of both the cation and anion sublattices with increasing x
has also been confirmed by neutron scattering studies of the closely
related pyrochlores, Y,(Tij_yZry);07 [12,13] and Gdy(Tiy_yZry);07
[14,15].

Studies of A;B,07 pyrochlores doped with Te ions have shown
that these enter into the structure in either the A sublattice (adopt-
ing the oxidation state Te**) or in the B sublattice (adopting the
oxidation state Te®*) [7]. However, the substitution of Te** ions
fully or partially occupying the B sublattice also has been reported
[16-18].

Vibrational spectroscopy is ideally suited for the study of
crystalline-to-amorphous transitions since there is no require-
ment for lattice periodicity, unlike diffraction-based techniques.
Symmetry analysis of cubic phases such as pyrochlore and fluo-
rite structures, requires that the Raman active and infrared active
vibrational modes be mutually exclusive, so several studies of
order-disorder transitions in the pyrochlore system have utilized
Raman and infrared spectroscopy [19-22].
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Fig. 1. X-ray diffraction patterns of the Gd,(Ti,_,Te, )07 samples.

In this paper, we describe the Te effect on the crystal structure,
the chemical state of Te ions and vibrational modes of pyrochlores
of stoichiometry Gdj(Ti_,Te,)O; (y<0.2). The samples were
characterized by X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy.

2. Experimental

Polycrystalline samples of Gd,(Ti,_,Te, )07, with y=0, 0.05, 0.15 and 0.2, were
synthesized from starting corresponding oxides, TeO,, Gd,03 and TiO, (99.99%
purity) mixed in stoichiometric amounts, sealed in a gold capsule and heated at
900°C under pressure of 2.1 GPa using a Quickpress piston cylinder press. Phase
identification of the samples was done with an X-ray diffractometer Siemens D5000
using Cu K, radiation and a Ni filter. Intensities were measured at room tempera-
ture in steps of 0.02°, in the 26 range 6-130°. The crystallographic phases were
identified by comparison with the X-ray patterns of the JCPDS database. The crys-
tallographic parameters were refined using a Rietveld-fit program, Rietica v 1.71
with multi-phase capability [23].

The chemical analysis was carried out by X-ray photoelectron spectroscopy
(XPS). This analysis was performed using a VG Microtech ESCA2000 Multilab UHV
system, with an Al K, X-ray source (hv=1486.6eV), operated at 15kV and 20 mA
beam, and a CLAM4 MCD analyzer. The surface of the pellets was etched for 20 min
with 4.5kV Ar* at 0.33 A mm~2. The XPS spectrum was obtained at 55° to the nor-
mal surface in the constant pass energy mode (CAE), Eo =20eV for high resolution
narrow scan. The peak positions were referenced to the background silver 3ds,
photopeak at 368.21 eV, having a FWHM of 1.00 eV, and C 1s hydrocarbon groups in
284.50 eV central peak position. The XPS spectra were fitted with the program SDP
v4.1[24].

Raman-scattering measurements were performed with a triple Horiba Jobin
Yvon T64000 spectrometer equipped with an optical microscope and a photomulti-
plier tube in a back scattering geometry. A 100x objective was adopted to focus the
laser beam of an argon laser (514.5 nm) with a power of 10 mW. Different areas of
the samples were measured in order to ensure sample homogeneity. Convolution of
the observed bands was done with a Lorentz oscillator model. Fitted curves showed
less than 1% error with the corresponding spectra.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the powder X-ray diffraction patterns obtained for
the system Gd;(Ti,_,Tey)O7 type pyrochlore with y=0, 0.05, 0.15
and 0.2. The analysis of these data indicates that the crystal struc-
ture of the samples corresponds to Gd,Ti; O (ICDD no. 73-1698)
pyrochlore common structure, although light traces of Gd,TiOs
(ICDD no. 21-0342) are observed for the compositions y =0.05 and
0.2, whereas only light traces of TiO, (ICDD no. 21-1276) is observed
for the sample with y=0.15. Additionally, light traces of Au (ICDD
no. 4-0784) are observed in all samples due to the process of syn-
thesis. Mori et al. [25] have shown that the presence of Gd,TiOs
or TiO; in the pyrochlore Gd,Ti; 07 is associated to the effect of
vacancies or excess of Gd3* ions in the 16d sites, respectively.

Fig. 2. Rietveld refinement of the X-ray diffraction pattern for y=0.15 sample.
Experimental spectrum (dots), calculated pattern (continuous line), their dif-
ference (bottom) and the calculated peak positions (middle line). (a) Au, (b)
Gd,(Ti1g5Tep.15)07 and (c) TiO, rutile.

The X-ray diffraction patterns of the Gdy(Tiy_yTey)O; sam-
ples were Rietveld-fitted using a space group Fd3m (No. 227). In
the structural refinement we consider the presence of secondary
phases and the substitution of Te ions in Ti sites. Fig. 2 shows, as an
example, a fitted pattern for y =0.15. Detailed results of the struc-
tural refinements are listed in Table 1. In the first two rows we
present the evolution of the lattice parameter at room temperature
for the Gd,(Ti,_,Tey)O7 samples, as function of Te content. It seems
that as y is increased, the lattice parameter increases. Fig. 3 shows
the evolution of the lattice parameter for the Gd,(Ti,_, Tey )07 sam-
ples as a function of Te content (y). For y =0, the lattice parameter
was a=10.1840(1), which is in good agreement with the reported
data for Gd,Ti» 07 [7].

The increase in the lattice parameter as a function of Te content
(y) may be explained considering the coordination number and the
ionic radii of the Ti4* and Te#* ions with coordination number 6,
in the case of Ti** the ionic radii is 0.605 A while that the Te** is
0.97 A [26]. From these values, apparently the increase of the unit
cell volume may be related to the increase of Te**, however we
cannot discard the possibility of having Te®* in the Ti sites.

Unlike of the substitution of Te ions in the Ti sites, we observed
that substituting the Te ions in the Gd sites, in the Rietveld refine-
ment process does not induce significant changes in the quality
fitting value of x2, therefore we cannot discard this possibility.
However, substitution studies with Te** in the Tl and Te®* in the

Fig. 3. Crystal lattice parameters and unit cell volume as a function of tellurium
content (y).
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Table 1
Structural parameters, bond lengths (A) and bond angles (°) for Gd,Ti,_,TeyO7 at 295 K.
y= 0.0
a(A) 10.1840(1)
V(A3) 1056.22
Gd B (A%) 0.17(2)
N 0.99(2)
(Ti/Te) B (A%) 0.21(8)
o(1) B (A?) 0.7(8)
N 1.00(4)
0(2) B (A%) 0.6(4)
N 1.00(2)
Pos. x 48f 0.4319(2)
Bond length (A) Gd-0(1): 2 2.205(2)
Gd-0(2): 6 2.584(4)
Ti/Te-0(2): 6 1.930(2)
Bond angle (°) Gd-0(1)-Gd 109.47(2)
Gd-0(2)-Gd 88.36(4)
Ti/Te-0(2)-Ti/Te 137.86(3)
0(2)-Ti/Te-0(2) 92.24(3)
%Gd; TiOs -
%TiO, -
Ionic radii ratios ra/rg 1.74
Ruwp (%) 19.1
Rp (%) 15.1
Rexp (%) 16.6
X2 1.1

0.05 0.15 0.20
10.1859(2) 10.1906(2) 10.1982(2)
1056.81 1058.28 1060.65
0.34(2) 0.37(3) 0.67(3)
0.99(2) 0.99(2) 0.99(1)
0.21(7) 0.28(2) 0.36(9)
0.9(4) 1.1(4) 1.2(9)
0.9(4) 0.99(1) 0.96(1)
0.7(3) 0.8(5) 0.8(5)
1.00(2) 1.00(3) 1.00(3)
0.4318(3) 0.4316(3) 0.4313(3)
2.206(2) 2.206(1) 2.208(1)
2.583(5) 2.582(4) 2.580(4)
1.930(2) 1.932(1) 1.934(1)
109.47(2) 109.47(2) 109.47(2)
88.39(4) 88.46(5) 88.55(5)
137.81(3) 137.69(4) 137.53(4)
92.27(4) 92.35(4) 92.47(5)
2.1(1) = 2.1(1)

= 1.7(2) =

1.71 1.66 1.64

19.1 20.8 22.8

14,5 15.8 17.9

17.1 16.8 189

1.1 15 14

Note: Space group: Fd3m (No. 227). Atomic positions: Gd: 16¢ (0, 0, 0); Ti: 16d (1/2,1/2,1/2); O(1): 8a (1/8, 1/8,1/8); O(2): 48f (x, 1/8, 1/8) position; N is the occupancy factor.

% of impurity in the phase.

Mn sites on the Tl,Mn, 07 pyrochlore, have found that Te does not
enter in the Tl site [18].

As a consequence of the substitution of Te ions in the Ti sites, the
oxygen positional parameter (x,g7) changes from 0.4319 (y =0.0) to
0.4313 (y=0.20). A similar trend has been found upon substitution
of Ti by Zr [12-14].

In order to determine the tellurium content that forms a highly
ordered pyrochlore it must be considered that the stability of the
A,3*B,%*05 pyrochlores is governed by the ionic radii ratio of the A
and B site cations (ra/rg). For pyrochlores prepared at atmospheric
pressure and temperatures up to 1500 °C, the range of pyrochlore
stability extends from rp/rg =1.46 for Gd;Zr,07 to ra/rg=1.78 for
Sm,Ti; 07 [7].In this context, we calculated the ionicradii ratiora/rg
for the concentrations studied with A: Gd3* and B: (Ti;_,**Te,**),
the results shown a linear behavior from y=0.0 to 0.2.

In order to establish the effect of Te content we calculated
bond lengths and bond angles of the Gd,Ti, 05 structure. The Ti**
is located at the center of the corner-sharing oxygen octahedra
and form the three-dimensional Ti; Og network, which surrounds
the one-dimensional hexagonal chain along the [11 1] direction.
Although the Gd,0(1) chains occupy these holes, they only inter-
act weakly with the more rigid Ti;Og network. Our results of the
Rietveld-fit shows that the bond length Ti-O(2) increases from
1.930(2) to 1.934(1)A as the tellurium content augment. The sec-
ond cation in this structure, Gd3*, is surrounded by eight oxygen
atoms in a compressed scalenohedral geometry with six long
Gd-0(2) and two short Gd-0O(1) bonds. In special, the Gd3* cations
and O(1) anions in this oxide form a three-dimensional network
constituted of tetrahedral corner sharing. In those cases, the bond
length Gd-0(2) decrease from 2.584(4) to 2.580(4) A and the bond
length Gd-0(1) change from 2.205(2) to 2.208(1)A, as tellurium
content increases.

3.2. XPS measurements

To determine the valence state of the Te ion in the structure, X-
ray photoelectron spectroscopy studies at room temperature were
performed in the system Gd,(Ti_,Tey)O; type pyrochlore with
y=0.05, 0.15 and 0.2. Fig. 4 shows the deconvolution of the XPS

spectra in the Te 3ds), region for all samples. The detailed shape
of the signal is fitted assuming the contribution of four compo-
nents belonging to two different chemical states of the Te-doped
samples. The Te 3ds;, peaks were localized at binding energies
around of 574.8 and 577.8 eV that might be attributed to TeO, and
TeOs, respectively [27,28]. These results are consistent with val-
ues obtained from tellurium trioxide (TeO3) and tellurium dioxide
(TeO,) thin films deposited by rf sputtering [29]. We have observed
that the intensity of Te 3ds5, peak associated to TeOs respect to
TeO, peak increases as Te content does. Thus, the results of Rietveld

Fig. 4. XPS spectra of Te 3ds, for all samples with Te.
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refinement and XPS analysis in this study show that the Te is sub-
stituting at the Ti site with mixed valence.

3.3. Raman spectroscopy analysis

Factor group analysis for the cubic rare earth titanate structure
(A;Ti»07) of space group Fd3m (Oy,7) indicates that only the normal
modes associated to the 48f and 8a sites contributes to the Raman
spectra, as can be seen from the irreducible representations for each
site:

16¢ site: Ti** sublattice = Ay, +Ey +2F1y + Fay,

16d site: Gd3* sublattice = Ay, +Ey + 2F1y + Fay,

48f site: O(2) sublattice = Ajg+Eg+2F1g+3Fg + Apy+Ey +3Fqy +2Fyy,
8a site: O(1) sublattice =Fqy +Fpg.

Thus, excluding the F;, acoustic modes, the decomposition into
zone-center normal modes gives the following irreducible repre-
sentation for the predicted Raman and infrared modes:

Topr:=A1g(R) + Eg(R) + 2F1g(I) + 4F5(R) + 3Ay(ir)
+ 3Eu(l) + 7F14(ir) + 4F5y(1).
Tac:=Fy

where R, Raman active; ir, infrared active; I, inactive; I opt, optical
modes; I";¢, acoustic modes.

There are a total of six Raman active modes and seven infrared
active modes. Fig. 5 shows the Raman spectra for Gdy(Ti>_,Te, )07
(y=0.00, 0.05, 0.15 and 0.20) and Gd,TiOs. The most noticeable
features in the Raman spectrum for the y=0.0 sample are the two
intense bands localized at ~316 and ~524 cm~!. Also, broad bands
appear at ~110, ~210, ~450, and ~700cm~!. As has been noted
in the literature, the first intense band consists of two modes, an
Fp¢ mode around 310cm~! (0-Gd-O bending mode) and an Eg
mode around 330cm~! (O(2) sublattice mode [30,31]). The sec-
ond intense one, at ~520cm~!, has been assigned to the Aqg mode
(Gd-0 stretching vibration), which also presents a shoulder on
~560cm~1. It is observed in all samples a small shift to high fre-
quencies, in a range of 4-6cm~! depending on the vibrational
mode, for all the observed modes as compared with the results
in the literature. This might be associated to the synthesis at high
pressure and high temperature [15]. For example, the intense bands
reported at 310 and 520 cm~! appears in all the spectra at 316 and
524 cm™! respectively. Based on comparison with assignments in
previous works on these and related compounds [31,32] the best
convolution of the spectrum occurs by fitting with 11 bands. For the

Fig. 5. Raman spectra for the Gd,Ti,_,Te,0; samples and Gd,TiOs.

remaining samples (y=0.05, 0.15 and 0.20) the major changes in
the spectra occurs in the low frequency region (50-150 cm~1) with
subtle changes in the ~450 cm~! region, except for the y =0.20 sam-
ple where a broad band around 590 cm~! appears. The assignment
of the spectra in this work is made according to that by Maczka et
al. [31]. The literature Raman band positions and assignments are
summarized in Table 2, along with the observed Raman bands in
the spectra of the samples.

The presence of impurities on the samples is difficult to establish
from the spectra, since several vibrational frequencies are common
to the pyrochlore, the Gd,TiOs (the mode F,z at 331 cm~1)and the
TiO, rutile type (like the ~450cm~! band) structures, as can be
observed on Fig. 6. Moreover, for the y =0.20 sample, the increase
of the band observed at ~587 cm~! can be associated to Gd,TiOs,
as well for the shoulder in the same wavenumber for the sample
y=0.05. Subtracting the Gd, TiOs spectrum from the spectra of both
samples gives an estimated value of its presence as 1.8% for the
y=0.20 and <1% for the y =0.05 samples. In the case for the sample
y=0.15, the presence of TiO, rutile is even harder to estimate for
impurities less than 5% of the sample. Similar results are observed
by Rietveld refinement (see Table 1).

The Raman properties of the Ti-pyrochlore structure mostly
arises from the Ti-O(2) network, since the major contribution to
the Raman spectrum comes from the O(2) vibration. Therefore,
Te doping on Ti sites must change the Az and Eg modes, associ-
ated with the oxygen O(2) vibrations. That seems to be the case for

Table 2
Raman band positions (cm~") and assignments for the Gd,Ti,_,Te,0; samples and literature values.
Lummen [30] (cm~1) Maczka [31] (cm™1) Sym. y=
0.0 0.05 (cm™1) 0.15 (cm™1) 0.20 (cm™1)
104 - Accoustic 108 w 109 w 108 w 66 w
105
128 - Accoustic - 128 w 133 131
147

205 (Fzg) 205 (Fpg +overtone) F¢(bending) 213 m 206 m 212m 215m
260 (Fag) - 286 w 257 261 256
310 (Fag) 312 (Fag) F24(0O-R-0 bending) 316 vs 316 vs 316 vs 317 vs
325 (Eg) 330 (Eg) E¢(O(2) sublattice mode) 332w 334 336 340
450 (=) 449 (Fag) Faq 454 w 453 w 456 w 444 w
517 (A1g) 518 (A1g) A1g(R-0 stretching) 523s 523s 524 s 526s
554 (Fag) 558 - - 556 w 538 w 563 w 539

574 - 574w - 576 m

(Fzg) (and traces of Gd,TiOs) 587 w(traces of Gd,TiOs)
677 674 2nd order scattering 688 m 686 m 685 m 680 m
(=) 2nd order scattering 704 w 749 w
703 (=) - 703 w 700 w 749 m 740 m

w, weak; m, medium; s, strong; vs, very strong.
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Fig. 6. Comparison of the Gd,TiOs and TiO, rutile type with Gd,Ti,07.

the 331 cm~! Eg (O(2) sublattice mode) where a small hardening
occurs (~6 cm~1) as Te content (y) augments, as it is shown in Fig. 7.
Yet, for the Az mode (~524 cm~!, Gd-O stretching mode), this fig-
ure indicates that it remains almost constant upon doping, as well
for the Fog mode at 316 cm™!, associated to the 0-Gd-0 bending
mode. This results clearly indicates that Te doping affects mainly
the Ti-O(2) network, and the hardening of the E; mode should arise
from the augmented sublattice parameters, predominantly from
the O-0 second neighbor interaction.

Fig. 7a and b shows the wavenumber and full-width-at-half-
maximum (FWHM) of the Eg (~331cm™1), Ag (524cm~1) and the
Fye (~316 cm~!) modes in function of Te content (y), respectively.
The bandwidth for the A;; mode remains almost constant for the
entire substitution series, which indicates that the Gd-O bond
stretching is almost unaffected by the substitution. It is the same
situation for the Eg mode as it is constant except for the y=0.2
sample, which suffers a significant broadening—even taking into
account the error bars arising from the standard deviation of the
average of multiple spectra on the same sample, and curve fitting

analysis. This broadening must be a consequence of the presence
of Gd,TiOs impurity on this sample. It is not the same situation
for the F,; mode (0O-Gd-O bending vibration) where it broad-
ens monotonically as Te content increases. Since the predominant
contribution to the Raman spectra comes from the Ti-O bond
stretching, O-Ti-0 bond bending, and O-0 second neighbor inter-
actions, these results shows that the level of localized short-range
disorder is increasing as Te is substituted for Ti. This short-range
disorder is most noticeable for the remaining F»; modes, at ~205,
~450, and ~574cm™1, neither of them present a clear trend upon
Ti substitution, and cannot be single out resolved. As has been
noted by Maczka et al. [31], polarized Raman experiments on
Ti-pyrochlore single crystals shows that there are extra bands
at 205, 210, and 650-750cm~! with A1g symmetry, attributed
to second-order transitions, mainly phonon overtones. As can be
observed in Fig. 5, the structure in the 200-250cm~! becomes
more complex as Te content increases. This clearly reflects the
level of disorder in the structure that yields an increase not only
in the coupling of different modes, but also the probability that Fq,
infrared active phonons, like the one at ~229cm~! calculated by
Gupta et al. [33] (for the Dy pyrochlore), or Raman silent modes,
became active. This also holds for the other structures at ~450 and
550-700cm!.

Fig. 8 shows the Raman spectra in the 40-200 cm~! region of all
the samples. It can be seen for the sample with y =0 that the band
at ~109 is very weak and barely resolved. As Te content increases,
this band becomes more intense and a band at ~130cm~! devel-
ops. Since these bands are not present on the Raman spectra of
single crystals, Maczka et al. [31,32] suggest that their origin comes
from the Brillouin zone boundary acoustic modes. According to the
data on Table 1, it may be assumed that these bands are related
to the breathing mode of the Ti-O(2) (~109cm~1) and Gd-0(2)
(~130cm~1!) networks.

Notably in the pyrochlore-structured samples, the effect of
tellurium is clearly evident in the vibrational modes associated
with the Gd site. This would suggest that despite their long-
range pyrochlore structure, the short-range structure exhibits
increasing levels of a localized cation site mixing or fluorite-like
disorder. Similar results are observed in the system Gd,Ti,_Zry07
[34].

Fig. 7. (a) Raman shift and (b) full-width-at-half-maximum (FWHM) of the Eg4, Ag and the F,; modes as a function of tellurium content (y), respectively.
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Fig. 8. Raman spectra in the 40-200 cm~! region for all the samples.

4. Conclusions

The Gd,Ti,_,Te,O7 pyrochlores with 0 <y <0.2 were synthe-
sized at high pressure and high temperatures. X-ray diffraction
Rietveld refinements and X-ray photoelectron spectroscopy studies
indicate that tellurium ion occupies the titanium sites with mixed
valence (Te®* and Te#*) and the percentage of the contribution of
TeS* increases as tellurium content. These substitutions induces an
increase of the volume of the TiOg octahedron due to the increase
in the Ti-O(2) bond length, which preserves the oxygen positional
parameter (x4gr) and the Gd-O(1) bond length.

Raman spectroscopy measurements also indicate that the level
of the short-range disorder in the Gd, Ti,_,Te, 07 samples increased
as Te was substituted for Ti. The most notable difference in
the Raman spectra between the various samples is the coupling
of second-order scattering of the Raman active modes and the
subtle shift to higher frequencies of the Eg (~330cm~!) mode
associated to O(2) sublattice and the significant raise in full-width-
at-half-maximum intensity (FWHM) of the F, (~316 cm~!) mode
associated to the O-Gd-0 bending vibration, as the Te substitution
increases.
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