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We have carried out temperature- and pressure-dependent Raman and x-ray measurements on single crystals
of Tb,Ti,O;. We attribute the observed anomalous temperature dependence of phonons to phonon-phonon
anharmonic interactions. The quasiharmonic and anharmonic contributions to the temperature-dependent
changes in phonon frequencies are estimated quantitatively using mode Griineisen parameters derived from
pressure-dependent Raman experiments and bulk modulus from high-pressure x-ray measurements. Further,
our Raman and x-ray data suggest a subtle structural deformation of the pyrochlore lattice at ~9 GPa. We
discuss possible implications of our results on the spin-liquid behavior of Tb,Ti,O.
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I. INTRODUCTION

Insulating rare-earth titanate pyrochlores (A,Ti,0,, where
A is tripositive rare-earth ion) are known to show complex
magnetic behaviors, arising from the geometrical frustration
of exchange interaction between the rare-earth spins located
on an infinite network of corner-sharing tetrahedrons.! Theo-
retically, for antiferromagnetically coupled classical or
Heisenberg spins on the pyrochlore lattice the magnetic
ground state should be infinitely degenerate.” However, the
ubiquitous presence of residual terms, such as next-near-
neighbor interactions, crystal-field and dipolar interactions
can remove this macroscopic degeneracy either completely
or partially leading often to complex spin structures at low
temperatures.® The only member of the A,Ti,O; series where
the presence of residual terms has apparently no significant
influence on the spin dynamics is Tb,Ti,O;. In this pyro-
chlore, the strength of antiferromagnetic exchange is of the
order of 20 K; however despite this, the Tb** spins show no
signs of freezing or long-range ordering down to a tempera-
ture of at least 70 mK.* Tt has been shown, however, that this
“collective paramagnetic” or the so-called “spin-liquid” state
of Tb** moments is instable under high pressure.” Using
powder neutron-diffraction experiments, Mirebeau et al.’
showed that application of isostatic pressure of about 8.6
GPa in Tb,Ti,O; induces a long-range order of Tb spins
coexisting with the spin liquid. Since no indication of pres-
sure induced structural deformation was observed in this
study, the spin crystallization, under pressure, was believed
to have resulted from the breakdown of a delicate balance
among the residual terms.

Recently, the vibrational properties of some of these py-
rochlores have been investigated by several groups.®'4
These studies not only show that phonons in the titanate
pyrochlores are highly anomalous but also indicate the ex-
treme sensitivity of vibrational spectroscopy toward probing
subtle structural and electronic features. In the pyrochlore
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Dy,Ti,0,, Raman spectroscopy revealed a subtle structural
deformation of the pyrochlore lattice upon cooling below T’
=100 K.°In the pyrochlore Tb,Ti,O;, new crystal-field (CF)
excitations were identified using Raman data at T=4 K.” In
the temperature-dependent studies, signature of highly
anomalous phonons (i.e., decrease in phonon frequency upon
cooling; also referred to as phonon softening) has been wit-
nessed in the pyrochlores Er,Ti,0,% Gd,Ti,0,%° and
Dy,Ti,0,.58-10 The effect of pressure, at ambient tempera-
ture, has also been studied recently for several of these titan-
ate pyrochlores. Sm,Ti,O; and Gd,Ti,O5 pick up anion dis-
order above 40 GPa and become amorphous above 51
GPa.'"!'> Gd,Ti,0 exhibits a structural deformation near 9
GPa."?

In this paper we present Raman and powder x-ray diffrac-
tion studies on the pyrochlore Tb,Ti,O,. These studies were
carried out in the temperature range between room tempera-
ture and 27 K; pressure varying from ambient pressure to 25
GPa. Our study reveals highly anomalous softening of the
phonons upon cooling. To understand this anomalous behav-
ior, we have estimated the quasiharmonic contribution to the
temperature-dependent shift of the frequencies of different
Raman phonons using the mode Griineisen parameters ob-
tained from high-pressure Raman data and bulk modulus and
thermal expansion coefficient obtained from high-pressure
and temperature-dependent powder x-ray diffraction data, re-
spectively. These analyses allow us to extract the changes in
the phonon frequencies arising solely due to anharmonic in-
teractions. We also bring out the effect of pressure on
phonons manifesting a subtle structural deformation of the
lattice near 9 GPa which is corroborated by a change in the
bulk modulus by ~62%. This observation may have rel-
evance to the observations of powder neutron scattering
study® mentioned above. While this paper was being written,
we came across a very recent temperature-dependent study7
on this system revealing phonon softening behavior and the
coupling of phonons with the crystal-field transitions. We

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.134112

SAHA et al.

shall compare below our results on the temperature depen-
dence of phonons with those of this recent study and quan-
tify the quasiharmonic and anharmonic contributions to the
change in phonon frequencies.

II. EXPERIMENTAL TECHNIQUES

A. Crystal growth

Stoichiometric amounts of Tb,O3; (99.99%) and TiO,
(99.99%) were mixed thoroughly and heated at 1200 °C for
about 15 h. The resulting mixture was well ground and iso-
statically pressed into rods of about 6 cm long and 5 mm
diameter. These rods were sintered at 1400 °C in air for
about 72 h. This procedure was repeated until the compound
Tb,Ti,O; was formed, as revealed by powder x-ray diffrac-
tion analysis, with no traces of any secondary phase. These
rods were then subjected to single-crystal growth by the
floating-zone method in an infrared image furnace under
flowing oxygen. X-ray diffraction measurement was carried
out on the powder obtained by crushing part of a single-
crystalline sample and energy dispersive x-ray analysis in a
scanning electron microscope indicated a pure pyrochlore
Tb,Ti,O; phase. The Ladue back-reflection technique was
used to orient the crystal along the principal crystallographic
directions.

B. Raman measurements

Raman spectroscopic measurements on a (111) cut thin
single-crystalline slice (0.5 mm thick and 3 mm in diameter,
polished down to a roughness of almost 10 wm) of
Tb,Ti,O; were performed at low temperatures in back-
scattering geometry, using the 514.5 nm line of an Ar* ion
laser (Spectra-Physics) with ~20 mW of power falling on
the sample. Temperature scanning was done using a CTI-
cryogenics closed cycle refrigerator. Temperature was mea-
sured and controlled (with a maximum error of 0.5 K) using
a calibrated Pt100 sensor and a CRYO-CON 32B tempera-
ture controller. The scattered light was collected by a lens
and was analyzed using a computer controlled Raman spec-
trometer (SPEX Ramalog) using two holographic gratings
(1800 groves/mm) coupled to a Peltier-cooled photomulti-
plier tube connected to a digital photon counter.

High-pressure Raman experiments were carried out at
room temperature up to ~25 GPa in a Mao-Bell-type
diamond-anvil cell (DAC). A single-crystalline Tb,Ti,O
sample (size ~50 wm) was placed with a ruby chip (size
~10 um) in a hole of ~200 wm diameter drilled in a pre-
indented stainless-steel gasket with a mixture of 4:1 metha-
nol and ethanol as the pressure-transmitting medium. Pres-
sure was calibrated using the ruby fluorescence technique. '

C. X-ray diffraction

High resolution x-ray diffraction measurements were per-
formed between 10-300 K (with temperature accuracy better
than 0.5 K) using a highly accurate two-axis diffractometer
in a Bragg-Brentano geometry (focalization circle of
50 wm) using the Cu-Kg line (A=1.392 23 A) of a 18 kW
rotating anode.
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FIG. 1. (Color online) Raman spectrum of Tb,Ti,O; at 27 K.
Open circles represent the experimental data. Thin (blue) solid lines
are the individual modes and thick (red) line is the total fit to the
experimental data. Assignment of modes P1-P9 is done in the text
(Table I).

For high-pressure x-ray experiments, single-crystalline
Tb,Ti,O; samples were crushed into fine powder which was
loaded along with a few particles of copper in a hole of
~120 wm diameter drilled in a preindented (~70 wm
thick) tungsten gasket of a Mao-Bell-type DAC. The
pressure-transmitting medium was methanol-ethanol-water
(16:3:1) mixture, which remains hydrostatic until a pressure
of ~15 GPa. Pressure was determined from the known
equation of state of copper.'® High-pressure angle dispersive
x-ray diffraction experiments were carried out up to
~25 GPa on Tb,Ti,0; at the 5.2R (XRD1) beamline of the
Elettra Synchrotron source (Italy) with monochromatized x
rays (\=0.690 12 A). The diffraction patterns were recorded
using a MAR345 imaging plate detector kept at a distance of
~20 cm from the sample. Two-dimensional (2D) imaging
plate records were transformed into one-dimensional (1D)
diffraction profiles by radial integration of the diffraction
rings using the FIT2D software.!”

III. RESULTS

A. Raman spectrum of Tb,Ti,O4

Pyrochlores belong to the space group F. d§m(017’) with an
A,B,040" stoichiometry, where A3* occupies the 16d and
B* occupies the 16c Wyckoff positions and the oxygen at-
oms O and O’ occupy the 48f and 8b sites, respectively.
Factor group analysis for this family of structures gives six
Raman active modes (A;,+E,+4F,,) and seven infrared ac-
tive modes (7F,,). Raman spectra of Tb,Ti,O; have been
recorded between 125-925 c¢cm™! from room temperature
down to 27 K. A strong Rayleigh contribution made the
signal-to-noise ratio poor below 125 cm™!. Figure 1 shows
the Raman spectrum at 27 K, fitted with Lorentzians and
labeled as P1 to P9. Following previous reports,®=-11:12.18-20
the modes can be assigned as follows: P3 (294 cm™', Fzg),
P4 (325 cm™, E,), P5 (513 cm™, A},), and P6 (550 cm™',
F,,). One F,, mode near 425 cm™! (observed in other pyro-
chlore titanates®®) could not be observed due to weak signal.

134112-2



LOW-TEMPERATURE AND HIGH-PRESSURE RAMAN AND...

705

690

675

520
515

Frequencies (cm”)

165 ——————————1——1——
0 50 100 150 200 250 300

Temperature (K)

FIG. 2. (Color online) Temperature dependence of modes P1,
P3, P4, PS5, and P7 of Tb,Ti,O5. Solid lines are linear fit to the data.
The slopes (Z—?) of the corresponding modes are listed in Table 1.

Mode P1 (170 cm™) has been assigned to be the fourth F 2
mode by Refs. 6-9, 11, 12, and 18-20. However, there has
been a controversy on the assignment of the P1 mode,?'~>
and we, therefore, assign the mode P7 (672 cm™') as the
fourth F,, mode. We support this assignment for the follow-
ing reason: it is well established that the symmetry-allowed
six Raman active modes (A,+E,+4F,,) in pyrochlore in-
volve only the vibrations of oxygen atoms. This will imply
that isotopic substitution by O'® in pyrochlore should lower
the phonon frequencies by ~5%. This has, indeed, been seen
in our recent experiments>' on Dy,Ti,O; and Lu,Ti,0, for
modes P3-P9 but not for P1 and P2. Another argument
against P7 being a combination mode is the pressure depen-
dence of the modes presented later (Fig. 7). Possible candi-
dates for the combination are wp;= wp3+wp; and wp;
~ wp;+wps. The pressure derivative of frequency of the

mode P7 (%) does not agree with the sum of the pressure
derivatives of the individual modes. Next, the question arises
on the origin of modes P1 and P2. Since these modes are also
seen in Gd,Ti,O; and in nonmagnetic Lu,Ti,O, their CF
origin can be completely ruled out. We, therefore, attribute
these low frequency modes to disorder induced Raman ac-
tive modes. The high frequency modes (P8 and P9) are pos-
sibly second-order Raman modes.®

B. Temperature dependence of phonons

We have recorded Raman spectra of Tb,Ti,O; from room
temperature down to 27 K and followed the temperature de-
pendence of modes P1, P3, P4, P5, and P7. As shown in Fig.
2, modes P1, P3, P5, and P7 soften with decreasing tempera-
ture. Since the Raman bands P2 and P6 are weak near room
temperature, their temperature dependence is not shown. It
needs to be mentioned that temperature-dependent anomalies
of the modes P1, P5, and P7 have also been reported in other
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pyrochlore titanates®®° and attributed to phonon-phonon an-

harmonic interactions. However, anomalous behavior of the
F,,(P3) mode near 300 cm™" has been reported only in the
nonmagnetic Lu,Ti,O; pyrochlore.® We evidence a similar
anomaly in P3 in Tb,Ti,O; with unusually broad linewidth.
Recently, Maczka et al.” also reported this unusually broad
linewidths in Tb,Ti,O; which has been explained in terms of
coupling between phonon and crystal-field transition.

Temperature dependence of a phonon mode (i) of fre-
quency w,(T) can be expressed as**

wi(T) = wi(o) + (Awi)tolal(T) >

where, (Awi)tolal(T) = (Awi)qh(T) + (Awi)anh(T)

+ (Awi)el-ph(T) + (Awi)sp—ph(T)~
(1)

The term w,(0) corresponds to the phonon frequency at
absolute zero. In Eq. (1) above, the first term on the right
hand side corresponds to quasiharmonic contribution to the
frequency change. The second term corresponds to the intrin-
sic anharmonic contribution to phonon frequency that comes
from the real part of the self-energy of the phonon decaying
into two phonons (cubic anharmonicity) or three phonons
(quartic anharmonicity). The third term (Aw)e.pn i the
renormalization of the phonon energy due to coupling of
phonons with charge carriers in the system which is absent in
insulating pyrochlore titanates. The last term, (Aw;)g,pn, is
the change in phonon frequency due to spin-phonon coupling
arising from modulation of the spin exchange integral by the
lattice vibration. Recently, we have shown® that the magni-
tude of phonon anomalies is comparable in both magnetic
and nonmagnetic pyrochlore titanates, thus ruling out any
contribution from spin-phonon coupling. Therefore, the
change in phonon frequency is solely due to quasiharmonic
and intrinsic anharmonic effects whose temperature varia-
tions, as estimated below for modes P1, P3, P5, and P7, are
shown in Fig. 3.

The change in phonon frequency due to quasiharmonic
effects [(Aw;)qh(T)] comes from the change in the unit cell
volume. This change can be expressed as®

(wi)qh(T) - 0{(0) = (Awi)qh(T)

T
=wi(0)e><pl f Yi(T") e, (T")dT } )

0

where w;(0) is the frequency of the ith phonon mode at 0 K,
v/(T'") is the temperature-dependent Griineisen parameter of
that phonon, and «,(7") is the temperature-dependent coef-
ficient of the volume expansion. Since our lowest tempera-
ture is 27 K, the quasiharmonic change can be approximated
as

27 K

T
(Aw)gn(T) = 0,(27 K)y; exle aU(T’)dT’] (3)

assuming the Griineisen parameter to be temperature inde-
pendent. To measure the «,(T), we have recorded x-ray dif-
fraction patterns of Tb,Ti,O; from room temperature to 10
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FIG. 3. The temperature-dependent anharmonic contribution to
the phonons P1, P3, P5, and P7 estimated as described in text. The
insets show the quasiharmonic changes [R=(Aw)qn(T) = (0;)gn(T)
—;(27 K)] in the corresponding phonons upon changing
temperature (7).

K. We present the temperature-dependent lattice parameter in
Fig. 4. Our data agree with the recent data by Ruff et al.?
The solid line in Fig 4 is a fit to our data by the relation

a(N=ayll+—7— T(e”T 5], where ay=10.14 A is the lattice con-
stant at 0 K and 56=9.45 K and ¢=648.5 K are fitting
parameters.?” In a recent study by Ruff et al.,?® it was shown
that the lattice undergoes an anomalous expansion along with
broadening of allowed Bragg peaks as temperature is re-
duced below ~10 K. This was attributed to structural fluc-
tuation from cubic-to-tetragonal lattice that consequently co-
incides with the development of correlated spin-liquid
ground state in Tb,Ti,O. Our data are up to 10 K, and hence
we could not observe this feature at low temperatures. We
have derived the temperature dependent coefficient of ther-
mal expansion (a, _a_d_T) from the temperature-dependent
lattice parameter which is shown in the inset of Fig. 4. The
a, at 300 K for Tb,Ti,0 is (~8 X 107> K1), slightly higher
than those of Dy,Ti,0; (~6X107 K~') and Lu,Ti,0;
(~4X 107 K7'), estimated from the temperature-dependent
x-ray diffraction results reported in Ref. 6. We note that
a,(300K) for Tb,Ti,O5 is about ten times higher than that of
Si (Ref. 28) and nearly seven times higher than that of
Gd,Zr,04,%° implying that the anharmonic interactions in
Tb,Ti,O; are strong. The mode Griineisen parameter for ith

phonon mode is ;= where B is the bulk modulus and

de’

% is the frequency change with pressure P. Taking B
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FIG. 4. (Color online) Variation in the lattice parameter of
Tb,Ti,O7 with temperature. Open and closed circles are values ob-
tained from (333) and (004) diffraction peaks of our x-ray data.
Solid line is the fit to the data as discussed in text. Inset shows the
coefficient of thermal expansion (ay) derived from the lattice
parameter.

=154 GPa, obtained from our high-pressure x-ray diffrac-
tion data discussed later, we find the values of the Griineisen
parameter for the various modes as listed in Table I. The
change in phonon frequency due to quasiharmonic effect,
(Aw)gn(T), has been estimated for modes P1, P3, P5, and P7
and is shown in the insets of Fig. 3. The anharmonic contri-
bution, (A®;)yun(T)=(A®))ora(T) = (Aw;) gn(T), for modes P1,
P3, P5, and P7 are shown in Fig. 3. We note that the
temperature-dependent (Aw;),,,(7T) for these four modes is
anomalous. Further, upon changing the temperature from 27
to 300 K, we find that for mode P1, the percentage change in
frequency due to anharmonic interactions,
(Aw) gun(T)/ 0,27 K), is exceptionally high. It is customary
to fit the (Aw;),,(7T) data by the expression®*

2
(Aw)yun(T) = C<1 + W) (4)

where the ith phonon decays into two phonons of equal en-
ergy (wiﬂ%+%). The parameter “C” can be positive (for
normal behavior of phonon) or negative (anomalous
phonon).%3% We have seen that Eq. (4) does not fit to our data
of (Aw;),un(T) (fitting not shown in Fig. 3). This may be
because, in the expression for (Aw;),,n(T) [Eq. (4)], all the
decay channels for the phonons are not taken into account.
Therefore, a full calculation for the anharmonic interactions
considering all the possible decay channels is required to
understand the (Aw,),,,(T) data, shown in Fig. 3.

Considering only the cubic phonon-phonon anharmonic
interactions where a phonon decays into two phonons of
equal energy, the temperature-dependent broadening of the
linewidth can be expressed as**

2
Fi(T)=Ti(0)+A<1 +W>, (5)

where w;(0) is the zero-temperature frequency and I';(0) is
the linewidth arising from disorder. Figure 5 shows the tem-
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TABLE I. A list of the phonon frequencies in cm™

peratures dependences.

PHYSICAL REVIEW B 79, 134112 (2009)

I'at 27 K with the corresponding pressure and tem-

0} fi—‘" Z—‘; Griineisen Parameter

Normal modes (cm™) (cm‘{/ K) (cm™!/GPa) ® (y)®
P1* (phonon) 170.8 0.14 2.8 1.97
P2 (phonon) 191.7 0.17

P3 (phonon, Fzg) 294.8 0.03 2.8 1.43
P4 (phonon, E,) 321.4 2.3 1.10
P5 (phonon, A;,) 512.9 0.03 2.3 0.69
P6 (phonon, Fzg) 550.3 -0.004 7.4 2.13
P7 (phonon, Fy,) 672.3 0.06 7.7 (below 9 GPa) 1.70

and 0.3 (above 9 GPa)
P8* (phonon) 719.5
P9* (phonon) 816.5

“Origin of the mode has been discussed in the text.
"The values are at room temperature.

perature dependence of linewidths of Raman modes P3, P4,
and P5. It can be seen that the linewidth of P3 and P4 modes
are almost double of the linewidth of the P5 mode, as re-
ported by Maczka et al.” These authors attributed this to the
strong coupling of the F,,(P3) and E,(P4) phonons with the
crystal-field transitions of Tb** which is absent for the A,
(P5) mode due to symmetry consideration. To strengthen this
argument, we compare (Fig. 5) these results with the line-
widths of the corresponding phonons in nonmagnetic
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FIG. 5. (Color online) Closed circles are the experimental val-
ues of temperature-dependent linewidths of the modes P3, P4, and
PS5 of Tb,Ti,O4. They have been compared with those of the same
modes in nonmagnetic Lu,Ti,O5 (open circles) as discussed in the
text. Solid and dashed lines are fits to the data of Tb,Ti,O; and
Lu,Ti,04, respectively, as explained in the text.

Lu,Ti,05 (Lu**:J=0),% and, indeed, the linewidths of P3 and
P4 modes in Tb,Ti,O; are much broader than those in
Lu,Ti,O;. The change in linewidth of the F,,(P3) mode in
Tb,Ti,O; from room temperature down to 27 K is nearly
half the change in linewidth of the same mode in Lu,Ti,0,
and, therefore, the parameter “A” for F 28(P3) mode in
Tb,Ti,07 is 7.2 cm™!, which is nearly half of that in
Lu,Ti,O; (A=13.4 cm™). However, the linewidth of the A,
mode for both titanates is comparable and, therefore, the fit-
ting parameter “A” for this mode in Tb,Ti,O; and Lu,Ti,O4
is nearly the same, i.e., 7.8 and 7.3 cm™!, respectively. All
these results, therefore, corroborate the suggestion of Mac-
zka et al.,’ thus emphasizing a strong coupling between the
phonon and crystal-field modes.

C. Effect of pressure on Th,Ti,0,
1. Raman study

Figure 6 shows room-temperature Raman spectra at am-
bient and a few high pressures, the maximum pressure being
~25 GPa. We could not resolve P2 and P9 at room tempera-
ture inside the high-pressure cell due to the reasons described
above. The phonon frequencies increase with increasing
pressure, as shown in Figs. 6 and 7. Interestingly, we find
that upon increasing the pressure, the intensity of the P1
mode diminishes and is no longer resolvable above ~9 GPa.
Upon decompressing the sample from ~25 GPa, the mode
recovers, as shown in the top panel of Fig. 6. Similarly mode
P6 (Fy,) also vanishes above ~9 GPa and reappears upon
decompression. The intensity ratios of modes P1-P3 and P6—
P5, as shown in Fig. 8, gradually decrease with increasing
pressure and become zero near 9 GPa. As shown in Fig. 7,
the maximum change in phonon frequency is seen in mode
P7 (F,,), which shows a dramatic change in the rate of
change of frequency with pressure at a pressure of ~9 GPa.
In sharp contrast, the other modes P3, P4, and PS5 do not
show any change in slope till the maximum pressure applied.
The changes seen in modes P1, P6, and P7 near 9 GPa are
indicative of a structural transition of the Tb,Ti,05 lattice. In
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FIG. 6. (Color online) Raman spectra of Tb,Ti,O; at ambient
and a few high pressures. Open circles are the experimental data.
Thin (blue) solid lines are the fits for individual modes and the thick
(red) solid line is total fit to the data. Modes P1 and P6 disappear
above ~9 GPa and reappear on decompression as indicated by the
arrows.

order to ascertain the structural transition we have performed
high-pressure x-ray diffraction measurements, and the results
are discussed below.

2. X-ray diffraction

Figure 9 shows the x-ray diffraction patterns of Tb,Ti,O,
at a few high pressures. The (kkl) values are marked on the
corresponding diffraction peaks. As we increase the pressure,
we find that the diffraction peaks shift to higher angles but
no signature of new peak or peak splitting could be observed.
However, the change in lattice parameter with pressure,
shown in Fig. 10, shows a change in slope near 9 GPa im-
plying a structural deformation, thus corroborating the tran-
sition observed in the Raman data. The transition possibly
involves just a local rearrangement of the atoms retaining the
cubic symmetry of the crystal. Fitting the pressure-dependent
volume to the third order Birch-Murnaghan equation of
state,>! we find that B=154 GPa and B’ =6.6 when the ap-
plied pressure is below 9 GPa. But, when the applied pres-
sure is above this transition pressure, these values change to
B=250 GPa and B'=7.1 thus implying an increment of the
bulk modulus by ~62% after the transition. A similar tran-
sition had also been observed'? in Gd,Ti,O; at ~9 GPa and
was attributed to the TiO4 octahedral rearrangement. It needs
to be mentioned here that the pressure-transmitting medium
(methanol-ethanol mixture, used in our Raman experiments)
remains hydrostatic up to 10 GPa which is close to the tran-
sition pressure, thus implying that the possibility of a contri-
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FIG. 7. (Color online) Pressure-dependent frequencies of modes
P1, P3, P4, PS5, P6, and P7. Filled and open symbols correspond to
the compression and decompression data. Solid lines are linear fits
to the frequencies. Modes P1 and P6 disappear above 9 GPa and
mode P7 undergoes a dramatic change in slope (Z—ﬁ) at the same
pressure thus suggesting a subtle structural transition. The slopes
are listed in Table 1.

bution from nonhydrostaticity of the medium cannot be com-
pletely ruled out. However, experiments in a nonhydrostatic
medium (water) have as well revealed the transition at
~9 GPa in Gd,Ti,0,.!> We, therefore, believe that the tran-
sition near 9 GPa is an intrinsic property of Tb,Ti,O; and
also that performing this experiment with helium as the
pressure-transmitting medium, will further strengthen our
suggestion of a possible transition at ~9 GPa.

IV. SUMMARY AND DISCUSSION

We have performed temperature and pressure-dependent
Raman and x-ray diffraction studies on pyrochlore Tb,Ti,O,
and the main results can be summarized as follows. (1) The
phonon frequencies show anomalous temperature depen-
dence; (2) the linewidths of the F,, and E, modes near
300 cm™! are unusually broad in comparison to those of
nonmagnetic Lu,Ti,O; phonons, thus corroborating the
suggestion’ of a possible coupling between phonons and
crystal-field transitions; (3) intensities of two phonon modes
(P1 and P6) decrease to zero as the applied pressure ap-
proaches 9 GPa. Another Raman band P7 near 672 cm™!
(F,,) shows a large change in slope (Z—‘]‘)’) at ~9 GPa, thus
indicating a possible transition; (4) x-ray diffraction study as
a function of pressure reveals an increase in bulk modulus by
~62% when the applied pressure is above 9 GPa thus cor-
roborating the transition suggested by Raman data. The
phonons in Tb,Ti,O; show anomalous temperature depen-
dence which has been attributed to the phonon-phonon an-
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FIG. 8. (Color online) Intensity ratio of modes P1-P3 (bottom
panel) and P6 to P5 (top panel) vs pressure thus suggesting that the
intensities of the modes P1 and P6 gradually decrease with increas-
ing pressure and the modes disappear above ~9 GPa. Closed and
open circles correspond to the compression and decompression
data, respectively, and solid lines are guide to eyes.

harmonic interactions.® Using the required parameters (y, B,
and «,), derived from our high-pressure and temperature-
dependent Raman and x-ray experiments, we have estimated
the contributions of quasiharmonic and anharmonic effects
(Fig. 3) to the phonon frequencies. We note that the anhar-
monicity of mode P1 (mode near 200 cm™') is unusually
high as compared to other modes. P1 is a phonon mode that
does not involve oxygen but includes the vibrations of Ti**
ions.?! This can be qualitatively understood by examining
how Ti** and Tb* ions are coordinated. There are tetrahedra
in the unit cell which are occupied by Ti** ions at the verti-
ces with a vacant 8a-site inside. The latter will tend to make
the vibrational amplitudes of Ti** ions larger and thus con-
tributing to the high anharmonic nature of P1 mode. The
high anharmonic behavior of the Raman modes involving
48f-oxygen ions arises due to the fact that the O,gy anions
are off centered toward the 8a-vacant site from their ideal
position 2a to (3 —x)a inside the tetrahedra® whose two ver-
tices are occupied by Ti** and other two by Tb**. Here « is
the lattice parameter and x is the Qg positional parameter.
This anharmonicity is reflected in the high root-mean-

squared displacement (V(u2)) of Oyg; atoms: %23%,33

where dty_g 1 the Tb-O bond length.

Pressure-dependent Raman data show that two Raman
modes, P1 and P6, cannot be seen above P.~9 GPa and the
P7 (F,,) Raman band shows a significant change in the slope
(Z—;’) at P.. These results suggest a subtle structural deforma-
tion which gets corroborated by a change in bulk modulus

seen in pressure-dependent x-ray experiments. However, the
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FIG. 9. X-ray diffraction patterns of pyrochlore Tb,Ti,O; at a
few high pressures. (hkl) values are marked for each of the diffrac-
tion peaks. Stars (*) and open circles (o) represent tungsten gasket
and Cu (pressure marker) peaks, respectively.

pressure-dependent x-ray data do not reveal any new diffrac-
tion peak or splitting of line. This implies that the structural
deformation near 9 GPa, as inferred from the Raman study, is
a local distortion of the lattice. It may be possible that as
pressure increases due to the vacancies at the 8a sites, the
Ti** ions adjust their local coordinates with a concomitant
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FIG. 10. (Color online) Pressure dependence of lattice param-
eter. Open and closed symbols represent the compression and de-
compression data. Solid lines are fit to the data as discussed in text.
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relocation of other atoms in the lattice. At this instant, we
would like to recall the results of a neutron scattering experi-
ment on Tb,Ti,O, by Mirebeau et al.> with a simultaneous
change in pressure and temperature. It was seen that at 1.5 K,
antiferromagnetic correlations develop in Tb,Ti,O; at a pres-
sure of 8.6 GPa. This was attributed to the delicate balance
among the exchange coupling, crystal-field and dipolar inter-
actions that gets destroyed under high pressure. Our high-
pressure Raman and x-ray experiments on Tb,Ti,O, suggest
a local rearrangement of the atoms near 9 GPa retaining the
cubic symmetry which, we believe, may contribute to the
antiferromagnetic correlations observed in neutron scattering
experiments.’ The possibility of a structural transition in
Tb,Ti,O; at low temperatures has recently been reviewed.
As discussed in Sec. III B, Ruff ef al.? suggested an onset of
cubic-to-tetragonal structural fluctuations below 20 K. A si-
multaneous presence of a CF mode at ~13 c¢m™' in Raman
and infrared spectrosopic measurements led Lummen et al.’
to propose a broken inversion symmetry in Tb,Ti,O, at low
temperatures. The authors suggested the presence of a sec-
ond Tb** site with different site symmetry at low tempera-
tures. Followed by this, Curnoe** proposed that a structural
transition can occur at low temperatures with an A,, lattice
distortion resulting in a change of the point group symmetry,
leaving the cubic lattice unchanged. Our Raman spectro-
scopic observations of a transition near 9 GPa may be related
to the above discussion and can contribute to the increase in

PHYSICAL REVIEW B 79, 134112 (2009)

magnetic correlation observed by Mirebeau et al.’ It will be
relevant to do high-pressure Raman experiments at helium
temperatures to strengthen our suggestion.

V. CONCLUSION

To conclude, our Raman spectroscopic and x-ray diffrac-
tion experiments on single crystals of pyorhclore Tb,Ti,O7,
with temperature, reveal highly anomalous temperature-
dependent phonons attributed to strong phonon-phonon an-
harmonic interactions. Our pressure-dependent Raman and
x-ray diffraction experiments suggest a local deformation of
the pyrochlore lattice near 9 GPa. We believe that our experi-
mental results play an important role in enriching the under-
standing of pyrochlore titanates, especially the spin-liquid
Tb,Ti,0,, thus motivating further experimental and theoret-
ical studies on these exotic systems.
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