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Thermal properties of Cd,Re,0; and Cd,Nb,0O; at the structural phase transitions
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The structural phase transitions in Cd,Re,O and Cd,Nb,O; pyrochlores have been studied through capaci-
tive thermal expansion, heat capacity, and thermal conductivity. The superconductor Cd,Re,0; (T.=1 K)
shows well-defined anomalies at 200 and 120 K due to structural transitions. The pressure dependence of the
transition temperatures is calculated from the thermal expansion and heat capacity, which shows good agree-
ment with the results of direct measurements. The ferroelectric Cd,Nb,O; shows distinct anomalies due to
structural transitions at 204, 85, and 46 K, in addition to a broad feature around 190 K associated with the
relaxorlike behavior. For both compounds, the lattice thermal conductivity shows a glasslike temperature

dependence in the high-temperature cubic phase.
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I. INTRODUCTION

Pyrochlore oxides with the general formula A,B,0; ex-
hibit a wide range of complex phenomena, including colossal
magnetoresistance, metal-insulator transition, and geometri-
cal frustration of magnetic spins.!> The cubic pyrochlore

structure (space group Fd3m) consists of a three-dimensional
network of corner-sharing BOg octahedra, which has the
composition (B,Og)... This leaves the A metals and the sev-
enth set of oxygen ions, denoted as O’, to occupy the open
spaces and form a network of A,O’ sublattice. The presence
of two interpenetrating networks lead to important proper-
ties, that are not observed in otherwise related systems such
as the ABOj; perovskites: a notable example is the separation
of magnetic and transport channels in the magnetoresistive
T1,Mn,0;.}

Interestingly, only very few pyrochlores display structural
phase transition,"? which is in contrast to many examples
found in perovskites. Among these, the pyrochlore
superconductor* Cd,Re,0; (with a superconducting T,
=1 K) attracted particular recent interest. Cd,Re, 05, which
is cubic at room temperature, undergoes a second-order tran-

sition to a tetragonal /4m2 phase at T; =200 K and a first-
order transition to a tetragonal /4,22 phase at Tg,=120 K.
Both tetragonal structures are noncentrosymmetric. Ser-
gienko et al.%7 established that the 200 K transition is driven
by the softening of a zone center, twofold-degenerate E, op-
tic mode, which corresponds to a ferrodistortive displace-
ment of the ReO4 octahedra. Therefore, Cd,Re,0; may be
regarded as a rare example of “ferroelectric” metal.”# Sub-
sequent discovery of Goldstone optic-phonon excitations,’!”
which arise from long-wavelength fluctuations between the

nearly degenerate I4m2 and 4,22 structures, fueled addi-
tional excitement on this compound. On the other hand, there
is currently little understanding on the second transition at
Trs, as it is accompanied by very weak anomalies in the
structure and physical properties.>!! Resistivity!>!* and
thermopower'? measurements under pressure showed that
both Ty, and Ty, decrease with increasing pressure, with the
superconductivity disappearing before the cubic phase is sta-
bilized down to the lowest temperature.'?
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Cd,Nb,0; is another pyrochlore compound that displays
a sequence of structural phase transitions. Below room tem-
perature, this cubic insulator first undergoes a second-order
transition to an orthorhombic phase at Tyy; =205 K, which is
often described as improper ferroelastic.'* Around 190 K,
Cd,Nb,0; shows a broad peak in heat capacity!® and a
frequency-dependent  relaxation peak in  dielectric
susceptibility,!#!> which are reminiscent of ferroelectric
relaxors.'® However, Cd,Nb,O- lacks the compositional dis-
order found in conventional relaxors [e.g.,
Pb(Mg,5Nb,,3)O5] and the origin of the relaxorlike behavior
is not well understood. Furthermore, there is no clear con-
nection between the relaxorlike behavior and the ferroelec-
tric soft mode,'*!” the latter apparently showing a phase
transition at Ty, ~196 K. Below this temperature region,
the reported space group is orthorhombic Ima2.'® Symmetry
analysis'* and first-principles calculations'® identified the
threefold degenerate 7, mode as the ferroelectric soft mode
with the Nb ions showing predominant displacement.'® At
much lower temperatures, Cd,Nb,0; shows a second-order
transition at Ty3=85 K and a first-order transition at 7Ty,
=46 K. From Raman-scattering?®?! and heat-capacity'”
measurements, an incommensurate phase for the tempera-
tures between T3 and Ty, has been suggested. However, the
x-ray diffraction study'® only reported an average symmetry
of monoclinic Cc below Ty; with no evidence of satellite
peaks expected for an incommensurate structure.?”

Although Cd,Re,0; and Cd,Nb,O, have been studied
separately for the most part, the following observations sug-
gest that there may be important connections between the
two compounds: (1) among the hundreds of known pyro-
chlore compounds,'? Cd,Re,0; and Cd,Nb,O, are the two
rare examples showing displacive (soft-mode driven) struc-
tural transitions.”? This is particularly remarkable, as struc-
tural instability is generally governed by a delicate balance
between Coulomb and repulsive ionic interactions, %% and
these interactions are expected to be very different between
metallic and insulating compounds. (2) For both compounds,
dynamic or static disorder of Cd ions has been invoked to
explain specific features of the transitions. For Cd,Re,0, a
Raman-scattering study?’ found additional phonon modes
below Ty,, which were linked to ordering of the Cd ions.
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Additionally, a recent study?® found glasslike behavior in the
lattice thermal conductivity, which was ascribed to the inter-
action between the heat-carrying acoustic phonons and the
localized Einstein oscillation of the Cd ions. In Cd,Nb,O-,
the overdamped character of the ferroelectric soft mode was
explained by the coupling of the soft mode to the dynamic
disorder of the Cd ions,'*!7 and the relaxorlike behavior has
been associated with the reorientation of Cd-O’ dipole
chains.?>3" Recently, a diffuse x-ray scattering study®' found
strong evidence for the dynamical off-center displacement of
the Cd ions in the cubic phase. (3) Both compounds show
successive structural transitions, with only the lowest-
temperature one being first order in both cases. The interplay
of the rigid ReOg/NbOg network and the flexible Cd,O’
chains may be important in understanding the sequence of
structural transitions.

In an effort to improve the understanding of the structural
transitions, this study focuses on the thermal expansion, heat
capacity, and thermal conductivity of Cd,Re,O; and
Cd,Nb,0; single crystals. The combination of heat capacity
and thermal expansion provides the initial pressure depen-
dence of the transition temperatures, which can be compared
with the results of direct measurements. Thermal conductiv-
ity is sensitive to anharmonic interactions and local lattice
distortions,>> which makes it a valuable probe to study the
change in lattice dynamics across the transitions. For both
compounds, we discuss the anomalous features of the ther-
mal properties that provide insights on the nature of the
structural transitions.

II. EXPERIMENT

For this study, single crystals of Cd,Re,0; were grown by
the vapor transport method. Stoichiometric mixtures of CdO,
Re, and ReO; were sealed in an evacuated quartz tube and
heated at 1223 K for six days. The phase purity of the crys-
tals was checked with powder x-ray diffraction. Resistivity
was measured by a four-probe dc method and magnetic sus-
ceptibility was obtained with a commercial magnetometer
under a magnetic field of 10 kOe. Heat capacity was mea-
sured by the relaxation technique using a Quantum Design
physical properties measurement system (PPMS). The same
crystal was used for these measurements and the thermal-
expansion measurements described below.

The single crystals of Cd,Nb,O; came from the same
batch used in Ref. 15, which were grown by the flux method
using CdO and B,0; as the flux. The heat capacity of
Cd,Nb,0; obtained with the relaxation technique showed
excellent agreement with Ref. 15, in which the data were
obtained with an adiabatic calorimeter on a collection of
single crystals. Because the adiabatic technique has higher
accuracy and precision, we reproduce the heat capacity data
reported in Ref. 15.

Thermal-expansion measurements on Cd,Re,O; and
Cd,Nb,0, were carried out with a capacitance dilatometer,
which is made of silver and described in Ref. 33. To perform
measurements along the cubic (111) direction, the crystals
were oriented with a Laue camera and parallel surfaces were
prepared by polishing. The distance between the two sur-
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FIG. 1. Resistivity p and magnetic susceptibility x of

Cd,Re,04. x was measured under a magnetic field of 10 kOe. The
inset shows y in the vicinity of the 120 K transition.

faces was 3.26 nm and 1.84 mm for Cd,Re,O; and
Cd,Nb,0, respectively. It should be noted that thermal ex-
pansion along the cubic (111) is not affected by the distribu-
tion of tetragonal domains below the transition.* The linear
thermal expansivity AL/Ly, (AL=L-L, and L, refers to the
value at 293 K) was obtained while continuously heating the
crystal with a rate of 1 K/min between 2 and 300 K. Mea-
surements were repeated with different mountings and repro-
ducibility was checked. Also, measurements on a reference
copper sample showed that the accuracy is better than 1%.
To calculate the thermal-expansion coefficient «
=d(In L)/dT, we averaged several consecutive points of the
AL/ Ly data with a Gaussian weighting around each tempera-
ture, which was then differentiated. We checked the validity
of the averaging by comparing the results with those of
point-by-point differentiation. Especially, we confirmed that
the sharp features of the transitions are fully retained through
the averaging but with reduced scatter. Thermal-conductivity
measurements on irregularly shaped crystals, with the long-
est dimension of ~5 mm, were performed with the PPMS
using the thermal transport option. This apparatus uses a ra-
diation shield to minimize heat loss via radiation, and the
remaining heat loss is estimated from the emissivity and sur-
face area of the sample using the measurement program. This
correction is typically ~10-20 % at 300 K and negligible
below 100 K. Due to uncertainties in the cross sections of the
crystals, the absolute accuracy of the data is estimated to be
~20%.

III. RESULTS AND DISCUSSION
A. Heat capacity and thermal expansion of Cd,Re,0-

We first focus on the thermodynamic properties of
Cd,Re,0. Figure 1 presents the resistivity p and magnetic
susceptibility x of the Cd,Re,O crystal, which show good
overall agreement with the previous studies.!'’*> The most
prominent feature is the sharp drop in p and y at Ty,
=200 K, which signifies a large modification of the Fermi
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FIG. 2. The temperature dependence of the linear thermal ex-
pansivity AL/ L of Cd,Re,05 and Cd,Nb,0; along the cubic (111)
direction.

surface at this structural transition.?®3> There is a weaker
anomaly at TR,=120 K, where the hysteresis between the
heating and cooling directions (y near Ty, is shown in the
inset) confirms the first-order character of the transition.
While the anomaly in p is comparable to the previous
result,!’ the anomaly in y is much larger in this study.

The linear thermal expansivity AL/L, of Cd,Re,O5 is
shown in Fig. 2. In the cubic phase above Ty, the lattice
contracts with decreasing temperature, in a manner consis-
tent with the results of x-ray’® and neutron-diffraction®” stud-
ies. There is small expansion on cooling at Ty, which is
followed by normal thermal contraction down to 2 K. A
much smaller anomaly can be found at 7y, and this will be
discussed later. It should be noted that the single-crystal
x-ray diffraction, the powder neutron diffraction,’” and the
present capacitive measurements all give different behavior
of the lattice below Ty;. From the tetragonal broadening of
x-ray diffraction patterns, Castellan et al.’® showed that the
longer tetragonal axis expands continuously from T, to 15
K while the shorter axis expands from 7x; to ~140 K and
contracts at lower temperatures. On the other hand, based on
Rietveld refinement of powder neutron diffraction, Wells et
al.*" reported almost constant behavior for one of the tetrag-
onal axes and slight expansion for the other axis between
150 and 13 K. Apparently, these results are in qualitative
disagreement with the AL/L, data along the cubic (111),
which correspond to the weighted average of the tetragonal
axes. Although we have no clear explanation for the discrep-
ancy, it may be important to recall that the tetragonal distor-
tion is extremely small,>*37 which could lead to systematic
errors in the structural analysis. As described below, when
the present capacitive data are used to calculate the pressure
dependence of the transition temperatures, good agreement
with the direct results is obtained. This is strong evidence for
the accuracy of the capacitive data, at least in the vicinity of
the transitions.

The heat capacity C, and thermal-expansion coefficient a
of Cd,Re,05 are shown in Fig. 3. The superconducting tran-
sition at 1 K, which will not be discussed further, is seen as
a sharp C, peak in the inset. In agreement with the previous
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FIG. 3. (Color online) Heat capacity C, and thermal-expansion
coefficient & of Cd,Re,O4. The lines are extrapolations from the
high-temperature cubic phase, which are used to obtain the jumps in
C, and a at Tg;=200 K (dashed lines). The inset shows C,, in the
vicinity of the superconducting transition at 1 K.

studies,''" there is a prominent \-type peak in C, at Tg;. A
similar N-type anomaly with a negative peak is found in a.
The A-like shapes of the anomalies indicate that the transi-
tion is strongly affected by fluctuations.?® For this second-
order transition, the initial pressure dependence of the tran-
sition temperature dTg;/dP can be evaluated from the C,
and « data through the Ehrenfest relation, dTy,/dP
=ApBV,Tr,/AC,. Here, V,,=8.0X 10~ m? mol™! is the mo-
lar volume,**¥” AB=3Aq is the jump in volume thermal-
expansion coefficient at Ty, and AC,, is the jump in C, at
Tg;.* Using the baselines shown in Fig. 3, we obtain AC,
=32 TK ' mol! and Ae=-8.9X10"° K~!, which lead to
dTg/dP=-13 K/GPa. This value is in good agreement
with —16 K/GPa obtained from the 0-0.6 GPa data in the
resistivity measurements.'?

The negative pressure dependence of Ty; is consistent
with the general observation that when a structural transition
is driven by the softening of a zone-center optic mode, the
transition temperature decreases with pressure.>>* Gener-
ally, this is explained by the stronger effect of pressure on the
short-range ionic repulsions compared to the long-range
Coulomb interactions, where the former stabilize the undis-
torted cubic structure and the latter favor ferrodistortive
states.>>2° However, since this understanding comes from
studies on insulating materials, its applicability to metallic
systems is not clear. Nevertheless, Anderson and Blount
pointed out® that while free electrons screen the electric
field, they may not interact strongly with the zone-center
ferroelectric  instability.  Further, the first-principles
calculations’ on Cd,Re,0; showed clearly that the zone-
center optic mode is at the origin of the structural instability,
although the roles of free electrons were not discussed ex-
plicitly. Evidently, further theoretical studies are desirable to
better understand the nature of chemical bonding and lattice
interactions that are responsible for the structural transitions
in metallic Cd,Re,0.
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FIG. 4. Heat capacity divided by temperature, C,/T, and ther-
mal expansion coefficient a of Cd,Re,O5 in the vicinity of Ty
=120 K. The lines are the baselines used to obtain the excess con-
tributions in C,/T and a.

At the low-temperature end of the A-type peak, another
anomaly is found at Ty,. In Fig. 4, these anomalies are more
clearly presented as plots of C,/T and a. Here, C, obtained
on heating and cooling directions are plotted together, which
show no visible difference. The size of the broad C,/T
anomaly did not change by varying the heat pulse or relax-
ation time of the measurement, confirming that the broaden-
ing is intrinsic to the present crystal. A similar broad
anomaly is found in «, although the shape is more asym-
metrical and the peak occurs at a slightly higher temperature.
The broadened anomalies signify the strong sensitivity of
this transition to internal inhomogeneities, such as growth
strains or impurities.

For the first-order transition at Tg,, dTg,/dP can be cal-
culated from the Clausius-Clapyron relation dTyR,/dP
=AV/AS, where AV and AS denote the discontinuous
change in volume and entropy at Ty,. Here we use AV
=V, J3Aa(T)dT and AS=[[AC,(T)/T]dT, which integrate
the anomalous contributions. Using the baselines shown in
Fig. 4, we obtain AV=-2.6X10" m*mol™! and AS
=0.10 JK ' mol™!, which amount to dTg,/dP=
—26 K/GPa. We find that other reasonable choices of the
baselines lead to —26 =3 K/GPa. This dTy,/dP value is to
be compared with the results of thermopower measurements
under pressure,'® where an initial slope of —17 K/GPa can
be identified. For that study, the largest source of error is in
locating Ty,, especially under pressure where the anomaly
becomes exceedingly small.!* Considering the uncertainties
present in both studies, the agreement in dTy,/dP is deemed
satisfactory. In any case, the results establish the bulk ther-
modynamic nature of the transition, and refute the previous
suggestion®” that the transition occurs only at the surface of
the crystal.

B. Heat capacity and thermal expansion of Cd,Nb,0,

We now turn to Cd,Nb,O5. For this compound, AL/L in
Fig. 2 shows two prominent anomalies, a change in slope at
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FIG. 5. (a) The real part of dielectric susceptibility €’ at mea-
surement frequencies of 1, 3, 10, 30, 100, 300, and 1000 kHz (left
to right), (b) the thermal-expansion coefficient «, and (c) the excess
contributions to the heat capacity AC,, for Cd,Nb,O;. The data
shown in (a) and (c) are reproduced from Ref. 15. Note the change
in scale for AC,, at 100 K in (c). Dashed lines are drawn at 46, 84.5,
and 204 K to locate the anomalies associated with each transition.

Tn1=204 K and a dip at T\3=85 K. To examine the de-
tailed features of each transition, we show « in Fig. 5 along
with the real part of dielectric susceptibility €' and the excess
contributions in heat capacity AC,. (The results for €' and
AC, are reproduced from Ref. 15.) In the cubic paraelectric
phase, €' shows a Curie-Weiss behavior and there is no ex-
cess contributions in « and C,,. At Ty, there is a sharp peak
in €, a, and ACP, which signals the transition to the im-
proper ferroelastic phase. If the jumps in AC,, and a from the
high-temperature side of Ty; are used to calculate dTy,/dP
through the Ehrenfest relation, AC,=8.0 J K™' mol™!, A«
=6.5X10° K™!, and V,,=8.4X 107> m? mol™.,'8 and we
obtain dTy;/dP=42 K/GPa. This is ten times the value ob-
tained from €’ under pressure (4 K/GPa);* the discrepancy
may be ascribed to the presence of [110] domains.

Below Ty, € becomes frequency dependent and shows a
broad relaxation peak around 190 K, which is similar to the
characteristic behavior of relaxor ferroelectrics.'*!> In the
same temperature region, AC, and & show a broad peak and
a shoulderlike feature, respectively. As these anomalies ap-
pear immediately below the onset of the sharp transition, the
results support the notion' that the relaxorlike behavior is
triggered by the improper ferroelastic transition. However,
the complex manner in which the sharp and broad anomalies
are superimposed makes the determination of the order pa-
rameters difficult.!*!3

Although the broad anomalies in €, «, and C, correspond
well with each other, their relation to the ferroelectric soft
mode'*!” with Ty, ~196 K is not apparent. If we assume a
normal displacive ferroelectric transition at Ty,, the fre-
quency dependence of € may be attributed to the motion of
ferroelectric domains.*? However, such motion does not con-
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tribute significantly to entropy, and the origin of the broad
thermodynamic anomalies remains unclear. On the other
hand, the anomalies in €', a, and C, can be explained by
relaxorlike development of nanoscale cluster polarization'
but this idea is not consistent with the persistence of the soft
mode up to the vicinity of Ty,.'"*!” Moreover, while the
nanoscale cluster polarization has been speculated in several
studies,'>* there has been no direct evidence of such entity
in Cdsz207.

Still another view is to consider the coupling between the
NbOg network and the Cd-O’ dipole chains, where each
component is mostly responsible for the soft mode and the
relaxorlike behavior, respectively.?”3" In the cubic phase
above Ty, there is strong evidence for the dynamic disorder
of the Cd ions,’'** where these ions hop among equivalent
off-center positions. Below the structural transition at Ty,
the local environment around the Cd ions becomes less sym-
metric, facilitating the Cd ions to settle into one of the stable
positions.!#?° Because the distortion at Ty, is very small,'®!°
and the local environment is further modified by the ferro-
electric distortion of the NbOg octahedra, the Cd ions might
be expected to order (or freeze) gradually with decreasing
temperature.’® In this view, the frequency dependence of €’
is associated with the dynamics of the Cd-O’ dipoles®**° and
the broad thermal anomalies can be ascribed to the gradual
ordering of the Cd ions. It is important to emphasize that the
order-disorder and displacive characters of Cd,Nb,O- origi-
nate from distinct sublattices: this is different from the well-
known perovskites BaTiO; and KNbOs, in which the BOg
octahedra are responsible for both the order-disorder and dis-
placive characters of the ferroelectric transitions.*> For the
perovskites, recent studies of x-ray absorption fine structure
and nuclear magnetic resonance provided important under-
standing on the microscopic characters of the ferroelectric
transitions.*® It would be of great interest to perform similar
microscopic measurements on Cd,Nb,O, to better under-
stand its complex ferroelectric behavior.

At T\3=85 K, the second-order structural transition is ac-
companied by a sharp peak in €', @, and C,. Keeping in
mind that the magnitude of A« can be affected by the distri-
bution of monoclinic'® domains below Tys, the application
of Ehrenfest relation with AC,=0.80 J K=!' mol™! and A«
=-9.0X107% K™! leads to a large value of dTys/dP
=-240 K/GPa. To put this negative value of dTy3/dP into
perspective, we recall that the Raman’?! and heat-capacity'”
studies found strong resemblance of the behavior to the in-
commensurate (IC) transitions in the A,BX, systems (where
X=halogen or O).?? For the A,BX, family, Gesi*’ pointed out
that strong order-disorder characters are found in systems
with a positive dT o/ dP (where Tyc is the IC transition tem-
perature), whereas displacive characters are found in systems
with a negative dTc/dP. Interestingly, one of the first hints?’
for the IC character in Cd,Nb,O; came from its strong re-
semblance of the Raman scattering to K,SeO,, which is a
prototypical  displacive IC system with dTic/dP
=-65.5 K/GPa.?? These considerations suggest a displacive
character for the purported IC transition in Cd,Nb,O-, al-
though further efforts are certainly needed to find direct evi-
dence of an IC structure. Furthermore, the large negative
value of dTy3/dP implies that the coupling of the soft mode
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FIG. 6. Thermal conductivity « of Cd,Re,O; and Cd,Nb,O,
measured on heating direction. For Cd,Re,05, the closed circles
represent the total x, whereas the solid line corresponds to the pho-
non contribution «,;, obtained by subtracting the estimated elec-
tronic contribution from the total x. The « of amorphous silica
a-Si0, (Ref. 49) is shown as a dashed line.

to volume strain is appreciable, and it is important to check
this point with direct determination of dTy3/dP under
pressure.

At still lower temperature, anomalies in €' and ACP can
be found at T\4=46 K. The Raman and C,, studies suggested
that this is a lock-in transition to a commensurate
phase'>?02! but no important changes were found at Ty, in
the structural study.'® Within the precision of the present
measurement, we could not identify any anomaly in AL/L,
or « at this temperature. Considering that the entropy of this
transition [0.054 J K~! mol~! (Ref. 15)] is only slightly
smaller than that of Cd,Re,O at Ty,, our failure to observe
an anomaly in « suggests that dTy4/dP is much smaller than
+26 K/GPa found for dTy,/dP.

C. Thermal conductivity of Cd,Re,07 and Cd,Nb,0,

Finally, we discuss the thermal conductivity « of
Cd,Re,0; and Cd,Nb,O, which are shown in Fig. 6. For
Cd,Re,0, k shows a change in slope near T, and a steplike
anomaly at Tg,, which reflect changes in the degree of scat-
tering or scattering mechanism for the heat carriers at the
structural transitions. These anomalies and the peak at 35 K
are more pronounced than those reported in Ref. 28, suggest-
ing higher crystalline quality of the present sample. An esti-
mate for the phonon contribution «,, can be obtained by
subtracting the electronic contribution «,; from the total «,
where k,; is obtained from p using the Widemann-Franz
law.*® In Fig. 6, k,, is plotted as a solid line, which shows
that the anomalies around the transitions are mainly associ-
ated with phonons. On the other hand, the peak in the total «
at 35 K is almost completely removed in «,,. For ordinary
crystalline materials, «,, decreases with a ~1/T dependence
above the peak temperature (typically ~10-70 K), due to
the decrease in phonon mean-free path from intrinsic
phonon-phonon interactions.*® In contrast, Ky, of CdyRe,0
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is small and almost temperature independent within the te-
tragonal phases above 50 K, and shows a glasslike
dk,;,/dT>0 behavior in the cubic phase (x of amorphous
silica® is shown in Fig. 6). These results indicate the pres-
ence of additional phonon scattering mechanisms in
Cd,Re, 0. In Ref. 28, the dk,,/dT>0 behavior was attrib-
uted to strong interaction of the heat-carrying acoustic
phonons with the localized Einstein oscillation of the Cd
ions; evidence for this mechanism was provided by the pres-
ence of an Einstein mode in C, with the characteristic tem-
perature @;~98 K, which matches with the mean-square
displacement amplitude of the Cd ions.?® For the pyrochlore
structure, it is possible to consider the small Cd ions® as
residing in the oversized voids created by the network of
BOg octahedra,” which could result in large dynamic dis-
placement of the Cd ions. Accordingly, the decoupled dy-
namics of the Cd ions from the main lattice can serve as an
extra decay channel for the heat-carrying acoustic phonons.
In this view, the anomaly near Ty, might be ascribed to a
change in the dynamical properties of the Cd ions, although
there may be additional contributions from the Goldstone
excitations™!? (either as a heat carrier or scatterer) below
Tr,. For the structural transition at Ty,, the Raman-scattering
study?’ pointed to the ordering of the Cd ions as the driving
mechanism of the transition. In this regard, one may expect
Ky, to increase below Tg,, but the opposite is found in Fig. 6.
This suggests that the reduction in «,, is attributed to in-
creased phonon scattering from the additional optic modes
below Tg,.2’

Similar d«/dT>0 behavior is found for the cubic phase
of Cd,Nb,O; in which heat is transported entirely by
phonons. For this compound, the previous C, study" found
an Einstein mode with ©@;~76 K, and large displacement
amplitude for the Cd ions has been reported.***° Moreover,
the recent diffuse x-ray scattering study provided strong evi-
dence for the dynamic disorder of the Cd ions in the cubic
phase,?! suggesting that the dx/dT> 0 behavior is associated
with strong phonon damping by the Cd ions. It is interesting
to note that similar dx/dT>0 behavior is found in the
KH,PO, family of hydrogen-bond ferroelectrics,” where
dk/dT> 0 in the paraelectric phase is ascribed to strong pho-
non scattering from the disorder in hydrogen positions. How-
ever, whereas the hydrogen-bonded systems show a recovery

PHYSICAL REVIEW B 82, 054108 (2010)

of conventional dk/dT<<0 behavior upon entering the or-
dered ferroelectric phase,’! k of Cd,Nb,O is suppressed fur-
ther below Ty;. This suggests the presence of different scat-
tering mechanisms below Ty, and it is tempting to associate
it with the relaxorlike behavior in this temperature region.
Especially, as the Cd ions order gradually below Ty, local
strains are expected to develop and this can be a significant
source of phonon scattering. In agreement with this idea, «
starts to show a 1/7 behavior below ~100 K, where the
relaxorlike behavior is no longer found in € and C,. Within
the precision of the present measurement, there is no obvious
anomaly at T3 and Ty. The sharp maximum at 18 K signi-
fies the absence of significant disorder in the crystal, suggest-
ing that the Cd ions are fully ordered in the low-temperature
regions. This is consistent with the absence of glasslike
T-linear term in C, below 1 K.1

IV. SUMMARY

In summary, we have studied the structural phase transi-
tions in Cd,Re,0; and Cd,Nb,0; through measurements of
thermal expansion, heat capacity, and thermal conductivity.
The use of high-quality single crystals allowed detailed ex-
amination of the structural transitions, including the pressure
dependence of the transition temperatures through the appli-
cation of thermodynamic relations. The thermal properties of
Cd,Nb,0, show complex behavior, especially near the relax-
orlike feature around 190 K. For both compounds, the lattice
thermal conductivity has a glasslike temperature dependence
in the cubic phase, which can be associated with the unusual
dynamics of the Cd ions. Further work is needed to under-
stand the specific roles of the Cd ions in the intriguing struc-
tural transitions.
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