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We report the heat capacitf,) measurements on single crystals of pyrochlorgNEgO; over the tem-
perature range of 0.3 to 420 K. A peak@ appears als=204 K, where a small anomaly is observed in the
dielectric constant. Belows, there is a broac,, anomaly that corresponds to the relaxor-like behavior in the
dielectric constant. At lower temperatures, the shapg,cdnomalies around the continuous transition at 85 K
and the first-order transition at 46 K is consistent with normal-incommensurate and incommensurate-
commensurate transition, respectively, as suggested in previous Raman studies. In the lowest temperature
region, C, of Cd,Nb,0; is compared with that of typical relaxor Bg;,sNby5)O3 (PMN). While the low-
temperatureC, of PMN exhibits a glasslike behavior with the linear temperature-dependent coefficient of
1.6 uJK2g7, C, of Cd,Nb,O; shows the crystalline behavior. This suggests that polar clusters associated
with the relaxor-like behavior in GiNb,O; develop into hormal ferroelectric domains below the incommen-
surate transitions.

DOI: 10.1103/PhysRevB.70.064103 PACS nuni®er82.60.Fa, 64.70.Kb, 64.70.Rh, 77.84.Dy
I. INTRODUCTION PMN down to 0.3 K, and compare the results with those of
Cd,Nb,Os.
Recent heat-capacity measureménis the relaxor ferro- In the room-temperature paraelectric phase,NbgO; is

electrics PBMgy,sNby ;903 (PMN) and PIMgy/5Ta,5)03  cubic and belongs to the space groupFaf3m. With the
(PMT) demonstrated that the formation of polar nanoregiongyeneral formula of AB,O, the pyrochlore structure is com-
is accompanied by an extremely broad heat-capacitposed of three-dimensional network of corner-sharings BO
anomaly, and a glassy ground state was suggested from tloetahedra, and the O-B-O chains follow zigzag lines along
observed values of entropy. Although Pb-based complex oxthe (110 direction. The framework has the composition
ides such as PMN and PMT are typical representatives ofB,0s).., leaving the seventh set of oxygen atoms and the A
relaxors, recent studies indicate that many other disordereidns to occupy the open spaces. At~ 205 K, CdNb,O,
oxides exhibit similar relaxor behavior—a large, broad peakundergoes a structural transition into an orthorhombic phase
in the dielectric constant with low-frequency dispersion. The(mmnj, which has been classified as an improper ferroelastic
studies of cation substitutions into Srij@nd BaTiQ,>®  transitionl® This transition is marked by a small anomaly in
and the systematic behavidrof neighbors to KTa@ pro-  dielectric constant, and domain structures were observed in a
vide good examples of how the subtle physics of relaxomumber of studies. As the crystal is cooled further, the real
behavior is ultimately determined by details of local struc-part of the complex dielectric constant shows a rounded peak
ture and polarization mechanism. On the other hand, therground 190 K, with a frequency dependence reminiscent of
exist major disagreements among the proposed interpret@elaxorst®-13 The dielectric relaxation time has been de-
tions of relaxor behavidt;® and there is still no satisfactory scribed with the Vogel-Fulcher relatidf}2The electric-field
model capable of describing the general behavior of all redependence of the dielectric constant indicated the presence
laxors. As such, it may be desirable to study structurallyof nanometer-sized cluster polarizatifrthough perhaps of
simpler systems which still display similar relaxor behavior. different nature from that of typical relaxot®! The new
Pyrochlore CgNb,O7, which has long been known to ex- symmetry group ofnn2 was suggested below this tempera-
hibit unusual ferroelectric behavidt;**may perhaps be con- ture regiont® yet the extremely small distortion has pre-
sidered as one such system.,8H,0; shows relaxor-like cluded detailed structural studies. Also, previous heat-
behaviot®-'3despite the lack of cation mixing, and a number capacity measuremerfs8 showed a broad anomaly in this
of successive phase transitions have been reported to ocagmperature region, but the results were not discussed in de-
in different temperature regiof$Although the details of the tajl.
relaxor behavior in C&fNb,O, remain unclear and might dif- On cooling down still further, CdNb,O, exhibits addi-
fer from those of typical relaxors!! a better understanding tional transitions af;=85 K andT,=46 K14 The dielectric
of this structurally simple system may provide important in-constant shows a peak & which also shows thermal hys-
sights into the relaxation properties of disordered ferroelecteresis betweefM; and T.. Below T;, the damping of some
trics. In this study, we examine the relaxor behavior and théaew Raman modes shows anomalous temperature depen-
nature of successive phase transitions inNiO;, using  dence down tdT,, where the integrated intensity of Raman
high-precision heat capacitf,) measurements over a wide modes shows a steep dr&}7° These features were shown to
temperature region of 0.3 to 420 K. In addition, in order toresemble closely the incommensurat€) phases in the
correlate the dielectric properties with the ground-state themwell-known systems KSeQ, and RBZnBr,, and IC phase
mal properties, we extend our previoDs measurementon  was speculated for GNb,O; betweenT; and T,.1%2° How-
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ever, identification of the IC phase in @¢b,0; has been : =00 '
limited to dielectric and Raman scattering experiments, and 200K ]
no diffraction data showing the satellites peaks of the IC
phase have been reported.

The low-temperature thermal properties of ,8H,0;, ORg/ a0
and of ferroelectrics in general, have been a controversial R 4 L
and confusing problem. More than 20 years ago, Lawless i ]
reported that ferroelectrics exhibiffd? dependence o, at
low temperatured! This feature was attributed initially to a
domain-wall contribution and later to surface excitations.
However, subsequent studies by different authors have S0
shown conclusively that no such anomalyGp exists?? In- I C
stead, the low-temperatu@, of ferroelectrics showed the e
usual Debye behavior of crystalline solids. On the other 5 ' 100 ' 300 ' 300
hand, Lawless and co-worké?g* and other® reported T K
glasslike behavior in low-temperatuf, and thermal con-
ductivity for someferroelectrics, CgNb,O, being one of FIG. 1. Heat capacityC, of CdhNb,O;. The solid line is the
them?? Glasslike behavidf is observed universally in estimated lattice contribution. The lower inset sho@g around
glasses and amorphous solids, and it is very different fron200 K. The upper inset shows the effective Debye temperature
the properties of the Debye model. Below 1 K, glasslike be-®y(T), calculated fromC, assuming three degrees of freedom for
havior is marked by a lineal dependence irC, and T? each atom. The solid line in the upper inset corresponds to the solid
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dependence in thermal conductivity. Above 1@, still de- line in the main figure.

viates strongly from the DebyE® dependence, and the ther-

mal conductivity shows a plateau. These features in glasses Il. EXPERIMENT

can be explained by the two-level tunneling médeaind its

extended model& Single crystals of Ci#Nb,O, were prepared by a flux

The observation of glasslike behavior in ferroelectricsmethod using cadmium borate as the flux. We followed the
was critically examined by De Yoreet al.?° who proposed procedure reported by Meldruret al,3® with the mixture
that there are two kinds of ferroelectrics: Normal ferroelec-ratio of Cd,Nb,0,: CciB,0s=2:3. Thecrystals are colorless
trics with sharp ferroelectric transition exhibit crystalline_and transparent with the maximum size 66 mm wide
thermal properties at low temperatures, whereas relaxors dis: 1 mm thick. The powder x-ray diffraction patterns showed
play glasslike behavior. This proposal was correlated Withpat the sample is single phase with the cubic pyrochlore
the observation of local and randomly oriented polarizationgiycyre. An inductively coupled plasma analysis indicated
in the latter system® although it is still not clear how glass- the Cd/Nb ratio of 0.98. The heat capacity of 88,0, was

like excitations arise from such polarization, without explicit easured on heating direction using three different appara-
structural disorder as in glasses and amorphous solids. Whi fses. Data from 13 to 420 K were taken by an adiabatic

many ferroelectrics were categorized by De Yoet¢@l. into . S . ;
calorimeter, which is the same apparatus used in previous

one of the two classes, it was not conclutfedihether measurements of the heat capacity of PMN and PND&ta

Cd,Nb,0O; exhibits glasslike or crystalline behavior for the . ; .
following reasons:(1) Lawless's C, data on CgNb,O; from 3 to 30 K were obtained with Quantum Design PPMS

showedT2 dependence below 4 ®,which has led Lawless employing the relaxation method. Data in the lowest tem-
et al? to argue that a possible glasslike linear term isPgrature region from ?'3 to 5 K were obtained by the relax-
masked by this contributiori2) While thermal conductivity ~&tion method in &He-"He dilution refrigerator, with a Ru9
data on ceramic GMb,0, were originally interpreted by chip as the thermometgr. Th|s_ apparatus was also used to
Lawlesset al? to be glasslike, De Yoreet al. pointed out Measure the heat capacity of single crystals of PMN between
that the data are better interpreted as a characteristic &3 @nd 5 K, which has been measured previously in the
small-grain-size ceramics. However, it must also be kept ifémperature range of 2 to 4204<.D|eleptr|c complex-
mind that(1) the reportedC, data on CgNb,0, should be permittivity of Cdzl\_lbzo7 was measured with an HP 4284A
viewed with some caution, since many of the low- LCR r_neter operating between 1 and 1000 kHz. The sample
temperatureC, data reported by the same author have beed/as first heated up to 330 K, and the measurements were
dismissed? and(2) De Yoreoet al. considered CsNb,O, as  carried out on cooling direction down to 15 K.

a normal ferroelectric, and its unusual ferroelectric properties

were not mentio_ned. Also, even for those re_:laxors in which IIl. RESULTS AND DISCUSSION
glasslike behavior was corroborated by different authors,
most of the reporte, data deviate from the lineaf de- We describe the results Gf, measurements in descending

pendence in the lowest temperature region. This is mostrder of temperature region. Figure 1 sho@s versusT

likely to be due to impuritied? and no reliable value of the from 0.3 to 300 K. The most pronounced anomaly occurs
energy-independent density of states has been extracted framound 200 K, wher€, shows a sudden change. The lower
theseC, data. With these features in mind, we have carriednset exhibits the same data on an expanded scale around
out C, measurements down to 0.3 K on high-quality single200 K, which clearly shows a small peak at 204 K superim-
crystals of CdNb,O; and PMN. posed on another anomaly with a broad peak at slightly
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FIG. 2. Heat capacity, divided by temperature, for,Ri,O; FIG. 3. Heat capacity, divided by temperature, for,io,0.

(open circles The solid line is the estimated lattice contribution

i X » Open circles and closed squares correspond to data obtained on
which was used to obtain the excess heat capakiy (closed

heating direction after the sample was cooled down to 4.2 and

circles. 42 K, respectively. The dashed line is the estimated lattice contri-
lower temperature. The overall shape of the anomaly is Ccmguctlon. Also shown in closed circles is the excess heat capacity
o

sistent with the previous reports}8 though the present re-
sults clearly demonstrate two separate peaks of different ngircles. On the high-temperature sid&C, does not drop
ture. The peak af =204 K corresponds to a small anomaly vertically but shows a small rounding. On the low-
in dielectric constant, to be discussed later, and this transitiofemperature sideAC, shows a long tail which extends close
has been classified as an improper ferroelastic transtion.to the transition atT.=46 K. These features of thi€,
There was no sign of latent heat or thermal hysterisis acrossnomaly are very similar to normél)-incommensuratdC)
this transition, indicating that the transition is second-ordertransitions in KSeQ,,*¢ Rb,ZnCl,,*” and RBZnBr,,2® sug-
It was not possible to extract critical exponents for this peakgesting similar mechanism of transition. The entropy of the
since the low-temperature side is masked by the broatransition is estimated to be 0.11 J%mol ™.
anomaly, and there are a limited number of data points cov- The critical behavior ofC, aroundT;=84.5 K was also
ering the sharp drop on the high-temperature side. The broddvestigated with the logarithmic plot &C as a function of
peak, on the other hand, corresponds to the large, relaxor-likeduced temperature. A linear slope was obtained in the
peak in the dielectric consta(gee Fig. 5. The details of this range |T-T;/<5 K on the low-temperature side, and the
broad peak will be discussed later. critical exponent ofa~0.26 was obtained. This is signifi-
We can estimate the entropy involved in both transitionscantly greater than the theoretical valueasf—0.007 for the
by subtracting a smooth background from t@g data, as three-dimensionakKY model, which is usually believed to
shown in Fig. 1. This background was determined by fittingrepresent most N-IC transitions. However, it should be noted
the C, well above and below the anomalous region by athat experimental values @i=0.20 for RZnCl, (Ref. 37
polynomial function. The upper inset of Fig. 1 shows thatanda=0.13 for K,;SeQ, (Ref. 36 have been reported, which
this background can also smoothly fit the lattice part of thewere obtained with similar experimental setups and data
effective Debye temperature curve, which was calculated asanalysis to the present study. Several stiffi#shave sug-
suming three degrees of freedom for each atom. The olgested that detailed fitting procedures are needed to make the
tained excess entropySis 2.0 J Kt mol™™. It is to be noted data conform to the theoretical expectations; these are be-
in passing that we did not find any sign @&, anomaly yond the scope of the present study.
around 312 K, where isostructural transition has been Figure 3 showsC, in the vicinity of the transition af .

reported® This is consistent with the recent infratécand =46 K. The open circles correspond to a series of measure-
x-ray®® studies, which did not observe any important changements in which the sample was heated from the liquid He
in this temperature region. temperature. A small anomaly is visible between 35 and

The C, data in Fig. 1 show that the broad anomaly ex-50 K, and the temperature drift during the relaxation periods
tends down to~120 K, indicating that this anomaly does not of the measurement was observed up to 46 K. The closed
overlap with much smaller anomalies around 85 and 46 Ksquares correspond to ti@& values taken after the sample
In Fig. 2, the heat capacity is plotted @,/T with open was cooled from 53 to 42 K. In this case the data extend
circles, which shows a peak &f=84.5 K with a long tailon  smoothly acrossT, indicating that the high-temperature
the low-temperature side. We have also meas@gdfter phase is supercooled. These observations indicate that the
the sample was cooled from 100 K fB, and also from transition is first-order. The dashed line in the figure repre-
100 K to T;-5 K, and the data coincided with those in Fig. sents a baseline, which was established by extrapolating the
2. This indicates that there is no supercooling nor hysteresislosed-square values into the low-temperature region. This
associated with this transition. Also, there was no sign obaseline was then used to obtain the excess heat capacity
latent heat at the transition. These results, together with thAC,,, which is plotted with closed circles. The entropy of the
shape of anomaly, indicate that the transition is second-ordetransition is estimated to be 0.054 J'nol™L. To date, all
In order to examine the shape Gf anomaly more closely, a IC-commensuratgC) transitions have been shown to be
smooth background curve was subtracted from the data. Thest-order, with smallC, anomaly similar to the present
results, plotted inAC,, are shown in Fig. 2 with closed case’?A tail on the high-temperature side of the transition,
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5000 the broadC, anomaly belowT suggests that there is no true
40001 12 phase transition in this temperature regfémMoreover, the
+, 3000} 5 close resemblance of the shape of the broad anomaly to that
20001 ) of PMN (Ref. 1) implies a similarity in polarization mecha-
1000 13 nism. However, whether there is a proper paraelectric to
603' ferroelectric transition in this systéfiremains unclear from
. a00f the presenC, measurements, and further structural studies
W ded to shed light on thi tt
200k are needed to shed light on this matter. N
ol ‘ , It is perhaps worth pointing out that the transitionTat
T oaf© b ' ' ' ' shows some resemblance to the role of Burns temperagure
& 3oL in Pb-based relaxors. In both cases, normal-ferroelectric be-
% 20F havior with soft TO mode is observed above these
- 10f 4 : i temperature$?*® and the formation of polar clusters starts
SE I B— only below these temperature points. However, while most
T®) Pb-based relaxors show no reduction in macroscopic symme-

try at Ty, a real structural phase transition occursTatin

FIG. 4. The reale’ (a) and imaginarye’ (b) part of dielectric ~ Cd,Nb,O;. Previously, the orientational disorder of the sev-
constant at measurement frequencies of 1, 3, 10, 30, 100, 300, asith set of oxygen and off-center Cd dipoles has been sug-
1000 kHz (left to right) and excess heat capacityC,/T (c) in gested as a possible explanation of dielectric relaxation in
Cd,Nb,O,. The inverse of the dielectric constant at 100 kHz is alsoCd,Nb,0;.121° Although the nature of the transition & is
shown in(a), which shows the Curie-Weiss behavior above 204 K.not understood in detail, the dipoles may couple effectively
Dashed lines are drawn at 46, 84.5, and 204 K to locate the anomavith the formation of domains af, to produce the cluster
lies associated with each transition. polarizationt!

The anomalies in dielectric constant a@g around 85

which is observed in the present data, is also considered as2@d 46 K are also evident from Fig. 4. The transition at 46 K
characteristic of IC-C transitio#. Ideally, a first-order tran- is accompanied by dielectric relaxation in the kHz region,
sition should be accompanied by a sharp peakjndue to which is widely observed in IC-C transitidf.It is not clear
the latent heat of transition. A bro&), anomaly at first-order how IC transitions appear on cooling in Sb,0;. How-
transition is usually associated with internal inhomogeneitiegVver, it should be pointed out that the observation of IC
produced by strain or impurities, and IC-C transitions arestructures is widely reported itPbLa(ZrTi)O; (Ref. 49
known to be extremely sensitive to such effets. and also in P8¢ ,Tay ) 03,” which exhibit relaxor behav-

The C, anomalies discussed so far are plotted\&,/T  ior for some compositions in the former and under certain
in Fig. 4, which also shows the real and imaginary parts ofpreparative conditions in the latter. Both IC structure and
the dielectric constant. As discussed above, the pe@lg @ polar clusters are characterized by frustration of competing
T,=204 K corresponds to a small anomaly in the dielectricinteractions, and both states may become very close in free
constant. Abovd , the dielectric constant follows the Curie- energy?® Also, spontaneous relaxor to normal-ferroelectric
Weiss behavior and there is no excess contributiol©€jn  transformation on cooling is observed in a number of
These results, together with the presence of ferroelectric sofixides? which may be related to the present case.
mode in this temperature regidhare the expected behavior  Finally, we discuss the low-temperatugg of Cd,Nb,O,
of paraelectric phase in normal displacive-type ferroelectricswhich is shown in Fig. 5. The results 6f, measurements on
For the prototypical relaxor PMN, the dielectric constant de-PMN are also shown, and the published reduitee used
viates from the Curie-Weiss behavior below the Burns temabove 3 K. The data have been normalized to per mole of
peratureT 4~ 600 K2 This is several hundred of degrees A-site atom for a meaningful comparison. Note that this is
higher than T~ 280 K, where the dielectric constant equivalent to one mole for PMN, and 0.5 mole for
shows a broad peak. It is widely believed that randomly ori-Cd,Nb,O. In order to clarify the existence of various con-
ented regions of local polarization, of several unit cells intributions toC, from different mode of excitations, the data
size, gradually condense within the nonpolar matrix beloware plotted aSZPIT3 vs T in Fig. 5. WhenC, is plotted this
Ty This is seen in the heat capacity of PMN as an extremelyvay, a Debye contribution with th&® dependence will ap-
broad anomaly, which starts at above 500 K and extendpear constant up to the Debye temperaf®gg above which
down to 150 K! Absence of such features in @¢b,O, it drops to zero. This behavior can be seen inNigO, from
aboveT, suggests that local polarization does not develop irthe lowest temperature up t05 K, indicating the absence of
this temperature region. the reportedr 2 term3! The absence of a linedr term can

In contrast to the normal-ferroelectric behavior abdye  also be seen from th€,/T vs T2 plot in the inset, which
both C, and dielectric constant beloW show many features extrapolates to zero fof=0. The data above 4 K are con-
that are characteristics of relaxors. As in relaxors, the magsistent with the published resufts,and the broad peak at
nitude of the real part of the dielectric constant decrease$8 K can be described by an Einstein term with
with increasing frequency and the maximum shifts to highe=53 cni®.3! Therefore, the low-temperatu@, of Cd,Nb,O;,
temperatures. In addition, the low-frequency data develop aan be satisfactorily described by a combination of Debye
shoulder at~150 K, which has been described previously asand Einstein contributions, indicating that BSb,O, exhib-
an extra relaxation mod€.The absence of a singularity in its a crystalline behavior. This crystalline behavior suggests
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If this peak is treated within the context of lattice vibration in

[ ot . . .
gt crystals, unusually large contributions from low-energy optic
1
N E s modes are obtainddOn the other hand, the peak may be
51 . ELE: more closely related to the low-frequency vibrational modes
8 4 ¥ | 06007 in glasses, which has been considered previdisly.
ﬁ . M L Qeoooo |° 6° . ]
s * % 05 1 15
*ré 3 8 5 T K% IV. CONCLUSION
[ ]
E Lo : Z';(M&ngw)o3 In conclusion, we have measured the heat capacity of
o | " 2Nb;0; Cd,Nb,O- over the temperature range of 0.3 to 420 K, and
§ extended previous measurements on PMN down to tempera-
tures low enough to investigate the region dominated by the
linear term inT. In CdNb,0O,, the normal-ferroelectric be-

havior is observed down t6,=204 K, where a sharp transi-
tion marks the onset of relaxor-like behavior. The close re-
semblance of the broad, anomaly to that of PMN suggests

FIG. 5. Heat capacity divided byT® for Cd,Nb,O; and  the formation of cluster polarization, despite the lack of
Pb(Mg/sNb2/5)O3 (PMN) vs T in semilog scale. The inset shows chemical disordefcation mixing in Cd,Nb,O-. The shapes
Cp/T vs T2 for Cd;Nb;O7 and PMN. The solid line is the fit to the C, anomalies around the second-order transition at 85 K
data. and the first-order transition at 46 K support the previous

conjecture of N-IC and IC-C transition, respectively. In con-

that polar clusters develop into normal ferroelectric domaingrast to the glassy behavior of low-temperat@gfor PMN,
below the incommensurate transitions for,8d,0;. crystalline behavior is observed for g¢b,0,. This result

In contrast to CeNb,O;, a sharp upturn is observed in suggests that polar clusters associated with the relaxor-like
PMN below 2 K, which is indicative of contribution from pehavior develop into normal ferroelectric domains below
linear-temperature component. This component correspondfe incommensurate transitions. Further experimental efforts,

to the finite intercept ig the€,/T vs T2 plot. FOVZPM’}'i the  especially structural studies, are warranted in this unique
best fit to Cp: yT+BT° requires y=0.52 mJ K mol™ or ferroelectric system.

1.6 uJ K2g™* for the linear coefficient. If the coefficient

in PMN is analyzed within_the two-level-syste_m model used_ ACKNOWLEDGMENTS
for glasses, the energy-independent density of states is
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