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Dielectric relaxation processes in Cd 2Nb2O7 compound
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This article reports a study on the dielectric relaxation processes of Cd2Nb2O7 compound. Three
dielectric relaxation modes I, II, and III were reexamined. By using the Cole–Cole equation fitting
of the frequency dependence of dielectric constant and loss, we obtained more precise relaxation
time data, compared to the data reported in the literature. The results indicate that the relaxation time
for mode I follows the Arrhenius law with one slope rather than two slopes as reported in the
literature in the frequency range of 102– 105 Hz. However, the parameters obtained from the
Arrhenius law fit are not physically reasonable. More physically reasonable parameters can be
obtained by fitting the relaxation time to the empirical Vogel@Z. Phys.22, 645~1921!#–Fulcher@J.
Am. Ceram. Soc.8, 339 ~1925!# relation with essentially the same fitting quality. A comparison of
Cd2Nb2O7 with well known triglycine sulphate~TGS! is made. The similarity between the dielectric
response of Cd2Nb2O7 and TGS is emphasized. The physical mechanism of the relaxation modes is
briefly discussed. With increasing dc bias, the three relaxation modes were suppressed and
eventually eliminated. This indicates that the dielectric responses of Cd2Nb2O7 at zero dc bias are
the sum effect of several dielectric modes with relaxation polarization superimposed on the
ferroelectric–paraelectric phase transition. ©2000 American Institute of Physics.
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I. INTRODUCTION

Ferroelectricity in pyrochlore structure Cd2Nb2O7

~CNO! compound was discovered and studied in
1950’s.1–4 Two main dielectric anomalies around 85 and 1
K were reported at first as indicated by the measuremen
the dielectric behavior. Later, the ferroelectric behavior w
extensively studied by Isupovet al.,5–9 Smolenskii
et al.,10–16and Kolpakovaet al.,17–26who reported that there
could be up to possibly eight phase transitions as detecte
the dielectric, light scattering, electrooptic, and specific h
measurements in CNO. Main attention was focused on w
Isupov et al.8 Smolenskiiet al.12 regarded as the ‘‘unusua
properties’’, i.e., in a narrow temperature range of 170–2
K, there are three dielectric anomalies, at;170–196 K,
196–201 K, and 201–205 K, and also an unusual high-fi
dependence of the dielectric constant. According to the
lier studies by Smolenskii’s10–16 and Isupov’s5–9 groups, the
lower temperature dielectric anomaly at;85 K was attrib-
uted to an incommensurate–commensurate phase trans
while three anomalies at;201–205 K, 196–201 K, and
170–196 K, were attributed to an improper ferroelectric tra
sition, a ferroelectric–ferroelectric transition, and a diffu
ferroelectric phase transition, respectively.

The so-called diffuse ferroelectric transition arou
170–196 K is characterized by Swartzet al.27 and Kolpa-
kova et al.22–26 They discussed the temperature depende
of the relaxation time that obtained from the temperat
dependence of the imaginary part of the permittivity, a
fitted to the Arrhenius law. They found that the relaxati
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time versus the inverse temperature (1/T) have two different
slopes, one in the frequency range of 10 kHz–1 MHz and
other below 10 kHz, respectively. However, the relaxati
data for these works have used only a few frequency po
~for example, four or five points!, so that it is difficult to give
a precise description of the physical mechanism. In addit
as we know that in the case of CNO, there are several
mittivity peaks within a narrow temperature range, thus it
very difficult to obtain the precise relaxation times from t
temperature dependence of the imaginary part of the o
lapped permittivity peaks.

In this article, we have reexamined the dielectric rela
ation process and obtained the more precise relaxation ti
from the Cole–Cole equation fitting of the frequency depe
dence of the dielectric constant and loss. This method
also adopted to analyze the other two relaxation proce
observed below the diffuse ferroelectric transition arou
185 K. The relaxation time versus the inverse temperat
thus obtained follows the Arrhenius law in the frequen
range of 102– 105 Hz. In addition, with the application of a
dc bias, the CNO system shows that the relaxation proce
can be suppressed and eliminated. This phenomenon
gested that the dielectric response at zero field could be
ognized as the relaxation processes superimposed on
paraelectric–ferroelectric phase transition behavior.

II. EXPERIMENTAL PROCEDURES

The ceramic samples of CNO were prepared by the s
state reaction. The samples are of single phase. The det
process for the samples preparation is described in Ref.
Complex dielectric permittivity was measured using
Hewlett Packard 4284 LCR bridge with the ac field of
,

2 © 2000 American Institute of Physics
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V/mm. The temperature dependence of the dielectric pro
ties was measured in a cryostat system in the tempera
range 10–300 K, while the specimen was being cooled
heated up at a typical cooling/heating rate of 1 K per minute
and readings were taken at 1 or 2 K intervals. A dc volta
was applied to the samples and a blocking circuit w
adopted to separate the high dc voltage from the LCR me

III. RESULTS AND DISCUSSION

A. Dielectric properties in CNO ceramic

The temperature~T! dependence of the dielectric con
stant ~e8!, the dissipation factor~tand!, and the reciproca
dielectric constant~1/e8! for CNO are shown in Figs. 1~a!–
1~c!. It can be seen that:

~1! From the tand versusT curve, as shown in Fig. 1~a!,
at first glance, there are three obvious relaxation modes,
noted as modes I, II, and III, whose temperature of the p
maxima (Tm) shifts to a higher temperature with increasi
frequency. By careful inspection, a small peak can be noti
~marked by a dashed arrow! at a temperature slightly highe
than that of mode III. Below mode III, there are two mo
peaks, also marked by the dashed arrows. These s
anomalies were also reported by Isupovet al.9 and Smolen-
skii et al.10

~2! In thee8 versusT curve, we observe two main peak
at ;178 and 80 K~at 1 kHz!, which correspond to mode
and mode III, respectively. However, for Mode II,e only
shows a frequency dispersion without any peak. For
other small anomalies observed in the tand versusT, there
are no corresponding anomalies occurring for thee8 versus

FIG. 1. Temperature~T! dependence of tand ~a!, e8 ~b!, and 1/e8 ~c! for the
Cd2Nb2O7 , at 0.1, 1, 10, and 100 kHz, from top to bottom for~a! and ~b!,
from bottom to top for~c!. The dash line in~c!: Fits to Curie–Weiss law.
r-
re
r

e
s
r.

e-
k

d

all

e

T. This indicates that fore8 versusT, the corresponding
peaks~including mode II! are overlapped by the mode I an
mode III, which have higher magnitudes.

~3! For anomalies in the higher temperature regi
~170–200 K!, Isupov and Tarasova9 and Smolenskiiet al.12

reported that there are three dielectric anomalies. In
present work, we have observed mode I at;178 K, and a
clear anomaly at 192 K in the temperature dependence o
1/e8, which is denoted as peak A. We did not find a dielect
anomaly around 200 K, which was reported by Smolens
et al.12 However, a slight indication of such an anomaly w
noticed if the data fitted to the Curie–Weiss law~not shown
here!.

~4! Comparing the earlier results reported in the lite
ture with the present results, the various modes can be c
sified as follows:~a! Mode I at;178 K, is so-called ‘‘diffuse
phase transition’’.9,11,24,25 ~b! Mode III is the dielectric
anomaly that is attributed to an incommensurate ph
transition.9,20 ~c! Mode II is observed in some earlier work.11

~d! Peak A is a ferroelectric–paraelectric phase transition9,12

It should be emphasized that these relaxation proce
have been observed in both single crystals a
ceramics,9,11,22–27 and therefore are not pertinent to gra
boundary effects.

In this article, we will further discuss the dielectric re
laxation anomalies, mode I, mode II, and mode III. Peak
and the small peaks marked by the dashed arrows in the
1~a! will be discussed elsewhere.

B. Temperature dependence of dielectric property
under dc fields

The temperature dependence of the dielectric cons
and tand under dc fields at 5 kHz is shown in Fig. 2. It ca
be seen that the dielectric modes I, II, and III are suppres
obviously by the application of the dc electric fields, a
then Peak A becomes visible. At the dc field of 15 kV/c
mode I, modes II and III almost disappear. With further i
creasing dc fields, unlike all known ferroelectrics, the p
mittivity maximum of the Peak A remains almost the sam
while TC shifts to lower temperatures. The detailed discu
sion on Peak A will be given elsewhere.28

FIG. 2. Temperature dependence ofe8 of the Cd2Nb2O7 at 5 kHz under dc
fields.
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Based on this observation, we suggest that the dielec
behavior of CNO without dc bias is the sum effect of mod
I, II, and III ~also including the small modes which are o
served in tand versusT at zero field! with Peak A. From this
point of view, the dielectric behavior of CNO is similar t
that of Bi doped SrTiO3 solid solutions, which display sum
effect of several dielectric defect modes and a ferroelec
relaxor mode superimposed on a background of quan
paraelectric behavior.29,30

C. Comparison with other systems

For many ferroelectric compounds and solid solutio
like TGS, potassium dihydrogen phosphate~KDP!, etc., it is
observed that in the lower temperature side of Curie te
perature,Tc , the dielectric constant exhibits an unusua
high value as compared to that as predicated by the phen
enological Landau theory, and also shows a plateau-like t
perature dependence.31–36 Subsequently, at a temperatu
Tf , the dielectric constant abruptly drops to its phenome
logical value. The large difference ofe8 betweenTf,T
,Tc , is believed to be due to the motion of domain wal
Wang’s group37,38reported that, for TGS, as shown in Fig.
thee8 shows a sharp peak at a higher temperature 320 K,
a diffused, rounded peak at a lower temperature;125 K.
However, thee9 shows three peaks around higher tempe
ture transition, that is, a sharp peak with very narrow wid
of peak at 320 K~A!, another peak a few degrees Kelv
lower at ;310 K ~B!, and the diffused peak around 235
~C!. Corresponding to the diffusede8 peak around;125 K,
the e9 shows also a diffused rounded peak.37,38

Comparing Fig. 1 with Fig. 3, we found an obvious sim
larity between the behavior of TGS and CNO. Also, belo
the Tc , there is no additional genuine ferroelectric pha
transition occurs down to 10 K regardless of the existenc
the dielectric anomalies in this temperature range.

D. Dielectric relaxation behavior

In order to gather more information concerning the p
larization processes associates with modes I, II, and

FIG. 3. Temperature dependence of the real and imaginary parts o
permittivity ~e8 and e9! as a function of frequency for TGS. The data a
from Professor Wang.
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Cole–Cole equation was adopted to better obtain the re
ation times of these modes. Figure 4 shows the Cole–C
plot for mode I. As shown in Fig. 4, the data points fit into
semicircular arc with the center lying underneath the
scissa. The complex permittivity can be empirically d
scribed by the Cole–Cole equation:39

e* 5e`1~e02e`!/@11~ ivt!b#, ~1!

wheree0 is the static permittivity,e` is the permittivity at
high frequency,v is the angular frequency,t is the mean
relaxation time, andb512a, wherea is the angle of the
semicircular arc. By fitting this arc with the least square a
proach, for mode I,e054869, e`53937, andb50.484 at
176.5 K, were obtained. In the temperature interval 150–1
K, b is in the range of 0.44–0.6.

The real and imaginary parts of the permittivity can
rewritten from Eq.~1! in the following way:

e85e`1~De8/2!$12sinh~bz!/@cosh~bz!1cos~bp/2!#%,
~2!

e95~De8/2!sin~bp/2!/@cosh~bz!1cos~bp/2!#, ~3!

wherez5 ln(vt) and De85e02e` . Frequency dependenc
of e8 and e9 for mode I, II, and III at several temperature
and the corresponding fitting curves are shown in Fig. 5.

If the dielectric relaxation is related to a thermally ac
vated process, the relaxation time will obey the Arrhen
law

t5t0 exp@U/~kBT!#, ~4!

he

FIG. 4. Cole–Cole plot~e8 vs e9! of the Cd2Nb2O7 at 150, 160, 170, and
180 K @open circles: Experimental data; Circular arcs: Fits to the experim
tal data by using Eq.~1!#.
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wheret0 is the relaxation time at infinite temperature,U the
activation energy for relaxation,kB the Boltzmann’s con-
stant, andT the absolute temperature.

Using Eqs.~2! and ~3!, the relaxation time was calcu
lated for mode I from 150 to 190 K, for mode II from 106 t
146 K, and for mode III from 70 to 95 K. The relaxation ra
n ~n51/2pt! plotted against the reciprocal of the absolu
temperature (1/T) is shown in Fig. 6. The relation betwee
logn and 1/T is linear and this linear relation gave an ac
vation energy for the relaxation process,U50.38 eV, t0

51.8310216s for mode I. The same procedures were c
ried out for modes II and III, the corresponding paramet
for mode I, II, and II are summarized in Table I.

From Table I, it can be seen that the parameters
mode I,t051.8310216s ~corresponding to a frequency 1.
31015Hz!, seem to be too high for the system. Due to t
reason, and as discussed in Sec. II, we have tried to fit
Vogel–Fulcher relation40 for mode I

t5t0 exp$E/@kB•~T2TVF!#%, ~5!

wheret is the relaxation time,t0 is the pre-exponential term
E is the hindering barrier,TVF is the Vogel–Fulcher tempera
ture andkB is the Boltzmann constant. Almost the same

FIG. 5. Frequency dependence ofe8 ande9 for mode I, II, and III at some
temperatures. Open squares and circles: Experimental data; Solid cu
Fits to the experimental data by using Eqs.~1!–~3!.

TABLE I. The activation energy, preexponential term, and Vogel–Fulc
temperature of the Arrehnius law and the Vogel–Fulcher relation for
modes I, II, and III in Cd2Nb2O7 compound.

Mode I Mode II Mode III

Arrhenius
law

t0 (s) 1.8310216 2310215 2310214

U (eV) 0.39 0.26 0.16

Vogel–Fulcher
relation

t0(s) 0.9310212 0.62310212 0.62310212

E (eV) 0.21 0.19 0.14
TVF~K) 45 18.5 5
-
s

r

he

-

ting quality is obtained for the empirical Vogel–Fulcher r
lation, as shown in Fig. 6. However, comparing with t
Arrhenius law, for the empirical Vogel–Fulcher, the phys
cally reasonable parametersTVF545 K, E50.21 eV, t0

50.9310212s were obtained. For comparison, we also fitt
the modes II and III to Vogel–Fulcher relation, as shown
Fig. 6 and the fitting parameters are listed in Table I, resp
tively.

The relaxation time of modes II and III obtained in th
frequency range 102– 105 Hz could be fitted to both the
Arrhenius law and the Vogel–Fulcher relation with the re
sonable physical parameters. Lyons, Fleury, and Rytz41 re-
ported that, for KTa0.991Nb0.009O3 , only considering the re-
laxation time obtained in the low frequency range, t
relaxation time follows well the Arrhenius law~it also can be
fitted well to Vogel–Fulcher relation!; however, after ex-
tending the frequency to a higher range, up to;1010Hz, the
relaxation time follows the Vogel–Fulcher relation rath
than the Arrhenius law. For the CNO system, it will be i
teresting to test the validation of the Arrhenius law and
Vogel–Fulcher relation after extending the measurement
higher frequencies.

E. Discussion

Based on the comparison of CNO with TGS in Se
III B, i.e., the dielectric anomalies in CNO are very similar
those observed in TGS, where a model of freezing of dom
walls below Tc is widely accepted. In the case of CNO
Kolpakova et al.17 and Smolenskiiet al.15 reported that
ferroelectric and/or ferroelastic domains appear around;200
K, and change the domain structure at;200, ;190, and
;180 K. This indicates the complexity of the domain stru
ture and probably also of the motion of domain walls
CNO. Based on the similarity between CNO and TGS, a
the fact that more suitable physical parameters can be
tained by fitting the relaxation times to the Vogel–Fulch
relation, it is reasonable to assume that mode I is due to
motion of the domain walls below the paraelectric
ferroelectric phase transition around 190 K. Mode II mig
also be attributed to the motion of the domain walls simi
to the mode I and the peaks in TGS/KDP.37,38

However, on the other hand, Kolpakovaet al.24 also
pointed out that Cd2Nb2O7 belongs to the cubic oxide pyro
chlores of Cd2Nb2O6Z type ~Z denotes the ‘‘seven oxygen’

FIG. 6. Relaxation raten ~n51/2pt! vs 1/T curve. Open circles: Experi-
mental data; Lines: Fitting to the Arrhenius law, Eq.~4! and the Vogel–
Fulcher relation, Eq.~5!. Because the fitting quality for the Arrhenius law
and the Vogel–Fulcher relation is almost the same, the lines are overlap
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ions O, S, OH, or F!. Because of the special structural cha
acteristics of CNO, the ‘‘seventh’’ oxygen ions are weak
bonded to the (NbO6)n octahedral, which form the structura
framework of the lattice. The reorientation of the seven
oxygen with Cd dipoles24 under ac external electric fields
will cause the dielectric relaxation. This is similar to th
‘‘defect modes’’ observed in Bi doped SrTiO3 .29,30 At this
stage, we can not give a definite conclusion, and furt
work is being conducted.

Mode III at ;85 K was attributed to an incommen
surate–commensurate phase transition in ea
literature.9,16–18 In the present work, we have observed th
this mode displays a relaxation behavior and it can be s
pressed and finally eliminated by the application of dc b
of ;15 kV/cm. A clear understanding of the physical natu
of mode III also requires more experimental data.

IV. CONCLUSION

In this article, we have reexamined the dielectric rela
ation processes in CNO. The more precise relaxation tim
were obtained from the Cole–Cole equation fitting of t
frequency dependence of dielectric constant and loss.
mode I, the so-called ‘‘diffuse ferroelectric transition
around 185 K, the relaxation time versus the inverse te
perature in the frequency range 102– 105 Hz follows well the
Arrhenius law but with unreasonable physical paramet
However, the data could be fitted well to the empiric
Vogel–Fulcher relation with much more reasonable phys
parameters. For modes II and III, the relaxation time follo
well both the Arrhenius law and the empirical Voge
Fulcher relation with reasonable physical parameters.

A comparison with well known dielectric behavior o
TGS is made. Similar to the dielectric properties of TG
mode I could be attributed to the motion of domain walls a
the possible freezing in CNO. Mode II might be due to t
motion of domain walls or defect modes. However, the c
tribution from the possible reorientation of the seventh o
gen with Cd dipoles in the special crystalline structure
CNO under ac external fields could be an alternative ex
nation. A clear understanding of the physical mechanism
these dielectric modes needs further work.

We observed that modes I, II, and III with dielectr
relaxation behavior can be suppressed and finally elimina
under high dc fields. This indicates that the dielectric
sponse of CNO is the sum effect of modes I, II, and
superimposed on the background of the ferroelectr
paraelectric phase transition peak A.
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