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This article reports a study on the dielectric relaxation processes M@, compound. Three
dielectric relaxation modes I, II, and Il 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 | follows the Arrhenius law with one slope rather than two slopes as reported in the
literature in the frequency range of 201° 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 Phys.22, 645(1921) |-Fulcher{J.

Am. Ceram. Soc8, 339(1925] relation with essentially the same fitting quality. A comparison of
Cd,Nb,O; with well known triglycine sulphat€TGS) is made. The similarity between the dielectric
response of CANb,O; 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 M0, 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.
[S0021-897€00)03710-5

I. INTRODUCTION time versus the inverse temperaturel()Llhave two different
slopes, one in the frequency range of 10 kHz—1 MHz and the
Ferroelectricity in pyrochlore structure @\b,O;  other below 10 kHz, respectively. However, the relaxation
(CNO) compound was discovered and studied in thedata for these works have used only a few frequency points
1950’'s'~* Two main dielectric anomalies around 85 and 185(for example, four or five poinisso that it is difficult to give
K were reported at first as indicated by the measurement dd precise description of the physical mechanism. In addition,
the dielectric behavior. Later, the ferroelectric behavior wasas we know that in the case of CNO, there are several per-
extensively studied by Isupovetal,>™® Smolenskii  mittivity peaks within a narrow temperature range, thus it is
et al,’%~*®and Kolpakovaet al,}"~?*who reported that there very difficult to obtain the precise relaxation times from the
could be up to possibly eight phase transitions as detected hgmperature dependence of the imaginary part of the over-
the dielectric, light scattering, electrooptic, and specific heatapped permittivity peaks.
measurements in CNO. Main attention was focused on what In this article, we have reexamined the dielectric relax-
Isupov et al® Smolenskiiet al? regarded as the “unusual ation process and obtained the more precise relaxation times
properties”, i.e., in a narrow temperature range of 170—205rom the Cole—Cole equation fitting of the frequency depen-
K, there are three dielectric anomalies, -ail70-196 K, dence of the dielectric constant and loss. This method was
196-201 K, and 201-205 K, and also an unusual high-fielélso adopted to analyze the other two relaxation processes
dependence of the dielectric constant. According to the eaebserved below the diffuse ferroelectric transition around
lier studies by SmolenskiitS~*and Isupov’s—® groups, the 185 K. The relaxation time versus the inverse temperature
lower temperature dielectric anomaly &85 K was attrib-  thus obtained follows the Arrhenius law in the frequency
uted to an incommensurate—commensurate phase transitionge of 16—10°Hz. In addition, with the application of a
while three anomalies at-201-205 K, 196—201 K, and dc bias, the CNO system shows that the relaxation processes
170-196 K, were attributed to an improper ferroelectric trancan be suppressed and eliminated. This phenomenon sug-
sition, a ferroelectric—ferroelectric transition, and a diffusegested that the dielectric response at zero field could be rec-
ferroelectric phase transition, respectively. ognized as the relaxation processes superimposed on the
The so-called diffuse ferroelectric transition aroundparaelectric—ferroelectric phase transition behavior.
170-196 2I§ |256 characterized by Swaez al?’ and Kolpa-
kova et al~“~“" They discussed the temperature dependenc
of the relaxation time that obtained from the temperatureﬁ' EXPERIMENTAL PROCEDURES
dependence of the imaginary part of the permittivity, and  The ceramic samples of CNO were prepared by the solid
fitted to the Arrhenius law. They found that the relaxationstate reaction. The samples are of single phase. The detailed
process for the samples preparation is described in Ref. 27.
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FIG. 1. TemperaturéT) dependence of tafi(a), € (b), and 1€ (¢) forthe  reported that there are three dielectric anomalies. In the
CdNb,07, at 0.1, 1, 10, and 100 kHz, from top to bottom fay and(b),  present work, we have observed mode 78 K, and a
from bottom to top for(c). The dash line ir(c): Fits to Curie—Weiss law. clear anomaly at 192 K in the temperature dependence of the
1/€', which is denoted as peak A. We did not find a dielectric

] ) anomaly around 200 K, which was reported by Smolenskii
VImm. The temperature dependence of the dielectric propefs; 512 However, a slight indication of such an anomaly was

ties was measured in a cryostat system in the temperatutgyticed if the data fitted to the Curie—Weiss léuot shown
range 10-300 K, while the specimen was being cooled Ohere.

heated up at a typical cooling/heating rafelK per minute (4) Comparing the earlier results reported in the litera-

and readings were taken at 1 or 2 K intervals. A dc voltaggre with the present results, the various modes can be clas-

was applied to the samples and a blocking circuit wasjfied as follows{a) Mode | at~178 K, is so-called “diffuse
adopted to separate the high dc voltage from the LCR metebhase transition®112425 (h) Mode Il is the dielectric

anomaly 9tzr:)at is attributed to an incommensuratedg(hase
transition?" (c) Mode Il is observed in some earlier work.

lll. RESULTS AND DISCUSSION (d) Peak A is a ferroelectric—paraelectric phase transitisn.

A. Dielectric properties in CNO ceramic It should be emphasized that these relaxation processes
have been observed in both single crystals and
ceramics'1?2-27 and therefore are not pertinent to grain
boundary effects.

In this article, we will further discuss the dielectric re-
laxation anomalies, mode |, mode II, and mode lll. Peak A
@_nd the small peaks marked by the dashed arrows in the Fig.
(a) will be discussed elsewhere.

The temperaturéT) dependence of the dielectric con-
stant (¢'), the dissipation factoftané), and the reciprocal
dielectric constantl/e’) for CNO are shown in Figs.(&)—
1(c). It can be seen that:

(1) From the tans versusT curve, as shown in Fig.(a),
at first glance, there are three obvious relaxation modes, d
noted as modes |, I, and Ill, whose temperature of the pea&
maxima (T,,) shifts to a higher temperature with increasing
frequency. By careful inspection, a small peak can be notice
(marked by a dashed arrgwt a temperature slightly higher
than that of mode Ill. Below mode lll, there are two more The temperature dependence of the dielectric constant
peaks, also marked by the dashed arrows. These smalhd tans under dc fields at 5 kHz is shown in Fig. 2. It can
anomalies were also reported by Isupenval® and Smolen-  be seen that the dielectric modes 1, 11, and Il are suppressed
skii et al1® obviously by the application of the dc electric fields, and

(2) In the € versusT curve, we observe two main peaks then Peak A becomes visible. At the dc field of 15 kV/cm,
at ~178 and 80 K(at 1 kH2, which correspond to mode | mode I, modes Il and Il almost disappear. With further in-
and mode lIl, respectively. However, for Mode K,only  creasing dc fields, unlike all known ferroelectrics, the per-
shows a frequency dispersion without any peak. For thenittivity maximum of the Peak A remains almost the same,
other small anomalies observed in the &aversusT, there  while T shifts to lower temperatures. The detailed discus-
are no corresponding anomalies occurring for ¢heversus  sion on Peak A will be given elsewhef?.

B- Temperature dependence of dielectric property
under dc fields
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Based on this observation, we suggest that the dielectric 100 L wamo ©
behavior of CNO without dc bias is the sum effect of modes I 180 K
L 1 ] 1 1

[, I, and Il (also including the small modes which are ob-
served in tard versusT at zero field with Peak A. From this
point of view, the dielectric behavior of CNO is similar to )

that of Bi doped SrTi@ solid solutions, which display sum o, o1 o piote vs ¢ of the CaNb,O, at 150, 160, 170, and
effect of several dlel_eCtI’IC defect modes and a ferroeleCtr'QSO K [open circles: Experimental data; Circular arcs: Fits to the experimen-
relaxor mode superimposed on a background of quantural data by using Eqi1)].

paraelectric behavidr:*°

4200 4400 4600 4800 5000

C. Comparison with other systems Cole—Cole equation was adopted to better obtain the relax-

For many ferroelectric compounds and solid solutionsation times of these modes. Figure 4 shows the Cole—Cole
like TGS, potassium dihydrogen phosph&®P), etc., itis  plot for mode I. As shown in Fig. 4, the data points fit into a
observed that in the lower temperature side of Curie temsemicircular arc with the center lying underneath the ab-
perature,T., the dielectric constant exhibits an unusually scissa. The complex permittivity can be empirically de-
high value as compared to that as predicated by the phenorseribed by the Cole—Cole equatioh:
enological Landau theory, and also shows a plateau-like tem- i 8
perature dependend&®® Subsequently, at a temperature € €=t (€0 €)/[1+(iwn)7], @)

T¢, the dielectric constant abruptly drops to its phenomenowhere ¢, is the static permittivity.e.. is the permittivity at
logical value. The large difference of betweenT;<T  hjgh frequency,w is the angular frequency; is the mean
<ch is believed to be due to the motion of domain Wa”s.re|axation time, an(ﬁ:l_a’ where « is the ang|e of the
Wang's group”**reported that, for TGS, as shown in Fig. 3, semicircular arc. By fitting this arc with the least square ap-
the € shows a sharp peak at a higher temperature 320 K, angkoach, for mode leo=4869, e,,=3937, andB=0.484 at

a diffused, rounded peak at a lower temperate®25 K. 1765 K, were obtained. In the temperature interval 150—190
However, thee" shows three peaks around higher temperag g is in the range of 0.44-0.6.

ture tranSition, that iS, a Sharp peak with very narrow width The real and imaginary parts of the perm|tt|v|ty can be
of peak at 320 K(A), another peak a few degrees Kelvin rewritten from Eq(l) in the fo”owing way:

lower at~310 K (B), and the diffused peak around 235 K

(C). Corresponding to the diffused peak around-125 K, €' =€+ (A€'/2){1—sinh Bz)/[cosi{Bz)+cog Bm/2)]},

the €’ shows also a diffused rounded pedi® 2

Comparing Fig. 1 with Fig. 3, we found an obvious simi- _»_ / ;
larity between the behavior of TGS and CNO. Also, below'E (Ael2)sinfmi2)l[coshi fz) + cos fmi2)], ®
the T, there is no additional genuine ferroelectric phasewherez=In(w7) andAe'=e¢ey—€... Frequency dependence

transition occurs down to 10 K regardless of the existence obf € and ¢’ for mode |, Il, and Ill at several temperatures
the dielectric anomalies in this temperature range. and the corresponding fitting curves are shown in Fig. 5.

If the dielectric relaxation is related to a thermally acti-
D. Dielectric relaxation behavior vated process, the relaxation time will obey the Arrhenius

: . . law
In order to gather more information concerning the po-
larization processes associates with modes |, I, and Ill, 7=7ryexqU/(kgT)], (4)
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4000 "~ lation, as shown in Fig. 6. However, comparing with the
10 Arrhenius law, for the empirical Vogel—Fulcher, the physi-
f(Hz) , cally reasonable parameterB,=45K, E=0.21eV, 7
=0.9x 10" ?s were obtained. For comparison, we also fitted
FIG. 5. Frequency dependence &fand e’ for mode |, I, and IIl at some d I d il to V I—Fulch P lati h .
temperatures. Open squares and circles: Experimental data; Solid curvew_e modes ar? ) 0 vogel—iuic e_r re a_lon' as shown In
Fits to the experimental data by using EB—(3). Fig. 6 and the fitting parameters are listed in Table I, respec-
tively.

The relaxation time of modes Il and Il obtained in the
wherer, is the relaxation time at infinite temperatukéthe  frequency range £0-10°Hz could be fitted to both the
activation energy for relaxatiorkg the Boltzmann’s con- Arrhenius law and the Vogel—Fulcher relation with the rea-
stant, andrl the absolute temperature. sonable physical parameters. Lyons, Fleury, and Ryt-

Using Egs.(2) and (3), the relaxation time was calcu- ported that, for KTgggiNbg 0003, Only considering the re-
lated for mode | from 150 to 190 K, for mode Il from 106 to laxation time obtained in the low frequency range, the
146 K, and for mode Il from 70 to 95 K. The relaxation rate relaxation time follows well the Arrhenius latit also can be
v (v=1/277) plotted against the reciprocal of the absolutefitted well to Vogel-Fulcher relation however, after ex-
temperature (T7) is shown in Fig. 6. The relation between tending the frequency to a higher range, uptt0'°Hz, the
logv and 1T is linear and this linear relation gave an acti- relaxation time follows the Vogel—Fulcher relation rather
vation energy for the relaxation proceds=0.38eV, 7,  than the Arrhenius law. For the CNO system, it will be in-
=1.8x10 s for mode |. The same procedures were carteresting to test the validation of the Arrhenius law and the
ried out for modes Il and Ill, the corresponding parameters/ogel—Fulcher relation after extending the measurements to
for mode I, I, and Il are summarized in Table I. higher frequencies.

From Table I, it can be seen that the parameters for
mode |, 7,=1.8x 10" s (corresponding to a frequency 1.7
X 10'°Hz), seem to be too high for the system. Due to this
reason, and as discussed in Sec. I, we have tried to fit the Based on the comparison of CNO with TGS in Sec.
Vogel—Fulcher relatioff for mode | Il B, i.e., the dielectric anomalies in CNO are very similar to

those observed in TGS, where a model of freezing of domain
7= o eXPE/[kg (T=Tve) I}, ®) walls below T, is widely accepted. In the case of CNO,
wherer s the relaxation timer is the pre-exponential term, Kolpakova et al'’ and Smolenskiiet al’® reported that
E is the hindering barrieiT\ is the Vogel—Fulcher tempera- ferroelectric and/or ferroelastic domains appear arou860
ture andkg is the Boltzmann constant. Almost the same fit-K, and change the domain structure -a200, ~190, and
~180 K. This indicates the complexity of the domain struc-
ture and probably also of the motion of domain walls in
TABLE I. The activation energy, preexponential term, and Vogel-FulcherCNO. Based on the similarity between CNO and TGS, and
temperature of the_Arrehnius law and the Vogel-Fulcher relation for thetha fact that more suitable physical parameters can be ob-
modes I, Il, and 1l in Cgb,O; compound. tained by fitting the relaxation times to the Vogel—Fulcher
Mode | Mode I Mode IlI relation, it is reasonable to assume that mode | is due to the
motion of the domain walls below the paraelectric—
ferroelectric phase transition around 190 K. Mode Il might
also be attributed to the motion of the domain walls similar
Vogel-Fulcher 7o(s) ~ 0.9x107*  0.62<10°'?  0.62¢10°* g the mode | and the peaks in TGS/KBF®
relation E(ev) 021 0.19 0.14 _However, on the other hand, Kolpakowd aI..24 also
Tue(K) 45 185 5 pointed out that CsNb,O; belongs to the cubic oxide pyro-
chlores of CdNb,OgZ type (Z denotes the “seven oxygen”

E. Discussion

Arrhenius 70 (S) 1.8x10°%%  2x10°%® 2x1071
law U(ev) 0.39 0.26 0.16
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