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Cluster polarization of Cd ,Nb,0O; compound
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The direct-current(dc) electric-field dependence of dielectric constant around paraelectric—
ferroelectric transition in CANb,O; has been studied. The results show significant suppression of
the dielectric constant by the application of dc bias. The electric-field dependence of the dielectric
constant at the temperature around paraelectric—ferroelectric phase transition can be well described
by the modified Devenshire relation including a cluster term, iedE)=g,—e,E>+¢e3E*
+(Px/eg)[coshEX)] 2 The fit parameters indicate that the polar-cluster carries polarization
P=~0.5—2.5mC/rA with the cluster size of E~11-15nm. ©2000 American Institute of
Physics[S0003-695000004531-9

The dielectric behavior of cadmium pyroniobate The temperature dependence of the dielectric constant
Cd,Nb,0O; shows “unusual properties.” It is reported that (¢) for Cd,Nb,O; measured in heating and cooling cycle is
there are up to possible eight phase transitions in the tenshown in Figs. (&) and Xb), respectively. For the cooling
perature range of 10-300 K, detected by dielectric, lightcycle, without dc bias, in the temperature range of 160—220
scattering, electro-optic, and specific heat measurements I, there are two dielectric anomalies, mode F&t78 K, and
Cd,Nb,0,.1718In a narrow temperature range of 170-205 K, peak A at~195 K. As mentioned above, peak A has been
Cd,Nb,0O; displays three dielectric anomalies,-a177-185, assigned as a ferroelectric—paraelectric phase transition, and
196-201, and 201-205 ¥.The dielectric anomalies were mode | has been assigned as a diffuse ferroelectric phase
classified ag1) an improper paraelastic—ferroelastic and antransition in the earlier literature®***’Under dc bias, for
improper paraelectric—ferroelectric phase transition agxample, at 3 kV/cm, mode | is greatly suppressed, and peak
201~205 K, (2) a sharp paraelectric—ferroelectric phaseA dominates. At the heating cycle, as shown in Figo)1
transition at 196—201 Khereafter denoted as peal,/and ~ Mode | at~178 K is obvious, peak A only shows the small
(3) a “diffuse ferroelectric transition” at 177—-185 Kde- difference in the changing rate efwith decreasing tempera-
noted as mode ] whoseT,, (the temperature of the dielectric ture (an anomaly could be seen in the temperature depen-
constant maximuin apparently increased with increasing dence of the ). It should be pointed out that the dielectric
electric field®1*However, clear understanding of transitions constant maximum and its temperature obtained at the heat-
is still not available because of the complicated series of
close-by transitions. 6000

Recently, the present authors have studied electric-field | Mode 1y (b) Heating
dependence of the dielectric behavior, and found thafthe Peak A
of the mode | is independent of the electric fiéldrhis does 4000
not support the hypothesis of “diffuse ferroelectric transi-
tion,” because it is known that, for diffuse ferroelectric tran-
sition, theT,, is electric-field dependent, and follows the de 2000
Almeida—Thouless relationshfd?? In this letter, we re-

4 kV/em

ported further study on the dc electric-field dependence of 0kViem
this dielectric mode. w 0 S R R B
The ceramic samples of Qdb,0O, were prepared by the 4500 F1ode 1 (a) Cooling

solid state reaction. Complex dielectric permittivity was

measured using a HP 4284A LCR Meter with an alternating-

current(ag field of 2 V/imm. The temperature dependence of 3000
dielectric constant was measured in a cryostat system, while

the specimen was being cooled or heated up with or without

| Peak A

constant direct-currentdc) bias. The electric-field depen- 1500 3 kVem

dence of the dielectric constant was measured at a fixed tem- L OkViem

perature, at which the sample was allowed to reach thermal 0 T
equilibration for 1_5—30 min before the measureme_nt. The dp 150 180 210 240 270
voltage was applied to the samples and a blocking circuit

was adopted to separate the high dc voltage and LCR meters. T (K)

FIG. 1. Temperature dependence ©fin the temperature range of the
30n leave from Department of Physics, Zhejiang University, Hangzhou paraelectric—ferroelectric phase transition measurdd)ithe cooling cycle
310027, People’s Republic of China; electronic mail: angchen@psu.edu and (b) the heating cycléfrom top to bottom, 1, 10, and 100 kiz
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FIG. 2. The dc electric-field dependence of dielectric constant at 5 kHz at )%8\9\9\4
the temperatures around the paraelectric—ferroelectric transition. The sym- [ 1
bols: experimental data; the solid curves: the fits to [B). 2000 F
ing and cooling cycles are slightly different; this is similar to 0 \,\, , \

those reported in the literatuté!* 0 2 4 6 8 10
In this work, we focus on the dc electric-fiell) depen-

dence of mode | and peak A. The electric-field dependence E (kVicm)

of the dielectric constant up to 8 kV/cm at the temperatures . 3. The dc electric-field dependence of dielectric constant at 170, 178,

around these two dielectric anomalies is shown in Fig. 2and 184 K. The symbols: experimental data; the solid curves: the fits to Eq.

According to the traditional thermodynamics theeﬁ’);fl the 3); curve 1is the co_ntripution from the conventional polarization terms; and

electric-field dependence of the dielectric constant in the§""Ve 2 1S the contribution from the polar-cluster term.

paraelectric state can be expressed as

ment with the experimental data at the temperatures around

the paraelectric—ferroelectric phase transition from 165 to

where e, €,, and g5 are the linear, nonlinear, and high 188 K.

order dielectric constant, respectively. However, in the  The detailed fitting curves at three typical temperatures

present work, the poor fits ef(E) vs E aboveT, by using  are shown in Fig. 3. It can be seen that the contribution of the

Eq. (1) indicated that the conventional analysis ©vs E  polar clusters to the permittivity without dc bias is about

involving merely even powers CE is not enoug_h to explain 4504 at 170 K(at the temperature side of the paraelectric—

the semibell-shaped curves in Fig. 2. The deviation from Eqge(roelectric phase transitibnAt 180 K, near ferroelectric

(1) implied that there is an excess contribution beyond thé)nase transition, the contribution is about 37%. These polar

paraelectric matrix. clusters give significant contribution tobelow ~4 kV/cm,

According to the method which was adopted to analyzggh”e, the contribution from the clusters disappears at high

the field dependence of the dielectric constant in Ca dopeg, . fields>5 kv/cm). At 184 K, slightly higher than the
SrTiO; by Bianchiet al,> a cluster term was considered as S . . .
T, but still in the region of the phase transition, the contri-

an additional contribution. By means of the Langevin-type, ™' o
approach, the total polarization of a cluster system can b%ﬂ:'zg fggz the polar clusters decreases to about 20% with-

expressed as

e(E)=g,—&,E%+5E%, 1)

The obtained parametests, ¢,, andes as a function of
P.=P, tant(P,L3E/2KkgT), (2)  temperature are shown in Fig(a} The temperature depen-

. . o dence of the linear permittivitg; and nonlinear terms,
with the effective polarization of one clustey , the cluster d Is that K £ 180-188 K th
size L, the electric fieldE, and Boltzmann’s constarkg . andeg reveals that a peak occurs a B » € same as

Therefore, the following equation is adopted to analysis théhej on.e observed in zero-field permittiyity. The size aqd pp-
data: larization of the polar clusters are obtained and shown in Fig.
4(b). Below T=~185K, the polar clusters carry polariza-
e(E)=g;—&,E?+e3E*+(Px/gg)[cOSHEX)] "%, (3) ton P=~0.5-25mC/A and the cluster size,L
wherex=PL3/(2kgT) with the cluster polarizatio® and =~11-15nm. _ o
What type of polar cluster existed in this compound?

diametersL . €, ,3 and gq designate the linear, nonlinear, s 15
and high-order dielectric constant and that of vacuum, reSalaévet al.”and Kolpakovzet al reported that ferroelec-

spectively. The three leading terms of the right side in Eqlric and/or ferroelastic domains appear arour0s K, and

(3) describe the conventional linear and nonlinear respons@ change in the domain structure-a200, ~192, and~178

up to the order oE*. They correspond to the conventional K. This indicates the complicated domain structure and the
electric-field dependence af of displacive-type polar sys- Mmotion of domain walls in C&Nb,O;. Mode I only present at
tem in the paraelectric regime, the same as @g. The the ferroelectric state. The straightforward explanation is that
fourth term of the right side in Eq3) describes the contri- mode | results from the motion of the domain walls. How-
bution from the possible polar clusters. It can be seen fronever, as mentioned above, recently the present authors found
Fig. 2 that the fitting curvessolid lineg are in good agree- that theT,, of mode | is independent of the electric fiéf,



734 Appl. Phys. Lett., Vol. 77, No. 5, 31 July 2000 Ang et al.

12 One of the authoréChen Ang would like to thank Dr.
3000 | @ € o0©°°° Zhi Yu for the stimulating discussion. This work was sup-
ported by a grant from DARPA under Contract No.
DABT63-98-1-002.

w 1500 o

&, (107V7md),
e, (10°4'm)

; ; 3' \ , o LE. Wainer and Ch. Wentworth, J. Am. Ceram. S86,.207(1952; W. R.
0 Cook and H. Jaffe, Phys. Re88, 1426(1952.
(b) 2G. Shirane and R. Pepinsky, Phys. Re2, 504 (1953; F. Jona, Phys.
Rev. 98, 903(1955.
3V. A. Isupov and O. K. Khomutetskii, J. Tech. Phy¥, 2513(1957).
4A. deBretteville and R. M. Oman, Bull. Am. Phys. S&.62 (1959.
3 5V. A. Isopov and V. N. Skubitskii, Sov. Phys. Solid St&e957 (1963.
- o 40 5G. I. Golovshchikova, V. A. Isupov, and I. E. Mylnikova, Sov. Phys.
2k ¢ . Solid State13, 2349(1977).
. "A. W. Sleight and J. D. Berlein, Solid State Commas, 163 (1976.

1F . 8V. A. Isupov, G. |. Golovshchikova, and I. E. Myl'nikova, Ferroelectrics
0
1

¢
=
L (nm)

P (mC/m’)

] 1 I 1 1 8, 507 (1974).
60 165 170 175 180 185 190 9G. A. Smolenskii, N. N. Kolpakova, S. A. Kizhaev, and I. G. Siny, Fer-
roelectr. Lett. Sect44, 129(1982.
T (K) 10G. A. Smolenskii, N. N. Krainik, L. S. Kamzina, F. M. Salaev, S. N.
Dorogovtzey, and E. S. Sher, Ferroelect®& 321 (1984).
FIG. 4. (a) Temperature dependence of the linear permittivifyand non- ~ ''G. A. Smolenskii, N. N. Krainik, L. S. Kamzina, F. M. Salaev, E. A.
linear termse, and 5; (b) Temperature dependence of the polar-cluster Tarakanov, and E. S. Sher, Jpn. J. Appl. Piaé-2, 820(1985.
polarization(P) and the correlation lengtfh.); obtained by the best fits of dc  2F. M. Salaev, L. S. Kamzina, and N. N. Krainik, Sov. Phys. Solid S24fe
electric-field dependence. 982 (1992.
1N. N. Kolpakova, M. Wiesner, G. Kugel, and P. Bourson, Ferroelectrics
190 179(1997).
N. N. Kolpakova, M. Wiesner, I. L. Shul’'pina, and P. Piskunowicz, Fer-

this indicates that the explanation that the domain walls mos,

tion causes the mode | needs more examir_1ation. roelectrics190, 91 (1999.
On the other hand, Kolpakowet all” pointed out that 5N. N. Kolpakova, S. Waplak, and W. Bednanski, J. Phys.: Condens. Mat-
because of the special structural characteristics gNB6sD-, ter 10, 9309(1998.

“ ” : : . 16F. M. Salaev, L. S. Kamzina, N. N. Krainik, E. S. Sher, and G. A. Smo-
the “seventh™ oxygen ions are bound only to the cations in lenskii, Sov. Phys. Solid Sta@b, 89(1983; F. M. Salaev, L. S. Kamzina,

N : .
the (NbQ) ponhedra_ and are not incorporated in the N. N. Krainik, S. V. Akimov, and H. Arndt, Ferroelectri@8, 75 (1989.
(NbOg)" octahedra, which form the structural framework of 1’N. N. Kolpakova, M. Wiesner, G. Kugel, and P. Bourson, J. Phys. Con-
the lattice. The reorientation of the seventh oxygen with CdlsdenS- Mattes, 2787 (1994).

dipoles under ac external electric fields, will cause the dielec- S L- Swartz, C. A. Randall, and A. S. Bhalla, J. Am. Ceram. 3ac637

. T 2N o " (1989.
tric relaxation-” This is similar to those of “defect modes 19The exact phase transition temperatiliie(or dielectric constant) de-

in Bi doped SrTiQ.?**"In the present work, it is possible pends on the condition of measuremétite cooling or heating cycle,
that the seventh oxygen—Cd dipoles form the polar clusters, different heating/cooling ratesand the quality of the sampleor ex-
and thus contribute to mode I. At this stage, a definite con- ample, ceramics or single crystals, or with different defedtsr the dif-
clusion cannot be reached, and the further work is needed. ferentsamples or the sample measured at different cycled, theay be

; g ; ; having 0—10 K difference for the same phase transition.
In conclusion, the electric-field effect on the dielectric 2C. Ang, R. GUO, A. S. Bhalla, and L. E. Croasnpublishedl

constant .at the tem.p.erat_ures around paraelectricziy r | ge Almeida and D. J. Thouless, J. Physl1A 1983(1978.
ferroelectric phase transition in gdb,O; shows that(1) 22D, Viehland, J. F. Li, S. J. Jang, L. E. Cross, and M. Wutting, Phys. Rev.

there is significant suppression of the dielectric constant by B 46, 8013(1992.

the application of dc electric field?) the electric-field de- A F- Devonshire, Philos. Maglo, 1040(1949. o
J. C. Burfoot and G. W. TayloRolar Dielectrics and Their Applications

peno_lgnce of the di.eleCtriC_Con_Stam (_:an be well describe_d by(University of California Press, California, 197%hap. 7.6.

modified Devenshire relation including a cluster term, i.e.,5y. Bianchi, J. Dec, W. Kleemann, and J. G. Bednorz, Phys. Re¥1,B

e(E)=e;1—e,E2+e3E*+ (PX/eo)[coshEx)] 2 The polar  8737(1995.

clusters carry polarizatiorP=~0.5-2.5mC/mi and the %C. Ang, J( F. £?(:ott, Z. Yu, H. Ledbetter, and J. L. Baptista, Phys. Rev. B
i e i 59, 6661(1999.

Cluster sizel. =~11-15nm from 165 to 188 K. This mdl__ 27C. Ang, Z. Yu, J. Hemberger, P. Lunkenheimer, and A. Loidl, Phys. Rev.

cates that mode | probably results from the cluster polariza- g s9 6665(1999; C. Ang, Z. Yu, P. Lunkenheimer, J. Hemberger, and

tion. A. Loidl, Phys. Rev. B59, 6670(1999.



