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dc electric-field dependence of the dielectric constant in polar dielectrics:
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The dc electric-field dependence of the relative dielectric constdfi) in polar dielectrics is studied. The
Landau-Ginzburg-Devonshird.GD) theory and its approximate treatments in dealing vitlE) are re-
viewed. It is found that the LGD theory works well in the case of a single polarization mechanism existing in
the dielectrics, and the Johnson relatio{E) =¢,(0)/{1+ \[&0e,(0)]°E?}*? is a reasonable approximate
expression describing, (E). Many polar dielectrics, however, exhibit more than one polarization mechanism
contributing to the total dielectric constant. The dielectric response of such polar dielectrics under an external
dc electric field cannot be purely described by LGD theory. In this work, we introduce a “reorientational
polarization” to describe the “extrinsic” contribution to the dielectric constant, such as might arise from polar
clusters, domain-wall motions, fluctuation of microcluster boundaries, defects, etenuitipolarization-
mechanisth model is proposed, and a combined equatiosy(E)=¢,(0)/{1+\[ge,(0)]°EZ}Y3
+ 3 (Pox/e)[coshEX)] 2 is adopted to describe the totgl(E) response of a polar dielectric, where the first
term is Johnson'’s relation which represents the “intrinsic” polarization, and the latter represents the “extrinsic”
polarization. Agreement between the fitting of this equation to the experimental data is obtained for paraelec-
trics KTaO; and Bi:SrTiG;.
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[. INTRODUCTION response. It is found that these treatments are insuffi-
cient in describing the observed experimental data, which

Dielectric response in polar dielectrics with respect to exdnclude more than one polarization mechanism. A
ternal temperature, frequency, electric field, and pressure i§nultipolarization-mechanism” model is suggested by tak-
an important issue in dielectric/ferroelectric physics. In theing into consideration both the “intrinsic” lattice polarization
literature, the dielectric spectra as a function of frequency ond the “extrinsic” polarization. These equations are tested
temperature have been extensively studied both experimefRYy experimental data obtained from KTa@nd Bi-doped
tally and theoretically. For instance, analysis of dielectric re-SrTiO; and good agreement between theory and experimen-
laxation is available via the Debye modéhcluding Cole- tal data is achieved.

Cole equations and related treatmen@nd the dielectric

relaxation rate can be described by the Arrhenius relation,

the Vogel-Fulcher relation, or a complicated relaxation-time ~ |l. EXPERIMENTAL PROCEDURE AND RESULTS
distribution function'™® However, the dielectric response as |3 order 1o test the validity of the theoretical treatments,
a function of electric field, especially up to high field levels, y,o qc electric-field dependence of the dielectric constant for
has been studied less due to such difficultiesipthe diffi- () paraelectrickTa0; and (i) dielectric relaxor Bi:SrTiQ
culty of dielectric measurements under a wide electric fieldRef, 6 was measured using an HP4284A and a Solartron
range, especially up to high electric fields, afidllack of a 1260 with an ac field of 2 V/mm under various dc biases at a
convenient theoryfor instance, a simple explicit functioto  fixed temperature, at which the sample was allowed to reach
deal with dielectric spectra as a function of electric field in athermal equilibration for 15-30 min before the measure-
wide range. ment.

In fact, the electric-field dependence of the dielectric re- The electric-field dependence of the relative dielectric
sponse can provide very useful information on the basiconstant §,) for paraelectric KTa@ in the dc field range
physics of dielectric polarization. In some cases, such infor=60 kV/cm is shown in Fig. 1. The dielectric constant is
mation is critical in understanding the dielectric/ferroelectricvery sensitive to its field history. At 14 K, the dielectric con-
behavior in polar dielectrics. In addition, a new type of elec-stant at zero field,(0) is ~2800 for the first rurjlabeled 1
tronic device making use of the variation of the dielectricin Fig. 1(a)], much higher than that of the second and the
constant of polar dielectrics under dc electric fields has beefollowing runs. The dielectric constant as a function of elec-
developed recently for allocations in next-generation radatric field at 60 K is shown in Fig. (b). At 60 K, &,(0) is
and microwave communication systeMS. Therefore, a lower than that at 14 K, and less dependence on the electric-
study of the dielectric nonlinear behavior under electricfield history is observed at 60 K than at 14 K.
fields is also technologically important. Figure 2 shows the dc electric-field dependence of the

In this paper, we first review the Landau-Ginzburg-dielectric constant ;) for Bi:SrTiO; with Bi content of
Devonshire (LGD) theory and the existing approximate 0.2% being recognized as a dielectric rela%®he dielectric
treatments on the electric-field dependence of the dielectriconstant is decreased at 13 K with increasing dc field and is
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3000 dielectric constant at zero field(0)=gqe,(0), P is polar-

2000 ization, andB and y are generally temperature-independent
[ coefficients.

1000 : We know that

- 0
W 1000 OF/gP=E=aP+ BP3+ yP5+--- 2

800 and we can get

800 2020 0 29 40 &0 JEIIP~1l(gpe,) = a+3BP2+5yP4+--- . ©)
E (kV/cm) Equationg2) and(3) provide the relationship between the
- _ _ _electric field and the polarization, hence the relationship be-

FIG. 1. dc electric-field dependence of the relative dielectrictyyeen the electric field and the dielectric constant. Using
constant ¢,) of KTa0; at 14 K (a) and 60 K(b). Numbers 1105 £qq (2) and(3), we can obtain the field dependence of po-
indicate the sequence of the measurement cycles. larization and dielectric constants, after the parameters,
and y are determined.

Equations(2) and (3) implicitly include the field depen-
dence of the polarization and dielectric constant. Generally
speaking, an explicit function rather than an implicit function
[Il. LANDAU-GINZBURG-DEVONSHIRE =~ (LGD) THEORY is preferable for describing the field dependence of the di-

AND FITTING electric constant. Due to this preference, several approximate

The dielectric constant of polar dielectrics changes Sig:[reatments have been developed, as shown below.

nificantly with the applied external electric fieldE), and
nonlinear behavior occurs. The phenomenological treatments
of the dc electric-field dependence of the dielectric constant Johnson’s scenario is performed assuming a small polar-
in polar dielectrics are currently within the framework of Ization,
LGD theory!®14

also dependent on the field history. At higher temperade
K), the hysteresis disappears.

2. Johnson’s relationship®

P=¢,(E)gqE. (4)

A. LGD free-energy expansion and the approximate In the case of smalP, neglect term$* and higher in Eq.
treatments (3) and substitute Eq(4) into Eq. (3). For example, ifP

1. LGD theory and two implicit equations foe, (E) <1uClenf=0.01C/nt, then P?<1x10 * (C/n?)? and

_ o P4<1x10 8 (C/m?)* as B=~10°(Vm®C® and y=
According to LGD theory, considering a standard treat-__ 112 (Vm%C%); in this case, neglecting thB* term is
ment in a strained cubic crystal, the free energy can be writ ; ’

5 feasonable. Thus
ten as

U(e 80) =11 (0)eo] +3B(e,80E)?

F(P,T)=F(0,T)+ al,P?+ Bl ,P*+ ylgP%+---, (1)
i =1[£:(0)&o]+\(£r&0E)?, 6)
where  a=C(T—Ty)=1/e(0)=1[gpe,(0)] is a
temperature-dependent coefficie6tjs a constantT, is the ~ Wherex=3p.

Curie-Weiss temperature(0) is the dielectric constant at ~ Eguation(5) can be rewritten as

zero field,g is the permittivity of spaces;,(0) is the relative e 1e,(0)={1—&,15,(0)+[&, /&,(0)]3} ¥

4000 [1+\e.(0)33E2]R (6)
3000
2000 | Checking the factof1—e,/e,(0)+[e,/e,(0)]3}* for
1000 o all possibles, /&,(0) values between 0 and 1, it is found that

W 0 f——ou T— the value of this term is around 1, with the maximum devia-
3000 | 40K tion being~15% ate, /e,(0)=~0.6. Thus, a semiempirical
2000 | relation is obtained,
1000 |

[ e er(E)=2,(0)/{1+\[s0e,(0)]°EZ}™>. )

0 1 1
-60 -40 20 0 20 40 60 ] .
Johnson reported that E() can be valid for (Sr,Ba) TiQ
E (kV/icm) . . . A
in the paraelectric state up to high dc electric figld.

FIG. 2. dc electric-field dependence of the relative dielectric It should be pointed out that the relationship Ef. only
constant ¢,) of (Sr;_ 4 Bi,) TiO; (x=0.002) at 13 K@ and 40 K~ works wheng>0.
(b). Numbers 1 to 4 indicate the sequence of the measurement If B8<<0, at least the fourth-order term in E) must be

cycles. included, and the approximation can be written as follows:
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FIG. 3. (a)—(c) Fitting to the dc electric-field dependence of the
relative dielectric constants() of KTaO; at 60 K (first run) using
the even-power equatiof®), Johnson’s relatior{7), and Eqs.(2)
and(3) (symbols, experimental data; solid curves, fitting regults

U(ere0)=1Me(0)eo]+3B(r80E)*+5y(e,80E)".
®)
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FIG. 4. (a)—(c) Fitting to the dc electric-field dependence of the
relative dielectric constants() of KTaO; (the fifth run at 14 K
using the even-power equatid¢®), Johnson’s relatiof7), and Egs.
(2) and(3) (symbols, experimental data; solid lines, fitting results

and 3b) from 0 to 60 kV/cm. The fitting looks reasonable
and there is not much difference for the fitting between the

SOlVing this ImpIICIt equation, we can obtain the dielectric two equations_ The f|tt|ng parameters arg= 938, &5

constant as a function of electric field.

3. Even-power relation at low fields

For the Johnson relation, a prerequisite(0)*E2<1 can
be met in most practical cases. For example, for KJra@d
SrTiO;, A=38=~10'" (Vm®C?®),* and the relative per-
mittivity &,(0)<1000, then\[eqe,(0)]°E?<0.007 atE
<10 kV/cm, and\[ege,(0)]°E?<0.25 at E<60 kV/cm.
Hence, Johnson relation E(/) can be expanded as a poly-
nomial consisting of even-power terms Bfto high orders,

e(E)=g,(0){1+\[eoe,(0)PE?}V3=¢, — g,E%+ £5E*

—&,E%+esE8—---,

where e,;=5,(0), &,=3Ae(0)% e3=3\2%:(0)', &4
=5\3:(0)1, g5=25\%(0)™ etc.
In fact, the even-power relation

8r(E):81—82E2+83E4—84E6+85E8_... (9)

is a common relationship for analyzing the electric-field de-

=1.27x10" 11 (V/m) 2, ande;=1.38x10 2 (V/m) 4 for
the even-power term E@9); A=38, =3.010, (Vv m®/C?)
for Johnson’s relation.

The fitting to the data fothe fifth run at 14 Kwith a
higher &, shows that the even-power relation seems only
reasonable below 20 kV/cm, as shown in Figa)4but the
fitting with Johnson’s relatiofEq. (7)] is more reasonable
up to 60 kV/cm, as shown in Fig(d). The fitting parameters
are £,=1716, £,=1.71x10 1% (V/m) 2, and e;=1.39
X102 (VIm)~% for the even-power term Eq(9); \
=38,8=4.23x 10" (V m°/C?) for Johnson’s relation.

For the dielectric data obtained #te first run at 14 K
with an even higheg,(0) (~2800 for paraelectric KTa@,
the even-power relation fitting is only reasonable bete®0
kV/icm, as shown in Fig. ®). The fitting to Johnson’s rela-
tion is reasonable up to 60 kV/cm, but with a large fitting
error, as shown in Fig.(6). The fitting parameters are;
=2761, £,=7.24x10°°(V/m)~2, and £3=9.78
X 10723 (V/m)~* for the even-power termy=383,3=3.8
X 10'° (V m®/C3) for Johnson’s relation.

pendence of the dielectric constant in the literature. It should

be emphasized that this treatment is strictly limitedijoa
small dc electric field andi) a small polarization casmear-
paraelectric stajeUnder these two prerequisites, E§) de-

2. Limitation of the approximate treatments

The fitting results show that the even-power E%). only

scribes the dielectric constant under dc electric field forworks for a low dielectric constant and at low electric fields.

many materials.

B. Fitting results for paraelectric KTaO ;5

1. ParaelectricKTa0;

This is not surprising because E() is assumed to hold
only for low electric fields and small polarizations.
Johnson reported that E¢/) can describe the dielectric
behavior of (Sr,Ba)TiQ up to a high dc electric field40
kV/cm).2® In the present work, the experimental data from

For the data with a relatively smaller dielectric constantparaelectric KTa@can be described by the Johnson relation

[£,(0)=~1000 at 60 K, the fitting to the even-power Eq.
(9) and Johnson’s relatiofEq. (7)] is shown in Figs. &)

Eq. (7), but the accuracy for the case of a high dielectric
constant is not satisfactory.
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dc bias direction. Even after removal of the bias, the original
state is not fully recovered during the short measurement
time (several hours and thus the weak signal dielectric re-
sponses,(0) at zero bias field is lowered. After more cycles,
all these entities seem to be fully polarizéaligned and

(b) Fit to Johnson's equation

tend to be stable, and the dielectric constant remains almost
the same at zero field, but at a much lower value than that of
the original state.

What is the physical nature of these easily polarized enti-
ties? Similar phenomena observed in ferroelectric materials
were attributed to polarization of domain walls and/or other
defects™® It is well known that there is no macrodomain in
paraelectric KTa@, but it is also reported that some nano-
clusters exist whose size increases with decreasing
temperaturé® Based on this, it is reasonable to assume that
the entities are very probably the nanocluster walls/
FIG. 5. (a)—(c) Fitting to the dc electric-field dependence of the boundaries. In addition, this orientational effect under dc bias

relative dielectric constants() of KTaO; (the first run at 14 Kk at @ low temperaturél4 K) is more pronounced than at a
using the even-power equati¢®), Johnson’s relatior7), and Eqs.  Nigh temperature, which further supports this hypothesis. If

(2) and (3) (symbols, experimental data; solid lines, fitting results SO, two types of polarization contributions occur in K&aO
at least at very low temperatures. Although E@.and (3)

mathematically provide reasonable fitting to the dielectric

. . . constant of KTaQ under dc field§Figs. 3c), 4(c), and 5c)],
As mentioned above, Eq&2) and(3) include all informa- s hhysical meaning is uncledsee further discussion be-

tion on the relationship between the polarization and eIectricFOW)_ This is why a cluster polarization term was taken into

field. With the development of computational programs and,.cqunt for describing the field dependence of the dielectric
personal computers in recent years, the nonlinear equationgciant for KTa@in Ref. 17.

(2) and (3) can be conveniently solved by ignoring higher-
order terms(sixth and higher Our nonlinear fitting results
of the field dependence of the dielectric constant for KJaO
are shown in Figs. 8), 4(c), and Jc). Good agreement be-  A. Analysis of the structure of polarization spectra in polar
tween the experimental data and the fitting curves has been dielectrics
obtained. The parameters use@=10°(Vm®%C?®), y
=10" (Vm°/C®), are from the literatur&®

Equations(2) and (3) are good enough to describe the
electric-field dependence of the dielectric constant up to hig
fields. The traditional approximate treatment with the even
power relationship is only a rough approximation for the
dielectric response at low electric fields. Although Johnson’
relation could be an approximate expression up to high field
its accuracy is less than that of E¢8) and(3).

™ 2000

1000

2000

1000

0 20 40 60
E (KV/em)

3. Fitting with the LGD implicit equations (2) and (3)

IV. MULTIPOLARIZATION-MECHANISM MODEL

It should be emphasized that all the above fittings are
obtained under a precondition thahly one polarization
mechanisnis taken into consideration in the materials. How-
r(]—:ver, there is more than one polarization mechanism in many
practical cases, i.e., two or more polarization mechanisms

enerally coexist in a material.

For Bi:SrTiOy,° it was demonstrated that there are two
“dielectric relaxor” modes superimposed on the quantum
paraelectric backgroun@PB) of SrTiO;. The temperature
dependence of the relative dielectric constant for Bi:SgTiO
is replotted in Fig. 6. The “dielectric relaxor” modes are

Although the fitting curves for KTaQby the LGD theory induced by the off-centered Bi dipoles. Based on this obser-
[Egs.(2) and(3)] or the approximate relationship E) are  vation, it can be recognized that the field dependence of the
in good agreement with the experimental data, a question ielative dielectric constant shown in Fig. 2 is composed of
raised as to whether this fitting reflects the real physical nathree contributions at zero field: one from maéieanother
ture of the polarization.

The results in Fig. 1 show that the electric-field depen-
dence of KTa@ at 14 K is strongly dependent on the
electric-field history. After the first run to the maximum elec- <" 2000]
tric field of 60 kV/cm, the dielectric constat (0) is not
recovered to its original value of a virgin state after the elec- of
tric field is decreased to zero at the end of the second run. In
the following third to fifth runsg,(0) still decreases until at
the sixth run a stable value is attained.

The larger difference in the dielectric constant at low bias FIG. 6. Temperature dependence of the relative dielectric con-
levels between different cycles implies the existence of sometant ¢,) of (Sr,_; 5Bi,) TiO; (x=0.002) at 0.1, 1, 10, 100, and
entities which can be easily polarized and aligned along th@000 kHz(from top to botton.

4. Possible existence of two polarization mechanismKifiaOg

A 18 x=0.002
4000 | i

1 10 100
T(K)
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from modeB, and the rest of the dielectric constant from the

QPB of SrTiG,. Under dc bias, the two dielectric modes are & oo
easily suppressed, while the dielectric background sustained dusers
under high dc bias, although decreased, is from more “in-

trinsic” QPB contributiong:*® Thus the field dependence of - Phongn  Electron,
the dielectric constant at a certain temperature reflects such a pdmmn‘}h:
multipolarization mechanism. Therefore, the field depen- - Tt

dence of the dielectric constant of Bi:SrEi@annot be de-
scribed by the single polarization mechanism using E2js.
and(3), or the approximate treatments Ed@) and Eq.(9).
This is reminiscent of the dielectric response in the ferro- I g Shsers

electric state of PZT at room temperature, which has been Electro-elastic
& Domain-
wall motion
-«
/ Electron
Pl
P9

recognized as containing both intrinsic and extrinsic
contributions:> Moreover, polar clusters are reported to be
superimposed on a paraelectric background. For instance, the

jonon larization
dielectric temperature spectra of SbSI can be decomposed — lorization 7/ >
into a dielectric peak superimposed on a so-called quantum _melectrics T

paraelectric background under presstire.
On the other hand, recent efforts on applying LGD theory
to a ferroelectric relaxor seem rather diffictflalthough the

theory has been successfully applied to the description of & MM
BaTiO; (Ref. 21) and Pb(Zr,Ti)Q.?2 This might be mainly Phonon Flectron

polarization olarization

due to the existence of some nanopolar clusters in the ferro-

electric relaxor, which are superimposed on the dielectric/
ferroelectric polarization background of the material. The

single polarizati ism i i ici L
gle polarization mechanism is found to be insufficient to FIG. 7. Schematic diagrams of the temperature dependence of

describe the whole polarization picture. - . : .
. - . . polarization species for ferroelectric relaxors, ferroelectrics, and
Therefore, the dielectric spectra observed in polar dielec: araelectrics

trics, including paraelectrics, ferroelectrics, and ferroelectric’

relaxors, may generally include many possible polarization . - . ,
contributions from different polarization mechanisfig.he physically, although fitting may be in good agreement with

schematic diagrams of the structure of the dielectric spectrg]e. experlmental da_ta because E(®. ar_ld (3) are infinite
of these three types of polar dielectrics are summarized igeries In mathemat_lgs, and thef ?:?_m_bmatlon of these wo
Fig. 7. For paraelectric and dielectric relaxors, the structureeﬂua.t'o?S Caﬂ provide a powerful fitting regardless of any
of dielectric temperature spectra consists of the paraelectriP: ysical mechanisms or details.
background and possible micropolar-cluster walls.

One typical example of ferroelectrics is the dielectric B. Description of the “extrinsic” polarization mechanism

spectrum of the ferroelectric and ferroelastic,80,0; as  According to the above analysis of dielectric spectra, a
reported in Ref. 24. Around the paraelectric-ferroelectricyyestion is how to describe the field dependence of the di-
phase-transition temperature, the dielectric spectrum consisgfectric constant in polar dielectrics with more than one po-

of polarization contributions from electrons, phonons,|arization mechanism. One scenario is using two sets of or-
ferroelectric-ferroelastic effect, ferroelectric macrodomain-ger parameters, for example for the LGD free-energy

wall motions, polar microclusters, etc. At a fixed tempera-expansion,

ture, the dielectric constant is gradually suppressed with in-

creasing dc bias due to the different response of these _ 2 4 6 2
polarization mechanisms at different bias levels. Thus, mul- FIP.D=FO.D*ar [P+ BiluPi+ vilePit azloPs
tipolarization mechanisms are reflected in théE) profile. +ﬁ2/4P‘2‘+ 72/6P‘25+--- . (10

For the ferroelectric relaxor, in addition to the electron,
phonon, and the polar microcluster contributions, the polaiThe parameter®, and P, represent two order parameters.
microcluster wall motions may become important at low fre-More terms may be added when considering the interaction
guencies. between the two order parameters.

In addition, in the so-called soft-mode dielectrics, such as An alternative scenario is to decompose the different po-
SrTiO; and KTaQ, the possible coupling between unavoid- larization mechanisms and to describe their contributions,
able defects/impurities and the soft mode may lead to a largeespectively. As is discussed above, it is observed that there
contribution to the dielectric constant. The possible existencés more than one polarization contribution to the dielectric
of microclusters and their wall motion may greatly enhanceresponse for many nonlinear polar dielectrics. One comes
the dielectric constant. In a material with more than one pofrom an intrinsic contribution of the lattice phonon polariza-
larization mechanism, fitting using single-polarization- tion, which can be described by the principal order param-
mechanism equations, like Eq®) and(3), makes no sense eters of the phenomenological theory. The other comes from

»
>

T
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some “extrinsic” polarization contributions, such as domain- g,=(Pox/eg)[COSHEX)] 2, (16)

wall motions, nanometer polar clusters, and phase boundary B
polarization. wherex=PyV/kgT.

Generally, the “extrinsic” polarization contribution exhib- !N the literature, Eqs(15) and(16) were used by Belbin
its some common characteristics summarizedipshe di-  dealing W|t2rgs ferroelectrlc-reI%xqr behavior, and also by Bi-
electric constant is suppressed quickly with increasing d@nchi etal™ and Chenetal." in describing the dc field
electric fields, and(ii) the dielectric constant decreasesdependence of the dielectric constant. o _
quickly with increasing frequencies. These characteristics !t should be pointed out that there is no significant differ-
seem indicative of the behavior of a “reorientation polariza-€Nce between Eq13) and Eq.(16) in electric-field depen-
tion” mechanism. dence of the dielectric constant. In this work, we use(E6)

In fact, we could deal with “extrinsic” polarizations as due 0 its simplicity. It should be pointed out that wheris
“reorientation polarization of dipoles” using the following SMall, Eq.(16) can also be simplified to an even-power poly-

assumptions and approximations. nomial, Eq.(9) (see the Appendix
(i) All clusters have the same sizer volumeV). _ o _
(i) All clusters have the same polarizati®g which de- C. Multipolarization-mechanism model
pends on temperatures. When two or more polarization mechanisms coexist in a

(iii) Cluster activation energies are at the level of temperapo|ar dielectric, a combination of different polarization con-
ture fluctuations, and these fluctuations can reorient the polafibutions should be taken into consideration. In the present
clusters. work, a multipolarization-mechanisrmodel is proposed to

In this casewe recognize the cluster as a giant dipdie  describe the dielectric response of a polar dielectric under dc

dielectric physics, we have a standard treatment to deal WitBjas by combining the intrinsic contribution with the extrin-
the reorientation polarization of dipoléSThe average elec- sjc contribution as a reorientation polarization.

tric moment along the dc electric-field direction is The above results show that the semiempirical Johnson’s
_ relation Eq.(7) is a reasonable approximation of LGD phe-
(Maveragd = tol cotantt woE/KeT) — 1/ woE/kgT)] nomenological theoryEgs. (2) and (3)] for describing the
= oL (oElkgT), (11  dielectric behavior under dc fields. Therefore E4).is used

to describe the contribution of the lattice polarization. Equa-
whereL (uoE/kgT) is the Langevin functiony, is the elec-  tion (16) is used to describe the “reorientation polarization”
tric moment of the dipoles, arkk is Boltzmann’s constant. mechanism. A combined equation of the Johnson relation Eq.
As mentioned aboveye assume the cluster is a giant dipole (7) and the cluster-polarization contribution Ed6) is there-
that is, we can simply substituge,= P,V into Eq.(11), and  fore adopted,

obtain the total polarization of the cluster system under dc
bias, Sr(E):Sr(o)/{1+)\[Sosr(o)]SEz}US"'z(POX/SO)

P = (P averagd = PolcOtantiPoVE/kgT) — kg T/PoVEL. X[costEX)] ™, (17

(120 whereS means the sum over different cluster-polarization
terms. In many cases, one term is sufficient, however in a
complicated case, two or three cluster-polarization terms
may be taken into account to describe the dielectric response.

Thus, the dielectric constant is derived as
e=JPI/JE,

;= (Pox/eo)[ L(XE)2— 1/sinti(Ex)], (13) D. Fitting of the dielectric behavionf of Bi:SITiO 3 and KTaO3
under dc bias
wherex=PyV/kgT.

A similar relationship can also be derived from the BISITIO 5
“double-well” model for the reorientational polarization, Two cluster terms are used in E(L7) due to the two
polarization mechanisms modésand B superimposed on
pm=potani woEes/KgT). (14 the quantum paraelectric background. The fitting to experi-

mental data using Eq17) at several temperatures is shown

in Fig. 8. It can be seen that the fitting curvsslid lineg are

in good agreement with the experimental data in Fig. 8.
From the fitting, 8 is in the range from~1.5x10% to 2.7

% 10% (V m®C3) in the temperature range of 13—65 K this

is in good agreement with the data reported in Ref. 14.

The effective field isE.z=E+ P, where is a generalized
Lorentz factor depending on the geometry of the dipole lat
tice. Generally speaking? is small for the “extrinsic polar-
ization,” and we have an approximatida.s=E. Then Eq.
(14) can be rewritten as

_ _ From Fig. 8, the polar clusters contribute significantly to
P=Potant(uoE/keT)=Potanf(PoVE/ksT), - (19 the dielectric constant up te&20 kV/cm for both clusterg\
wherePy is the effective polarization of one cluster. and B. Without dc bias, the contribution to the dielectric

Based on Eq(15), the dielectric constant is derived as ~ constant is about 24% for clustBr(modeB) at 40 K around
which modeB reaches its maximum in the versusT pro-
e=0P/JE, file, and the contribution to the dielectric constanti46%
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FIG. 10. Electric-field dependence of the dielectric constapt (
0 of KTaO; at 14 K for the first and fifth run. Open circles, experi-
2000 mental data; solid lines, fitting results according to Ed) includ-
ing the contribution from the Johnson terin(dash ling and the
1000 contribution from the cluster terrh (dash-dox
0 C LT
0 10 20 30 40 50 Fig. 10. It can be seen that the fitting curvsslid line9 fit
E (kV/cm) well to the experimental data. For Johnson's terf,s

o . , ~5.5x10'° (Vv m%C?) for both cases. The cluster size of 2.5
FIG. 8. Electric-field dependence of the dielectric constap) ( m at the first run decreases down to 2.1 nm at the fifth run
of Bi:SITiO; at 13, 25, 40, and 55 K at 10 kHz. Open circles, ¢, tha clyster term, which is in good agreement with the size
experimental data; solid lines, fitting results according to @) of five to six unit cells(~2—3 nm of ferroelectric microre-
including the contribution from the Johnson tednidash ling, the . .
contribution from clusteA (dash-doy, and that from clusteB (dot). glﬁgspsgiﬁggr bgoltgr?z;lij(;jr? (())ff OR;:l TL?Z?crsngeics:trgbltginRee(j. 16.

for clusterA (modeA) at 25 K around which moda reaches for both runs.

its maximum in thes, versusT profile. Although the fitting data by using Eq17) are similar to
The cluster polarizations of the two polar clusters correthose results reported in Ref. 17, where a combination of the

sponding to modeA andB obtained by fitting to Eq(17) are  even-power equation and the cluster term was used(1&y).

shown in Fig. 9. It can be seen that clustérandB reach in the present work is more physically reasonable for the

their maximum at 25 and 40 K, respectively, with polariza-fitting because of the limitation of the validation of the even-

tions P,=0.39uC/cn? and Pg=0.80Clcnt, which cor-  power equation at high electric fields.

respond to the temperature at whichmaximum occurs. It

is interesting to notice that slim hysteresis loops are observed

for this sample although it acts as a “dielectric relax8r”.

The remnant polarization is e£0.2, 0.6, and 1.2.C/cn? at The theoretical treatment of Landau-Ginzburg-

10, 20, and_30 kV/icm, respectlve_ly. The cluster p°|a”za“°rbevonshire(LGD) theory and its approximate treatments of
values obtained from the calculation by E§j7) are compa- e electric-field dependence of the dielectric constant in po-
rable to these measured data within the same order of mags, gielectrics are discussed. It is found that a treatment of
frntugeﬁ;l'he caalglateéjsl'ze ?r]: therf’?lartCIUSter_IS nm LGD-group equation$2) and (3) can describe the field de-
or both ModesA an In the whole tempera-iure range, .Hendence of the dielectric constant very well for a single-
which is also in the same order of magnitude as observed i N .
Ca-doped SITiQ.% polar|zatlpp—mechan|sm process. Qn _the othe.r .hand, the
semiempirical Johnson relati@i), which is an explicit func-
KTaO, tion of the electric field, is a reasonable approximate descrip-
tion for the field dependence of the dielectric constant in
replacing the rigorous theoretical treatment in many cases.
Furthermore, based on the empirical observation of the

V. CONCLUSIONS

The fitting to the experimental data at the first and fifth
runs using Eq(17) with one polar cluster ternis shown in

1.0 o structure of dielectric spectra, multipolarization processes
08} 2 occur in many polar dielectrics. In this case, the treatment
< o6} based on a single order parameter of LGD theory is insuffi-
51 0.4 ClsterBg cient. A_muItipolarization-mechanism model is therefore sug-
< ool gested in the present work, and
0 L L 1

0 10 20 30 40 50 60 70 er(E)=¢,(0)/{1+\[£ge,(0)]PE?}

T(K) + 3 (Pox/eo)[cOSHEX)] 2
FIG. 9. Temperature dependence of the polar-cluster polariza-
tion (P) for clustersA and B obtained by the best fit to the dc is adopted to describe the field dependence of the dielectric
electric-field dependence of the dielectric constant to (Eg). constant, where Johnson’s term represents the lattice polar-
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ization induced from the LGD theory, and the latter repre-can be realized. For example, a®,=1 uClcn?

sents the reorientational polarization contribution. The fitting=0.01 C/nf, V=10 nn?, andksT=0.026 eV at 300 K, we

to experimental data shows that the proposechavex=2.4x10"8 m/V. For E=10 kV/cm=10° V/m, xE

multipolarization-process model works well. =2.4x10 3<1. Thus the relationship can be simplified as
It should also be mentioned that the Johnson relationship

gr(0){1+\[&0e,(0)]°E?}¥3 and the reorientation polariza- (Poxle0)[COSHEX)]™ 2= (Pox/eo)[ 1+ (EX)2/2] 2.

tion term (Pox/eo)[coshEX)] 2 can also be simplified to (Ala)
even-power polynomials when the electric field and/or di- ] - 5 ] o
electric constant is small. Obviously, the condition Ex)</2<1 is also satisfied, and

Eq. (Ala) can be written in an expanded form,
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=01~ GoE?+3E*— q4E®+ gsE®— - (Alb)
APPENDIX Where q]_:(P()X/So), q2:P0X3/80, q3:%P0X5/80, Q4
Now let us consider the cluster polarization relation Eq.=1Px"/eq, 05==Pox%/e,, etc. Equation(16) also in-
(16). In most cases, a preconditiorRE=(PyV/kgT)E<1, cludes all even-power terms, as does ).
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