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Impurity-induced phase transition in quantum paraelectrics
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The transverse Ising model is applied to LixK12xTaO3-like quantum paraelectrics using different kinds of
pseudospins representing different perovskite unit cells. Impurity-induced paraelectric-ferroelectric phase tran-
sitions are found for appropriate parameters. The substitutional ions act as pinning centers in the system. The
dependences of the Curie temperature, spontaneous polarization, and dielectric susceptibility on the concen-
tration of the substitutional ions are calculated. The theoretical results are compared with experimental ones
and good agreement is obtained.@S0163-1829~98!01521-5#
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I. INTRODUCTION

There has been great interest in quantum paraelec
such as SrTiO3 and KTaO3 in recent years due to their pe
culiar properties at low temperature.1–5 It has been observe
that the dielectric permittivitye33 of SrTiO3 increases to a
value as high as 24 000 upon cooling and remains cons
below 3 K.1 The paraelectric phase is stabilized by quant
fluctuations, i.e., by zero-point motion or tunneling exci
tions of the dipolar degrees of freedom.

Quantum paraelectrics containing impurities, such
Li xK12xTaO3 ~KTL !, KTa12xNbxO3 ~KTN!, and
Sr12xCaxTiO3 ~SCT! have also been studied extensively u
ing various experimental techniques.2–5 It is found that the
dielectric permittivity at low temperature has similar featur
to pure quantum paraelectrics whenx is very small. At a
critical valuexc , however, an impurity-induced phase tra
sition from paraelectric to ferroelectric occurs. The spon
neous polarization atT50 and the Curie temperature in
crease with increasingx. As to the theoretical aspect, muc
attention has been paid to the nature of the quan
paraelectric phase. As far as the impurity-induc
paraelectric-ferroelectric phase transition is concerned, a
cal random field theory has been employed by Vugmei
and Glinchuk.4 They demonstrated that the concentratio
phase transition can occur in highly polarizable crystals
the impurity concentration is high enough. On the oth
hand, in alkali halide systems, such as K12xLi xCl, such a
transition is impossible since the crystal is weakly polar
able. Obviously, both the nature of the quantum paraelec
and the doped impurities are responsible for the occurre
of the concentrational phase transition.

The transverse Ising model has been successful in
scribing the phase transitions of ferroelectrics6 and related
inhomogeneous systems.7 Recently, it was extended to pur
quantum paraelectrics.8 Among others, the Barrett formula,9

which depicts the temperature dependence of the diele
570163-1829/98/57~21!/13343~4!/$15.00
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permittivity of pure quantum paraelectrics at low tempe
ture, was deduced. In the present work, doped quan
paraelectrics are studied within the framework of the tra
verse Ising model. In order to take the effects of differe
ions into account, two kinds of pseudospins are used in
system. Owing to their different interactions and tunneli
frequencies, respectively, phase transitions are induce
sufficiently large concentrations. They bear many of t
characteristics observed in doped quantum paraelectric
tems.

II. METHODOLOGY

For a pure quantum paraelectric, such as SrTiO3 or
KTaO3, the onset of ferroelectric instability is hindered b
quantum fluctuations. Within the framework of the tran
verse Ising model, this can be modeled by setting 2V.ZJ,
whereV is the tunneling frequency,J is the interaction con-
stant between pseudospins, andZ56 is the coordination
number of elementary cells in the cubic lattice.6 For quantum
paraelectric perovskites containing impurities, there are
kinds of atoms either at theA sites~e.g., KTL! or at theB
sites ~e.g., KTN!. Therefore there should be two kinds o
pseudospins in the system. One kind of pseudospin re
sents the pure quantum paraelectric, the other kind of ps
dospin refers to the doped impurities in the system. T
Hamiltonian of the system is

H52(
i

V iSi
x2

1

2(i j Ji j Si
zSj

z

2(
m

Vm8 sm
x 2(

m j
Jm j8 sm

z Sj
z , ~1!

where the interactions between dopant pseudospins are
glected.Si

x (Si
z) and sm

x (sm
z ) are thex (z) components of

the host and dopant pseudospins,Si and sm, respectively.
13 343 © 1998 The American Physical Society
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V i andVm8 are the individual tunneling frequencies.Ji j and
Jm j8 are the host-host and host-dopant pseudospin interac
constants, respectively.i and j sum over all host pseu
dospins, andm sums over dopant pseudospins. The therm
average of thez component of a host pseudospin is6

^Si
z&5

Fi
z

2uFi u
tanh

uFi u
2kBT

, ~2!

where Fi is the effective field on thei th pseudospin,Fi

5(2V i ,0,2( j Ji j ^Sj
z&2(mJim8 ^sm

z &), and kB is the Boltz-
mann constant. An analogous equation holds for the dop
pseudospin component^sm

z & except that the effective field
becomesFm5(2Vm8 ,0,2( j Jm j8 ^Sj

z&). Thus, Eq.~2! repre-
sents a system of coupled nonlinear equations involv
pseudospin componentŝSi

z& and ^sm
z & with various indi-

vidual interaction parametersV i , Vm8 and Ji j , Jim8 . The
spontaneous polarizationP is proportional to the averagez
component of the pseudospin. Despite the mean-field
proximation, which makes the bilinear exchange interact
tractable, the solutions bear local characteristics in the s
sense as experienced, e.g., in the treatment of surfaces.7

In order to simplify our calculations, the impurities a
assumed to be distributed uniformly in the crystal. On
nearest-neighbor interactions are considered at this st
The calculations are carried out with two procedures. In o
calculation,Ji j andJim8 are assumed to be the same whileVm8
is smaller thanV i . In the other calculation,Jim8 is assumed
to be larger thanJi j , and the tunneling frequencies are ind
pendent of the kinds of pseudospins. In both cases, 2V i is
assumed to be larger than( j Ji j , but 2Vm8 is smaller than
( j Jm j8 . The two procedures give coherent results. The sp
taneous polarization and Curie temperature of the system
obtained by calculating the value and stability limit of th
pseudospins.

III. RESULTS AND DISCUSSION

Figure 1 shows the polarization profile on the~001! plane
of a KTL-like crystal atT50. It is calculated for a dilution
x50.016, pseudospin vectors of lengthuSu51/2, interaction
constantsJi j 51.0 andJm j8 51.5 for host-host and host-dopa
pseudospin interactions, respectively, and a tunneling
quency V i5Vm8 53.05. Similar results are found whe

FIG. 1. Polarization profile on the~001! plane of a KTL-like
crystal atT50 ~see text!, where the units in thex andy directions
are the lattice constants.
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choosingJi j 5Jm j8 51.0 for all pseudospin pairs andV i53.05
and V i852.0 for host and dopant pseudospins, respectiv
The polarization at the pinning point~doped impurity! is
much higher than that in the remaining area. The nearer
point to the doped ion, the larger the spontaneous polar
tion. That means that the ferroelectric distortion in the crys
is not uniform. The largest distortion is at the dopant si
similarly as has been found from lattice dynamic
calculations.10 This is easily understood from Eq.~2!, e.g., in
the caseJi j 5Jm j8 , where^Si

z&/^sm
z &5uFmu/uFi u. Here,^sm

z &
.^Si

z& follows immediately fromVm8 ,V i . A similar argu-
ment holds for the caseJm j8 .Ji j .

The average spontaneous polarization atT50 as a func-
tion of concentrationx is shown in Fig. 2, for the same set o
parameters used for Fig. 1. The polarization appears
critical concentrationxc50.009 and increases quickly whe
x is small. The increase gets slower and slower with incre
ing x. The solid and open circles are the experimental d
obtained atT→0 on KTL ~Refs. 11,12! and KTN,13 respec-
tively. Obviously, the calculated concentration depende
agrees within errors with the experimental results.

The spontaneous polarization at the dopant sites is m
higher than the average value. Figure 3 shows the ratio of
polarization at the dopant sites to the average value at dif
ent x. It is interesting to find that this ratio increases wi

FIG. 2. Average polarization as a function of concentration
calculated with parameters as in Fig. 1~solid line, left-hand scale!
and as measured atT→0 on KTL ~Refs. 11,12! and KTN ~Ref. 13!
~multiplied by 1.66! ~solid and open circles, respectively; right-han
scale!.

FIG. 3. The ratio of the polarization at dopant sites to the av
age value as a function of concentration atT50.
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decreasingx or increasing temperature~not shown!. At large
x or low temperature, the polarization profile is more u
form than that at smallx or high temperature. At smallx or
high temperature the ferroelectric distortion is concentra
at the dopant sites while the distortion in the matrix is nea
zero. This result agrees well with the lattice dynamical c
culation on KTL~Ref. 10! and the experimental observation
in KTN ~Ref. 14! and SCT.15 In these materials, the dopan
ions are considered to be the nuclei of polar clusters. T
increase in size upon cooling and condensate atT,Tc to
form ferroelectric domains on a nanometric scale.

The Curie temperature as determined self-consiste
from Eq. ~2! also increases with increasingx ~see Fig. 4!,
quickly whenx is small and slowly at largerx. This is in
accordance with thex dependence of the spontaneous pol
ization. It can be seen that the theoretical prediction is co
patible with experimental observations as shown by the c
mon plot with data of KTL ~Ref. 12! and KTN.5 In the
literature,2 it has been pointed out thatTc is proportional to
(x2xc)

1/2 whenx is small. This relation gives a reasonab
fit to the experimental results at smallx but is not valid at
largex. According to Fig. 4 both experimental and theore
cal data vary linearly with concentration in the largex limit.

The remaining differences between the observed and
calculated dependences ofTc vs x in Fig. 4 might partially
be remedied by choosing more appropriate individual par
eters entering Eq.~1!. In addition, effects of randomnes
have finally to be taken into account. We do not expect la
changes due to compositional fluctuations of the impurit
Preliminary calculations involving random distributions
the impurity pseudospinssm seem to show that bothTc(x)
and Ps(T→0) are quite stable against these microsco
fluctuations. More significant effects, however, are expec

FIG. 4. Concentration dependence of the Curie temperatur
calculated with parameters as in Fig. 1~solid line, left-hand scale!
and as measured on KTL~Ref. 12! and KTN ~Ref. 5! ~solid and
open circles, respectively; right-hand scale!.
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to arise from unavoidable intrinsic random fields.5 They are
known to smear the phase transitions of doped quan
paraelectrics and give rise to nanodomain structures be
Tc(x).15,16 Because of their disordering nature they are e
pected to shiftTc(x) to lower temperatures. Systematic stu
ies of these effects are presently underway.

Irrespective of remaining deviations our model quali
tively reveals all basic features of doped quantum parae
trics, e.g., as shown in Fig. 5, the calculatedx andT depen-
dences of the dielectric susceptibilityx5dP/dE come very
close to the observed ones.16 In particular, below the critical
concentrationxc the low-T susceptibility becomes strongl
enhanced when compared with thex50 value, whereas criti-
cal divergences are observed atTc(x) when x.xc . Details
will be published elsewhere.

IV. CONCLUSION

Our calculations have shown that many aspects of
phase transitions observed in doped quantum paraelec
can be described by a transverse Ising model involvin
regular distribution of impurities with appropriate exchan
and tunneling parameters. Further studies have to take
account explicitly the effects of microscopic randomness
particular in the vicinity of xc , and of intrinsic random
fields. In addition, the concentration, temperature, and e
tric field dependences8 of the dielectric susceptibility will be
of great importance for understanding the interesting prop
ties of doped quantum paraelectrics.
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FIG. 5. The temperature dependences of the dielectric susc
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