PHYSICAL REVIEW B VOLUME 57, NUMBER 21 1 JUNE 1998-I

Impurity-induced phase transition in quantum paraelectrics
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The transverse Ising model is applied to Ki_,TaO;-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 obtain¢80163-18208)01521-5

[. INTRODUCTION permittivity of pure quantum paraelectrics at low tempera-
ture, was deduced. In the present work, doped quantum
There has been great interest in quantum paraelectriggaraelectrics are studied within the framework of the trans-
such as SrTiQ and KTaQ; in recent years due to their pe- verse Ising model. In order to take the effects of different
culiar properties at low temperatufe It has been observed [0ns into account, two kinds of pseudospins are used in the
that the dielectric permittivityez; of SrTiO5 increases to a  System. Owing to their different interactions and tunneling
value as high as 24 000 upon cooling and remains constaffiegquencies, respectively, phase transitions are induced at
below 3 K! The paraelectric phase is stabilized by quantunrsufficiently large concentrations. They bear many of the
fluctuations, i.e., by zero-point motion or tunneling excita- characteristics observed in doped quantum paraelectric sys-

tions of the dipolar degrees of freedom. tems.
Quantum paraelectrics containing impurities, such as
Li,K,_,TaO; (KTL), KTa;_NbO; (KTN), and Il. METHODOLOGY
S _«CaTiO3 (SCT) have also been studied extensively us- i _
ing various experimental techniqu&s. It is found that the For a pure quantum paraelectric, such as Sgli@r

dielectric permittivity at low temperature has similar featuresKT@0s, the onset of ferroelectric instability is hindered by
to pure quantum paraelectrics whenis very small. At a quantum fluctuatlons: Within the framework of the trans-
critical valuex,, however, an impurity-induced phase tran- V€rse Ising model, this can be modeled by settifig=2Z J,
sition from paraelectric to ferroelectric occurs. The sponta¥vhere(l is the tunneling frequency, is the interaction con-
neous polarization aT=0 and the Curie temperature in- Stant between pseudospins, afe-6 is the coordination
crease with increasing. As to the theoretical aspect, much Number of elementary cells in the cubic Iat_tchor quantum
attention has been paid to the nature of the quanturR@raelectric perovskites containing impurities, there are two
paraelectric phase. As far as the impurity—inducedk!”ds of atoms either at thA sites(e.g., KTL) or at theB
paraelectric-ferroelectric phase transition is concerned, a Ic3ites (€.9., KTN. Therefore there should be two kinds of
cal random field theory has been employed by VugmeistePS€udospins in the system. One kind of pseudospin repre-
and Glinchuk* They demonstrated that the concentrationalS€Nts the pure quantum paraelectric, the other kind of pseu-
phase transition can occur in highly polarizable crystals, i{d0Spin refers to the doped impurities in the system. The
the impurity concentration is high enough. On the otheramiltonian of the system is
hand, in alkali halide systems, such ags K i,Cl, such a
transition is impossible since the crystal is weakly polariz- H= —E Q;S— EE 3
able. Obviously, both the nature of the quantum paraelectric T 247
and the doped impurities are responsible for the occurrence
of the concentrational phase transition. _ X ' 7z

The transverse Ising model has been successful in de- % Qo % ImimS @)
scribing the phase transitions of ferroelecttiend related
inhomogeneous syster®Recently, it was extended to pure where the interactions between dopant pseudospins are ne-
quantum paraelectridsAmong others, the Barrett formufa, glected.S' (S) and o7, (o7) are thex (z) components of
which depicts the temperature dependence of the dielectriihe host and dopant pseudospifs,and o, respectively.
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FIG. 1. Polarization profile on thé01) plane of a KTL-like
crystal atT=0 (see texk, where the units in th& andy directions
are the lattice constants.

FIG. 2. Average polarization as a function of concentration as
calculated with parameters as in Fig(sblid line, left-hand sca)e
and as measured &t—0 on KTL (Refs. 11,12and KTN (Ref. 13

. . Itipli 1. li ircles, ively; right-h
Q, and(, are the individual tunneling frequenciel; and (Srgaljgp ied by 1.66 (solid and open circles, respectively; right-hand

Jr’nj are the host-host and host-dopant pseudospin interaction
constants, respectively. and j sum over all host pseu-
dospins, andn sums over dopant pseudospins. The thermal
average of the component of a host pseudospifi is

Fhoosing]i,- =J;nj=1.0 for all pseudospin pairs a2l =3.05
and Q) =2.0 for host and dopant pseudospins, respectively.
The polarization at the pinning pointdloped impurity is

F? |Fi| much higher than that in the remaining area. The nearer the
o i , . -
(S) 2||:i|tanhz|<?, (2)  point to the doped ion, the larger the spontaneous polariza

tion. That means that the ferroelectric distortion in the crystal
where F; is the effective field on theéth pseudospinF; is not uniform. The largest distortion is at the dopant sites
=(—Q, ’0’_Ej‘]ij<sjz>_2m‘]i’m<0rzn>)v andkg is the Boltz- similarly as has been found from lattice dynamical
mann constant. An analogous equation holds for the dopa@lculations'® This is easily understood from E€), e.g., in
pseudospin componeKit) except that the effective field the casel;=Jy,;, where(S\)/(ar)=|Fq|/|F|. Here (o)
becomesF,=(—Q},,0—=,35,(SP). Thus, Eq.(2) repre- >(S7) follows immediately fromQ/,<Q;. A similar argu-
sents a system of coupled nonlinear equations involvingnent holds for the cas&,;>J;; .

pseudospin components?) and (o) with various indi- . The average s.ponyaneous polarizatioﬁ'ato as a func-
vidual interaction parameter®,;, Q/, and J;;, Jj,,. The tion of concentratiorx is §hown in Fig. 2, fort.he same set of
spontaneous polarizatioP is proportional to the average ~Parameters used for Fig. 1. The polarization appears at a
component of the pseudospin. Despite the mean-field agitical concentratiorx.=0.009 and increases quickly when
proximation, which makes the bilinear exchange interactior¥ is small. The increase gets slower and slower with increas-
tractable, the solutions bear local characteristics in the sani89 X. The solid and open circles are the experimental data
sense as experienced, e.g., in the treatment of surfaces. Obtained aff —0 on KTL (Refs. 11,12 and KTN,'® respec-

In order to simplify our calculations, the impurities are tively. Obviously, the calculated concentration dependence
assumed to be distributed uniformly in the crystal. Onlyagrees within errors with the experimental results.
nearest-neighbor interactions are considered at this stage. The spontaneous polarization at the dopant sites is much
The calculations are carried out with two procedures. In ondligher than the average value. Figure 3 shows the ratio of the
calculation J;; andJ;,, are assumed to be the same wid polarization at the dopant sites to the average value at differ-
is smaller tharf); . In the other calculation/,. is assumed ent x. It is interesting to find that this ratio increases with
to be larger tha;; , and the tunneling frequencies are inde-
pendent of the kinds of pseudospins. In both casek, g 2.0 —T T
assumed to be larger thaiyJ;;, but 22 is smaller than
EJJ,’nj. The two procedures give coherent results. The spon- 18| i
taneous polarization and Curie temperature of the system are
obtained by calculating the value and stability limit of the
pseudospins.

16 - 4

P, I<P>

Ill. RESULTS AND DISCUSSION 141 .

Figure 1 shows the polarization profile on 1) plane
of a KTL-like crystal atT=0. It is calculated for a dilution 120 o001 o008 o2
x=0.016, pseudospin vectors of lend®| =1/2, interaction ' ' - '
constantsl;; =1.0 andJ;,;=1.5 for host-host and host-dopant Concentration x

pseudospin interactions, respectively, and a tunneling fre- F|G. 3. The ratio of the polarization at dopant sites to the aver-
quency Q;=Q/,=3.05. Similar results are found when age value as a function of concentratioriTat 0.
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FIG. 4. Concentration dependence of the Curie temperature as
calculated with parameters as in Fig(sblid line, left-hand sca)e
and as measured on KT(Ref. 12 and KTN (Ref. 5 (solid and
open circles, respectively; right-hand sgale

FIG. 5. The temperature dependences of the dielectric suscepti-
bility of doped quantum paraelectrics for various impurity concen-
trations (labeled on the curves Calculation parameters are the
same as in Fig. 1.

decreasing or increasing temperatufaot shown. At large  to arise from unavoidable intrinsic random fiefd$hey are
x or low temperature, the polarization profile is more uni-known to smear the phase transitions of doped quantum
form than that at smakt or high temperature. At small or  paraelectrics and give rise to nanodomain structures below
high temperature the ferroelectric distortion is concentrated¢(x).*>'® Because of their disordering nature they are ex-
at the dopant sites while the distortion in the matrix is nearlypected to shifff ;(x) to lower temperatures. Systematic stud-
zero. This result agrees well with the lattice dynamical cal-es of these effects are presently underway.
culation on KTL(Ref. 10 and the experimental observations Irrespective of remaining deviations our model qualita-
in KTN (Ref. 14 and SCT*® In these materials, the dopant tively reveals all basic features of doped quantum paraelec-
ions are considered to be the nuclei of polar clusters. Theyrics, e.g., as shown in Fig. 5, the calculatednd T depen-
increase in size upon cooling and condensatdafT. to  dences of the dielectric susceptibilige=dP/dE come very
form ferroelectric domains on a nanometric scale. close to the observed on¥sIn particular, below the critical
The Curie temperature as determined self-consistentlgoncentrationx, the low-T susceptibility becomes strongly
from Eq. (2) also increases with increasing(see Fig. 4, enhanced when compared with tke0 value, whereas criti-
quickly whenx is small and slowly at largex. This is in  cal divergences are observedTa(x) whenx>x.. Details
accordance with thg dependence of the spontaneous polar-will be published elsewhere.
ization. It can be seen that the theoretical prediction is com-
patible with experimental observations as shown by the com- IV. CONCLUSION
mon plot with data of KTL(Ref. 12 and KTN? In the
literature? it has been pointed out that, is proportional to
(x—x.)? whenx is small. This relation gives a reasonable
fit to the experimental results at smallbut is not valid at

Our calculations have shown that many aspects of the
phase transitions observed in doped quantum paraelectrics
can be described by a transverse Ising model involving a
largex. According to Fig. 4 both experimental and theoreti- regular d'SFr'bUt'on of impurities with ap_proprlate exchange

and tunneling parameters. Further studies have to take into

cal data vary linearly with concentration in the largéimit. 2 . ) .
The remaining differences between the observed and th%ccount explicitly the effects of microscopic randomness, in

calculated dependences f vs x in Fig. 4 might partially particular in the vicinity ofx., and of intrinsic random
be remedied by choosind mMore appro r.iate individual aramf_ields. In addition, the concentration, temperature, and elec-
oore emeringyEq(l) Ing - ditiorf’peﬁ?e s of ran dom'[r’less fric field dependencésf the dielectric susceptibility will be

have finally to be taken into account. We do not expect larg of great importance for understanding the interesting proper-

changes due to compositional fluctuations of the impuritiese?Ies of doped quantum paraelectrics.

Preliminary calculations involving random distributions of
the impurity pseudosping,,, seem to show that both;(x)
and P¢(T—0) are quite stable against these microscopic Thanks are due to the Alexander von Humboldt-Stiftung
fluctuations. More significant effects, however, are expectedor a research grant to Y.G.W.
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