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Coupled spherical pseudospin-phonon model and the pressure-temperature phase diagram
of relaxor ferroelectrics
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A coupled spherical random bond-random field pseudospin-phonon model is presented, which explains the
effects of pressure on the relative stability of the ferroelectric, relaxor-, and paraelectriclike phases and thus the
temperature-pressure phase diagram of relaxor systems. Within this model we derived an expression for the
dynamic susceptibility of relaxors, which describes the pressure and temperature dependence of the peak in the
dynamic dielectric permittivity.

DOI: 10.1103/PhysRevB.64.132103 PACS nuntderPACS: 78.20.Ci, 77.22.Gm, 77.84.Dy

[. INTRODUCTION takes into account both the order-disorder as well as the dis-
placive features of the relaxor behavior, and explains the
The relaxor phase in compositionally disordered perovseffects of pressure on the relative stability of the ferroelec-
kites is characterized by the appearance of nanosized pol#ic, relaxor, and paraelectric phases. In particular, we show
clusters embedded in a nonpo|ar maﬂ'nm contrast to nor- that hydrostatic pressure induces a crossover from the ferro-
mal ferroelectrics, relaxors show a strong frequency disperélectric to the relaxor phaseThis is due to the fact that
sion of the dielectic properties in the radio frequency andPressure increases the _polar—p_honon frgquenues. Within the
microwave regions connected with a broad distribution off@mework of a dynamic version of this moae.lv'e also
relaxation time: The parent perovskite compounds of re- present an expression for the dynamic susceptibility of relaxt
laxor materials are typical monodispersive soft-mode ferroOrs: V_Vh'Ch _explam; Fh_e pressure dependence of the peak in
electrics or antiferroelectrics. The disorder induced polar re'—[he dielectric permittivity.
gions are formed far above the temperature region where the
characteristic relaxor dispersion behavior is obsefveda Il. COUPLED SRBRF-PHONON MODEL
normal relaxor state the dipole moments of the polar clusters  gjnce the polar clusters—which are the basic reorientable
are randomly oriented and the crystal remains macroscopjipgles in the structure—vary not only in their orientation
cally cubic down to the lowest temperatures. However, depyt also in their size, the system cannot be described by an
pending on the composition, a ferroelectric phase may coexgrdering field of fixed length as in, say, Ising-type systems.
ist with the relaxor state below a critical temperatdie.  The dimensionless continuous pseudospin order-parameter
Alternatively, the relaxor phase can be rather easily changegie|d — \/Nssms + N, (w=x,y,2), which is related to the

into a ferroelectric phase by the application of an electricdipole moment of theith polar cluster, is subject to the
field exceeding a critical valu&.. Hydrostatic pressure, spherical condition

on the other hand, induces a crossover from ferroelectric

to relaxor behavior as recently shown in Ca-doped N -

KTa,_Nb,O;,* as well as in Ph yLa (Zr,Ti, )1 xaOs 2, §'=3N, (1)
(PLZT).® At high enough pressures it even produces a van- -

ishing of the relaxor phask. whereN is the total number of reorientable clusters.

In spite of many investigations, it is not yet definitely  The SRBRF Hamiltonian on a rigid lattice in the presence
known wh.ether the relaxor state in zero elect'rlc field is a5t an external fielcE is given b8
ferroelectric phase broken up into nanodomains under the
constraint of quenched random fields, or whether it is a kind 1
of a dipolar glass state with randomly interacting polar mi- He=—= >, Ji(jb)éi . §j_2 h-S—gE-> S, (2
croregions. Furthermore, none of the proposed models has so 2 7 i i

far been used to describe the pressure-temperature phase dv'véﬁereg is an effective dipole moment corrected by the ap-
gram of relaxors.

It has recently been demonstrated that many static pro pQroprlate local-field factor. We assume that the bare interac-

(b) infini i
erties of relaxors such as the linear and nonlinear dielectrif®"s Jii” are randomly frustrated and infinitely ranged in

permittivity and the NMR spectra can be described by theview of the long-range nature of the intercluster interactions

spherical random bond—random fiel@RBRF model6-8 a(r:f)j are descriped by abGr;lussian distribution_with mean value
This model is based on randomly competing ferroelectric’o /N and variance ‘I(,)) /N. The random fielddy;,, are
(FE) and antiferroelectri¢éAFE) interactions between the re- Similarly normally distributed with zero mean and nonzero
orientable polar clusters of different sizes in the presence of€cond cumulant,
random fields. .

Here we present a coupled SRBRF-phonon model which [hihj]an=6ij0,,A. 3)
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The total Hamiltonian of the coupled SRBRF-phonon sys-the zone centemgp linearly increase with pressut&this

tem is now formally written as term will result to leading order in a linear decreasdg(fP)
with increasing pressure. The next term, which has a nega-
H=Hs+HL+HsL, @ tive sign, involves the average over the entire phonon-
whereH, represents the lattice Hamiltonian dispersion branch and is thus less important. This is so since

the phonon frequencyy, at k—0 is lower than the average

1 2 o over thepth branch, as is indeed observed in the case in
=3 kEp [0kpQipQ-kp T PikoP —ip]. ) Pb(Mg/sNby/5)05 (PMN).2 Thus we obtain
andHg, the pseudospin—polar-phonon coupling Jo(P)=J9(0)— a1 P+ . ... (10

.. In contrast tal,, the phonon contribution td? is determined
Hsi= 2 Q_ip¥ip: Sk- (6) by the fluctuation of the averages over the optic-phonon
kp branches. For a flat spectrum this contribution would be pre-
Here we introduced the normal coordinates and moment@isely zero. In general, the optic branches have some disper-
Qgp and Pg,, respectively, of polar optic phonons with sion, _but we may expect that the pressure dependence of
branch indexp, wave vectork, and frequencyog, . Further, J(P) is weaker than that aJo(P). .
yip Tepresents the pseudospin—polar-phonon coupling con- FOr Jo<J“+A long-range order cannot exist and the

stant andé;g: Nil/zziéi eprIZ- ﬁi) is the Fourier transform system is in a spherical glagSG) phase at all temperatures,

H 8
of the order-parameter field. The pseudospin—acoustic\f\”th a nonzero value of the SG order paramey¢T).” If

phonon coupling does not contribute to the intercluster inter-A:0 as in magnetic spin glasses, a transition from a high-

actions in view of the presumed cubic symmetry of the non{emperature paraelectric to a SG phase occurs;atl/k.

polar matrix For A #0 andA<J? the sharp transition disappears, but the
As shown by Elliottet al’° one can derive an effective nonlinear susceptibility shows a maximumTt= yJ=+A.

intercluster coupling by introducing displaced phonon coor- FOr Jo>vJ°+A, however, long-range order is possible

dinates, which are determined by the equilibrium condition@d @ phase transition to an inhomogeneous ferroelectric

M/ 9Q_g,=0. After this transformation the terms linear in (IFE) phase occurs below the critical temperature

the phonon coordinates i disappear and{’ in Eq. (2) is

replaced by an effective couplingi() ,,,. The random aver- TC:JO( 1

aging makes the matrix of the effective coupling constants

J;; diagonal and isotropic, i.e.,

Ik. (11)

N ENE

SinceJ, depends on pressuReaccording to Eq(10), T, is
Jo 2 also a function ofP. Thus the re_Iative stab!lity of the ferro-
([ Jaw) o= Ouvs ([Jﬁ]gv)wzﬁaﬂy . (0 electric, relaxor, and paraelectric phases is strongly affected
by the application of hydrostatic pressure. Experiments
The parameters, and J now represent the new effective Show'*that at low values of pressuf; is a linear function
parameters of the SRBRF model on a deformable lattice redf P, i.e., T¢(P)=Tc(0)— aP. This suggests that thk term
placing J§” andJ®, respectively. They are explicitly given N Ed. (11) is negligible at lowP—in relaxors usuallya
by <J°>"*—and thus according to Eq10) we find a;=ka
andJq(0)=kT,(0).
|;’12 2 In the IFE phase, ferroelectric long-range order and spon-
> = (8) taneous polarizationPM=N‘12i(SM> coexist with the
kp p spherical glass(SG) order represented by the Edwards-
Anderson-type order parametg(T) = Nflzi(SﬁM)Z. If the
system is an inhomogeneous ferroelectric Re=0, and
2 T.(P) is given by Eq.(11) in which Jy=Jo(P), then a criti-
cal pressurd. may exist beyond which ferroelectric order is
not possible at any temperature, and a ferroelectric-to-relaxor
(9) crossover occurs. The critical pressure is given by the con-
dition Jo(P.) = vJIZ+ A. AssumingA <J?, we can thus esti-
Il. EEFECTS OF PRESSURE mate the value of from the experimental values @i, (0),
a, andP using the relatiod=Jy(0)—kaP.. The thus cal-
_Itis well known that in perovskites the phonon frequen-culated pressure dependenceTgfin the entire range € P
cies depend on the temperature and the hydrostatic presswep; is shown as a solid line separating the ferroelectric
P.***"To estimate the variation df andJ with pressure we  from the ergodic relaxor phase on tfie- P phase diagram
consider Eqs(8) and (9) in which wip=wi,(P). The main  presented in Fig. 1. The solid triangles represent the experi-
contribution toJy(P) is given by thek=0 term in Eq.(8) mental points obtained by Samara in PLZT 6/65735,
involving the sum over all polar optic branchpsSince in  whereas the asterisk denotes the critical pres&uré The
perovskites the squares of the phonon frequencies at the horizontal line corresponding to the relatialy(P=P.)

and
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FIG. 1. Temperature-pressure phase diagram of the relaxor
ferroelectric PLZT 6/65/35. The solid and dashed lines are evalu-
ated from the static and dynamic coupled SRBRF-phonon models, 0
respectively, whereas the solid triangles and solid circles are experi-
mental points obtained by SamaRef. 5. The vertical dotted line
corresponds to the freezing temperatlitg where the static non- FIG. 2. Calculated temperature dependence of the(tegl and
linear permittivity has a peak. imaginary (bottom) part of the dielectric susceptibility(w) as

given by Eq.(16). The inset shows the temperature dependence of
=\J?+ A separates the ferroelectric phase from the nonerthe parameter(T) obtained from Eq(14). The model parameters
godic relaxor phase where the longest relaxation time diareJ,/J=0.9 andA/J?=0.001.
verges. The vertical dotted line correspondingTte T; is
determined by the peak in the static nonlinear dielectricHerer is a characteristic relaxation time for the reorientation
permittivity.? of polar clusters and{g is the SRBRF Hamiltoniari2) in
which Ji(jb) has been replaced by the effective interactign
V. DYNAMICS The functionz(t) plays the role of a Lagrange multiplier,
which enforces the spherical conditi¢b at all times.

B e e ot " The stchastc Langevn forca, () are pecie by
Y brop X q " their ensemble average

temperature dependence of the real part of the dielectric sus-
ceptibility y'(w) shows a broad pressure dependent maxi- , _ ,

mum atT=T,,. For T>T,, the system is characterized by a (& (D& (1) ay=2788,,6(t—t"), (13
weak dispersion corresponding to a paraelectriclike relaxoyhich ensures the proper equilibrium distribution.

phase. Folf <T<Ty, the system shows a strong frequency  gquations(12) can be solved exactly by introducing a
dispersion corresponding to an ergodic refaxor phase-TFor representation of eigenstates and eigenvectors of the random
<T¢ andJo<J, however, the system is in a nonergodic re- matrix ;.16 The details of this calculation will be presented
laxor phase, where the longest relaxation time diverges. Witky, 4 separate publicatich.n the asymptotic limitt>t,
increasingw, the maximum value of’(w) decreases, while ~2JT7/A1° the system reaches a steady state and the

Tm moves toward higher temperatures. Actually, in PLZT 6/gynctionz(t) tends towards its static valugwhich is deter-
65/35 it has been found that under hydrostatic presBut®  ined by the equation

maximum temperaturd ,(P) moves towards lower values
with increasingP® in a manner similar t@;(P). B2A 7

To discuss the pressure and frequency dependentg, of zZ—r+ - = B?(J2+A), (14
and to determine the boundary between the paraelectriclike r
and ergodic relaxor phases we adopt the concept of reorien\;\;hererE
Ir?]% dgfl‘é&|g|vl¢isrﬁgﬁevmzlgrytgfesgggﬁgfsﬁzggpnﬁ%?s in the inset of Fig. 2. The result for the complex dielectric
we assume that the time dependence of the pseudospin ﬁez(?lsceptlblllty Is given by the following expressigfor sim-

- icity we setg=1):
S is governed by the Langevin equation Y 9=1)

d(BHs)
&Si'u

V72— 8232, The calculated value @f(T) is shown

= Z—iwt2—\(z—iwtl2)’— B2I?— BJ,
—22()S, (D + &), (12 A TR TP W

(15

d
TS =
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This result is valid in the phase without long-range ordermum of the real part of(w) as a function of temperature
The w—0 limit of Eq. (15 reproduces exactly the static has been found numerically from E@.6). Assuming a linear

susceptibility obtained earlier by the replica metfiod. decrease of) with pressurg@U(P)/J=6.5—0.13P/kbar, we
obtain the pressure dependegg P) at w7o=10"°, which
V. COMPARISON WITH EXPERIMENTS is shown as the dashed line in Fig. 1. The agreement with

experimert is rather good.
It should be noted that similar ideas were used earlier in
discussing the impurity induced ferroelectricity in Li-doped

Empirically, it has been found that the relaxation time in
relaxors obeys the Vogel-FulchetVF) law 7= rpexp

[U/K(T—T,)],>*® where the VF temperaturg, has been db _ 4 GlineRlihe |
identified with the freezing temperatuilg . In addition, re- KTaO;. As suggested by Vugmeister and Glinchikhe in-

laxors are characterized by a heterogeneous dynihdies  teraction of Li impurities with soft optical phonons of the
a broad distribution of relaxation timé&°To describe this Nighly polarizable KTa@ lattice leads to a modification of
we introduce a distribution of VF temperatune¢T,) in the  the interaction between the off-center Li dipoles. The modi-
interval 0<T,<T;. Thus the observable dynamic suscepti-fied interaction is characterized by the correlation length
bility becomes and a dimensionless parameter:, wheren is the Li con-
centration. The value air? controls the crossover from the
—)_ fodT W(To) ) (16) glass like(relaxon state to a true ferroelectric state. Based on
(@)= o 0 o) x(@). this picture, Samafa proposed to use external pressure in
order to change the value of, thus inducing the above
AssumingT{'®*=T;=J and choosing a linear distribution crossover.
wW(Tg)=2(1—Ty/J)/J, we have evaluated numerically the  In conclusion, we have presented a coupled SRBRF-
integral in Eq.(16). In Fig. 2 the calculated real and imagi- phonon model of relaxors, which explains the effects of hy-
nary parts ofy(w) are plotted as functions of temperature in drostatic pressure on the relative stability of the ferroelectric,
the relaxor phase without long-range order for several valuegelaxor, and paraelectric phases by a hardening of the phonon
of frequency. The values of the parameters, which correfrequencies. This leads to a decrease of the mean intercluster
spond to the system PLZT 6/65/35 ar#k=318 K, J,  couplingJ, (favoring the ferroelectric statevhile leaving its
=0.9J, andA/J?>=0.001. rms variance] (favoring the relaxor stajepractically un-
Since in PLZT 6/65/35 one hak,>T., we can apply changed. Within the framework of this model we have de-
Egs. (15 and(16) to determine the pressure dependence ofived an expression for the dynamic susceptibilty of relaxors,
T, using the experimental values a%.(P), P., and the which describes the observed temperature and frequency de-
value ofJ derived from these as explained above. The maxipendence of the linear dielectric properties.
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