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Static dielectric behavior of dipolar glasses
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The understanding of the behavior of dipolar glasses has drawn heavily from the theory of conventional spin
glasses. Nevertheless, some important aspects of the physics of dipolar glasses are absent in the spin systems.
Because dipoles couple to electric rather than magnetic fields, quenched random fields, arising from lattice
distortions, are almost always present in dipolar glasses. Also, in mixed families of compounds, like
(BP)12x(BPI)x studied here, the end members of the series display clear quasi-one-dimensional character. We
present here a systematic study of the static dielectric behavior in the paraelectric phase of this family of
compounds and compare it to the predictions of several theoretical models. We were able to distinguish
between quasi-one-dimensional and isotropic compounds, and to determine the values of parameters charac-
terizing the interactions and the random electric fields; these, in turn, allow a determination of the Almeida-
Thouless temperatures for the compounds with a glass phase. This work, together with structural and x-ray
studies, leads to a detailed proposal for the phase diagram of this family of compounds.
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I. INTRODUCTION

The study of low-temperature disordered phases in or
tational glasses, and, particularly in dipolar glasses
drawn heavily from the theoretical development that h
taken place in the past two decades in the field of s
glasses.1 Both dipolar and spin glasses are characterized
competing interactions and disordered low-temperat
phases. Nevertheless an important additional feature ha
be considered when dealing with dipolar glasses. Subs
tional disorder leads to lattice distortions that inevitably g
rise to local quenched random electric fields, in addition
the usual random bond interactions. Lattice distortions c
not give rise to random magnetic fields unless time-reve
symmetry is broken. The existence of these random fie
introduces some modifications of the properties of dipo
glasses relative to conventional magnetic spin glasses.2

Low temperature dipolar glass states have been repo
to occur in solid solutions of betaine phosphate~BP! and
betaine phosphite~BPI!, (BP)12x(BPI)x .3–8 The basic struc-
ture of the BP and BPI compounds consists of quasilin
chains oriented parallel to the polar axisb; along the chains
the PO4 ~BP! and PO3 ~BPI! groups are linked by hydroge
bonds.9,10 The interaction between hydrogen bonds in ad
cent chains is antiferroelectric for BP, and ferroelectric
BPI, while, within each chain, neighboring dipoles intera
ferroelectrically both for BP and BPI.11,12 The quasi-one-
dimensional character of BP and BPI, already establishe
other works,11,12 raises the possibility of considering th
mixed (BP)12x(BPI)x compounds, which present exper
mental evidence of low temperature glass phases, as q
one-dimensional dipolar glasses. A model for this situat
PRB 610163-1829/2000/61~12!/8053~9!/$15.00
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has been proposed by Ores˘ic̆ and Pirc.13 However, a recent
study of three compounds of this family failed to find si
nificant differences between the predictions of quasi-o
dimensional models and isotropic models.8 This may be due
to the fact that these authors obtain the dielectric suscept
ity from the Edwards-Anderson order parameter, using a
sult that is not valid for low-dimensional models.

In this paper, we report a systematic study of quasist
dielectric behavior of the family of compound
(BP)12x(BPI)x , in which we characterize the various low
temperature phases, determine the relevant interaction
rameters and assess the dimensionality character of
compound. We compared our experimental data, in
paralelectric phase, with the predictions of three univer
models: the quasi-one-dimensional Ising model witho
disorder14,15 (I1D) the isotropic Sherrington-Kirkpatrick
model ~SK!,16 with random fields, and the quasi-one
dimensional dipolar glass model of Ores˘ic̆ and Pirc~OP!.13

The Almeida-Thouless temperature,17 which determines the
limit of stability of the replica symmetric phase, and is us
ally taken to signal the onset of nonergodicity, was also
timated for the compounds with a glass phase. It should
stressed that, in the presence of random fields, the Edwa
Anderson order parameter,q(T), is nonzero even in the
high-temperature phase, and cannot be used to signa
onset of the glass phase.2

Using these results, in conjunction with other results
ported in literature, we propose a detailed phase diagram
this family of compounds.

II. EXPERIMENTAL PROCEDURE

All the samples used in this work were cut as thin slic
from high quality single crystals, grown form aqueous so
8053 ©2000 The American Physical Society
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TABLE I. Summary of the measurement conditions of the complex dielectric constant for the fam
compounds studied in this work.

xsol Rate~K/min! Ea.c ~V/cm! freq. ~KHz!

0 1 10 10
0.15 1 10 1
0.40 1 10 10
0.50–0.97 0.3 1 1
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tion by controlled solvent evaporation. Gold electrodes w
evaporated on the faces perpendicular to the polarb direc-
tion. We denote byxsol andxcr the BPI content in the solu
tion and the crystal, respectively. The latter,xcr was deter-
mined from an x-ray analysis and also through
measurement of the single crystal density, as publis
elsewhere.18 To allow comparison to other results in the li
erature we will normally use the nominal concentrationxsol
to identify the compounds. However, the phase diagram
be presented in terms of the crystal concentrationxcr . The
first colunm of Table II includes both these values,xcr and
xsol .

Measurements of the complex dielectric constant a
function of temperature, at zero bias, were carried out w
an Ando AG-4311 LCR meter, in slow heating, from 10
300 K. The measuring conditions are summarized in Tab
A closed cycle helium cryostat was used in the measu
ments.

III. THEORETICAL MODELS

We compared the inverse dielectric permittivity da
1/e8(T), with the predictions of three models: the quasi-on
dimensional Ising model (I1D),14,15 the Sherrington-
Kirkpatrick model with random fields,~SK! ~Ref. 16! and the
Ores̆ic̆ and Pirc model~OP!.13

These models are all based on the following Ising Ham
tonian.

H52
1

2 (
i , j

Ki j s is j2
1

2 (
i , j

Ji j s is j2(
i

his i2F(
i

s i .

~1!

The variabless i561 denote the pseudo-spins. The fir
term represents the ordered part of the dipolar interact
assumed of short range, and translationally invariant,
Ki j 5K(Ri2Rj ). The couplingsJi j are quenched random
bonds, uncorrelated, drawn from a Gaussian distribut
identical for all pairs (i j )

P~Ji j !5
1

A2p J̄
e2(Ji j 2 J̄0)2/2J̄2

. ~2!

In order to have a thermodynamic limit the parametersJ̄ and
J̄0 have to scale as

J̄05
J0

N
; J̄25

J2

N
. ~3!

The third term in Eq.~1! represents a random field also wi
a Gaussian distribution
e

d

ll

a
h

I.
e-

,
-

-

t
n,
.,

n,

P~hi !5
1

A2pDh
e2hi

2/2Dh2
. ~4!

The fourth term is the coupling to the external fieldF. Here,
and in the following, we measure the external field in ene
units ~multiplied by m, the dipole moment!.

The I1D ~Refs. 14 and 15! model reflects the quasi-one
dimensional nature of the BP and BPI compounds by ass
ing that the dipoles are arranged along weakly coup
chains. The interaction between nearest neighbors alon
chainK, is ferroelectric and in principle larger than the co
pling between dipoles in different chains, which may
ferro or antiferroelectric. Disorder is not considered in th
model, the random bondsJi j and random fieldshi are taken
to be zero. The interchain coupling is treated in mean fi
theory and can be characterized, in the paralectric phase
a single parameterK' .

The SK model takes the interactions to be purely rand
(Ki j 50). The model is isotropic. The random bonds a
fields are described by Eqs.~2! and ~4!. The Hamiltonian is
characterized by the parameters,J0 , J, andDh.

The OP model assumes a quasi one-dimensional struc
as in the I1D model. There is a nearest neighbor coupli
between spins in the same chain,K, ferroelectric, but in ad-
dition, there is a random interaction given by Eq.~2! with
zero meanJ050. The Hamiltonian is therefore characterize
by K, J, andDh.

In the following we review the main results of these mo
els. We emphasize the prediction for the Edwards-Ander
order parameterq(T) and the dielectric susceptibility.

Quasi-one-dimensional Ising model

The quasi-one-dimensional Ising model has been stud
by several authors14,15 and considers one dimensional chai
of dipoles with intra-chain ferroelectric couplings, strong
than inter-chain ones. The coupling between chains is tre
in mean-field theory. To consider the possibility of antife
roelectric ordering, transverse to the chains, one divi
these into two sublattices. Denoting the two sublattice po
izations byma5^sa& andmb5^sb& the corresponding equa
tions are15

ma5
exp~bK !sinh~bFa

e f!

@exp~22bK !1exp~2bK !sinh2~bFa
e f!#1/2

~5!

mb5
exp~bK !sinh~bFb

e f!

@exp~22bK !1exp~2bK !sinh2~bFb
e f!#1/2

a, ~6!

where the effective fields in each sublattice are given by
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Fa
e f5F12K'

(1)ma1K'
(2)mb ~7!

Fb
e f5F12K'

(1)mb1K'
(2)ma , ~8!

whereF is the external field andK'
(1) andK'

(2) characterize
the couplings between chains of the same sublattice and
ferent sublattices, respectively. In the paraelectric phase
polarizations go to zero as the external field vanishes
these equations may be expanded to linear order in the
ternal field. One obtains for the susceptibility

x~T![nm2
d~ma1mb!/2

dF
5

C/T

exp~22bK !2bK'

, ~9!

whereK'52K'
(1)1K'

(2) and C5nm2/kB is the Curie con-
stant. The low temperature phase may be ferroelec
(K'

(2).0) or antiferroelectric (K'
(2),0). In either case, Eq

~9! holds for the susceptibility, down to the transition tem
perature given by the solutions of

bc~2K'
(1)1K'

(2)!5exp~22bcK ! ~10!

in the ferrolectric case and

bN~2K'
(1)2K'

(2)!5exp~22bNK ! ~11!

in the antiferroelectric one. Note that in the ferrolectric ca
Tc can be estimated from a fit tox(T) in the paralectric
phase, whereas in the antiferroelectric case we obtain on
lower bound forTN by assummingK'

(1)50 (K'
(2)5K').

Sherrington-Kirkpatrick model

The extension of the Sherrington-Kirkpatrick model to i
clude random fields can be found in Ref. 2. Applying t
replica trick and the steepest descent method one arrive
the following equations for the polarizationm(T)[^^s i&&J
per site and for the Edwards-Anderson order param
q(T)[^^s i&

2&J :

m~T!5
1

A2p
E

2`

1`

dse2s2/2 tanh@bh~s!# ~12!

q~T!5
1

A2p
E

2`

1`

dse2s2/2 tanh2@bh~s!#, ~13!

whereh(s) is an effective mean field given by

h~s!5J0m1AJ2q1Dh2s1F. ~14!

The thermal average~Boltzmann weight! is denoted by
^ . . . &. The quenched average over the distribution of r
dom fields and bonds is denoted by^ . . . &J . These equations
have to be solved self-consistently form and q. They sim-
plify considerably for non-polar phases,m50. By deriving
the Eq.~12! with respect to the external field one obtains f
the zero field susceptibility in a nonpolar phase16

x~T!5
nm2

kB

12q~T!

T2~J0 /kB!@12q~T!#

5C
12q~T!

T2~J0 /kB!@12q~T!#
. ~15!
if-
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The expression of Eq.~15! was fitted to the experimenta
data by varying the parametersC, the Curie constant,J0 , J,
and Dh. An iterative, nonlinear least-squares fitting proc
dure was used. In each iteration Eqs.~12!, ~13!, and~14! are
solved to determine the value ofq(T). The onset of a ferro-
electric phase is signaled by a divergence ofx(T). The Curie
temperature is therefore determined by@see Eq.~15!#

q~Tc!512
kBTc

J0
. ~16!

Sinceq(T) is independent ofJ0 for a nonpolar phase, we
could easily check, givenq(T), that in none of the com-
pounds to which we were able to fit this model, wasJ0 large
enough to give rise to a ferroelectric instability.

It is quite clear from Eqs.~13! and ~14!, that in the pres-
ence of random fields the high temperature phase will hav
nonzero value ofq(T). As a result the onset of a glass pha
is not determined by the appearance of a nonzero valu
q(T). However, it is well known1,17 that the replica symmet
ric solution we have presented becomes unstable below
Almeida-Thouless temperature. This instability also occ
in the presence of random fields and is usually associa
with the onset of nonergodicity. The Almeida-Thouless te
peratureTAT is given by2

S kBTAT

J D 2

5E
2`

` ds

A2p
e2s2/2@12tanh2~bh~s!#2 ~17!

and can be determined onceJ andDh are obtained from the
fits to the dielectric susceptibility.

Ores̆ic̆ and Pirc model

The Ores˘ic̆ and Pirc~OP! model is an anisotropic versio
of the SK model. The dipoles are assumed to be arrange
one dimensional chains, with a ferroelectric couplingK be-
tween nearest neighbors in each chain. An SK type lo
range random bond interaction, with zero mean,J050, ex-
ists between all pairs of spins~within a chain and between
chains!. Using the replica trick and averaging over the ra
dom bond and random field distributions, one obtains a f
energy per dipole given by

F52
J2

4kBT
~12q2!1^F1D&si

, ~18!

where F1D52(bN)21 log Tr exp(2bH1D) is the free en-
ergy corresponding to a one dimensional Ising model in
random field,

H1D52(
i

Ks is i 112(
i

h~si !s i , ~19!

with h(s) still given by Eq.~14!, with J050. The symbol
^ . . . &si

denotes an average overN independent random vari
ables with a Gaussian distribution of zero mean and unit r
mean square deviation,

P~si !5
1

A2p
e2si

2/2. ~20!
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Whereas in the SK model one ends up with an effect
single spin problem in a random effective field the OP mo
gets reduced to an interacting one-dimensional Ising mo
in a random effective field. There is no known closed fo
solution for this model. Ores˘ic̆ and Pirc used a numerica
recursion method introduced by Fan and McCoy19 and
Andelman.20

The method requires consideration of a finite chain oN
dipoles. A realization of the random variablessi , i
51, . . . ,N is made. Denoting byxi[exp@22bh(si)#, v
[exp(22bK) the local polarization can be shown to b
given by13

^s i&1D5
xi2ziyi

xi1ziyi
, ~21!

where the quantitieszi andyi are determined by the follow
ing recursion relations and boundary conditions

zi5vxi

11zi 21 /v
11zi 21v

; z15x1 ~22!

yi5vxi

11yi 11 /v
11yi 11v

; yN5xN . ~23!

The values ofm andq are given by the equations

m~T!5
1

N (
i

^s i&1D ~24!

q~T!5
1

N (
i

^s i&1D
2 . ~25!

Naturally, for finite N these quantities will show statistica
fluctuations. To obtain the susceptibility Ores˘ic̆ and Pirc cal-
culate m(T,F) for a small external fieldF and usex
5nm2m(T,F)/F. As m(T,F) goes to zero asF→0, statis-
tical fluctuations become severe and the method requ
very large samples. We followed a slightly different metho
By expanding the recursion relations forzi and yi and Eq.
~21! to linear order in the external field, and definin
^s i&1D5^s i&1D

0 1x iF, we obtained the following expressio
for x i ~see Appendix!,

x i52^s i&1D
0 S g i yi1r izi12bxi

xi2ziyi
1

g i yi1r izi22bxi

xi1ziyi
D ,

~26!

whereg i and r i are determined by the following recursio
relations

g i522bzi1zig i 21S 1/v
11zi 21 /v

2
v

11vzi 21
D ~27!

g1522bz1 ~28!

r i522byi1yir i 11S 1/v
11yi 11 /v

2
v

11vyi 11
D ~29!

r1522byN . ~30!

The susceptibility is given by
e
l
el

es
.

x~T!5CkB

1

N (
i

x i . ~31!

To calculate the susceptibility one starts by generatingN
random numbers drawn from the distribution of Eq.~20!.
Using an initial guess of the fitting parameters,C, K, J, and
Dh, the Eqs.~21! to ~25! have to be solved self-consistent
for q(T) andm(T) which enter the right hand side of thes
equations through the parameterh(s) @Eq. ~14!#. The sus-
ceptibility can then be calculated using Eqs.~27! to ~30! and
Eq. ~31!. Its value is compared to the experimental susce
bility and a nonlinear least squares fitting routine determi
new values ofC, K, J, andDh. The process is iterated unt
it converges to a best fit~in least squares sense!. The initialN
random numbers are not changed in this process.

To assess the importance of statistical fluctuations,
repeated ten times the calculation ofx(T) at a particular
~low! temperature, for various lattice sizes. We found th
Dx21/x21'1.5/AN ~see Fig. 1!. For our final fits we used
lattices withN510000, statistical fluctuations being belo
2%.

We would like to point out that Eq.~15! is not valid for
the OP model. This relation was used in Ref. 8, along w
the equations of the OP model for the order parameterq(T).
It can be shown that, in this model, the following equati
holds,13

x~T!5
C

T S 12q~T!1
2

N (
( i j )

^s is j&1DD ~32!

and so, using Eq.~15!, introduces a new parameter that is n
in the model, and neglects one-dimensional correlations
clear contradiction with the aims of the OP model.

Replica symmetry breaking also occurs in this model. W
estimated the Almeida-Thouless temperatures, for each c
pound fitted by this model, using the data published in
Ores̆ic̆ and Pirc paper.13

IV. RESULTS AND DISCUSSION

The dielectric constante8(T) can be written as

e8~T!5e`1x~T! ~33!

were the first term includes the nondipolar contributions.
our analysis, we assumed thatx(T)@e` , i.e., 1/x(T)
'1/e8(T). As a check we analyzed some of the compoun
using only data withe(T).100 without significant change

FIG. 1. Statistical fluctuations of the calculated inverse su
petibility, Dx/x21, in the OP model, as function of 1/AN whereN
is the number of dipoles used in the recursion method.
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TABLE II. Values of interaction parameters obtained from the best fits to the models I1D, SK, and OP, for the compounds of the fami
(BP)12x(BPI)x for the chosen concentrations.xsol is the concentration in the crystal growing solution andxcrthe crystal concentration a
determined by x-ray diffraction~Ref. 18!. All interaction parameters are given in Kelvin. The temperaturesTAT for the OP fits were
estimated from the results of Ref. 13.

xcr /xsol Best fit~s! Tc TAT K J0 K' J Dh C

0/0 I1D 85 91 210 11755
0.08/0.15 OP 82 78 64 14 11736
0.25/0.40 SK 48 71 86 42 14480
0.33/0.50 SK 52 55 83 30 9030
0.54/0.70 SK~OP! 26~22! 2(46) 41(2) 66~51! 65~72! 16494~13492!
0.67/0.80 SK~OP! 29~24! 2(52) 57(2) 72~50! 69~71! 17178~14602!
0.74/0.85 SK~OP! 43~57! 2(63) 94(2) 89~64! 62~36! 18958~17182!
0.82/0.90 SK 47 116 94 60 7347
0.89/0.94 I1D 106 208 2 8382
0.94/0.97 I1D 177 279 8 6290
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in the results. We studied data for 10 compounds of
family (BP)12x(BPI)x , spanning the entire range of conce
trations. As a starting criterium for the limit of the paraele
tric phase we used the minimum of 1/e8(T), and fitted the
data above that temperature up to room temperature to
predictions of the three models mentioned above.

One salient feature of the data for all the compounds
the pronounced curvature of the plots of 1/e8(T) againstT.
Curie-Weiss behavior is not observed up to room tempe
ture. There are two possible sources for this curvature.
susceptibility of a one dimensional chain@Eq. ~9!, with K'

50# is the high-temperature limit of both the I1D and the OP
models and shows pronounced curvature even forkBT.K.
Curie-Weiss fits in narrow temperature ranges can gro
overestimate the Curie constant,C. On the other hand, i
follows from Eq. ~15!, that the SK model predicts stric
Curie-Weiss behavior, in the absence of random fields, in
paraelectric phase (q50). However, in the presence of ran
dom fields q(T) is nonzero at all temperatures and t
growth of q(T), as the temperature lowers, gives rise to
upward curvature of 1/x vs T.

Our analysis allows a detailed assessment of the rela
importance of these two effects~quasi-one-dimensionality
and random fields! in the various compounds. We will now
discuss them in turn. The parameters obtained from the
as well as the corresponding transition or Almeida-Thoul
temperatures are shown in Table II.

Concentrations xsolÄ0, 0.94, and 0.97

These compounds are rather well fitted by theI 1D model,
as shown in Fig.~2! for the xsol50.97 compound. For the
xsol50.94 and 0.97 compounds the data deviates slig
from the fit close toTc but a satisfactory fit to either of th
disorder models could not be made. The parameters obta
confirmed the antiferroelectric nature of BP and the fer
electric nature of the compounds withxsol50.94 and 0.97.
Note that, as expected, the interchain couplings turn out to
much smaller than the intrachain ones~see Table II!.

Compound with xsolÄ0.15

In Fig. 3 we compare the experimental data on this co
pound to the the predictions of the models we are consi
e
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ing. It is quite clear that the SK model does not fit the da
and thatI 1D predictions deviate substantially from the data
a 30 K vicinity of the maximum ofe8(T); also, this model
predicts an antiferrolectric transition above 106 K. In fa
we find a similar situation in the remaining compounds: fi
to theI 1D model give predictions for antiferroelectric trans
tion temperatures well above the maxima of the dielec
constant, where in fact no sign of a transition is prese
Therefore, we shall not discuss this model any further. T
OP model fits the data for (BP)0.85(BPI)0.15 quite well in the
entire temperature region considered. The parameters d
mined by the fit, shown in Table II, predict an Almeida
Thouless temperature of 82 K almost coincident with t
lower temperature considered in the fit. Another aspec
consider is whether the parameters we found for the intr
hain interactionK and the interchain oneJ are consistent
with the assumption of weakly coupled chains. The corr
way to compare these two interactions, is, however, disp
able, sinceK is a nearest neighbor interaction andJ an infi-
nite range one. One way to proceed is to compare the in
actions of one dipole with all its neighbors, i.e., 2K and J,
and we find (2K)'2.5J, i.e., a moderately larger intrachai
coupling. This compound shows the first convincing e
dence of a quasi-one-dimensional glass phase predicte
the OP model.

FIG. 2. The inverse real dielectric constant 1/e8(T) of the
(BP)0.03(BPI)0.97 compound fitted to theI 1D prediction. The thicker
line is the data, the thinner one the fit.
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Concentrations xsolÄ0.40 and 0.50

Somewhat surprisingly, we found that these compou
are unambiguously better fitted by the SK model~see Fig. 4
for the x50.40 compound!. The OP fits are clearly off the
mark at low temperatures and give values of (2K)'J, i.e.,
same order of magnitude for intra and interchain coupli
undermining the assumption of weakly coupled chai
There is no evidence of quasi-one-dimensionality in th

FIG. 3. The inverse real dielectric constant 1/e8(T) of the
(BP)0.85(BPI)0.15 compound fitted toI 1D , OP and SK predictions
The thicker lines are the data, the thinner ones the fits.

FIG. 4. The inverse real dielectric constant 1/e8(T) of the
(BP)0.60(BPI)0.40 compound fitted to the SK model. The fit to th
OP model is clearly less satisfactory. Similar results are found
the (BP)0.50(BPI)0.50 compound.
s

,
.
e

compounds. The random field parameterDh is at least
double from thexsol50.15 compound, reflecting the in
creased disorder, which is probably related to the loss of
quasi-one-dimensional character. It is also curious that
random bond interactions display a marked ferroelec
character (J0'J) despite the fact that these compounds ha
only a small BPI content (xcr50.25 and 0.33!.

Concentrations xsolÄ0.70 and 0.80

In this range of concentration, data can be fitted alm
equally well by the SK and OP models~see Fig. 5 for the
xsol50.80). In our opinion, this is due to the fact that th
random fields are a dominant effect in these compounds
the inset of Fig. 5 we illustrate this by showing the values
the order parameter,q(T), given by both models and also b
assuming that all the interactions, with the exception of
random field term are zero~we used the value ofDh570,
the values obtained from the fits beingDh/kB569 K, SK,
and 71 K, OP!. For these values of fields, and in this tem
perature range, the interactions give relatively small corr
tions to the random fields and the predictions of the t
models become very similar.

Concentrations xsolÄ0.85 and 0.90

In the first of these compounds the SK and OP fits are
similar quality. However, unlike in the previous group th
estimates of the random field parameter are quite differ
the OP model giving much smaller values~see Table II!. In
the xsol50.90 compound a similar thing happens but in th
case the fit to the OP model is very poor~Fig. 6!.

A consistent picture seems to emerge from these res
Even though the end members of the series show quasi-
dimensional character, in the compounds with a glass ph
the OP model is clearly adequate only for thexsol50.15
compound which has relatively small random fields (Dh/kB
514 K). As soon as the random fields become compara
to other interaction parameters~see Fig. 7! the SK, isotropic
model, gives a better~or at least as good! representation of
r

FIG. 5. The inverse real dielectric constant 1/e8(T) of the
(BP)0.20(BPI)0.80 can be fitted just as well to the SK model and O
models. The inset shows the values of the Edwards-Anderson o
parameter, calculated with these two models and also includ
only random fields, with the sameDh as in the fits.
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the data. Since the random fields reflect lattice disorder,
not unreasonable, that in a strongly disordered lattice
quasi-one-dimensional character should be destroyed.
immediate consequence of the existence of significant
dom fields, is that the Edwards-Anderson order parame
q(T) has nonzero values in whole temperature range, as
be seen in Fig. 8. At high temperatures this is a single dip
effect and would be present even without dipolar inter
tions. Within the context of these models, one cannot dis
guish the system’s phase, at these temperatures, from
happens at infinite temperatures where the dipoles are c
pletely free. The freezing of the dipoles, displayed in t
nonzero values ofq(T), and in the deviation of the invers
dielectric susceptibility from Curie-Weiss behavior, shou
not be used to identify the onset of a glass phase when
dom fields are present. However, the OP and SK mod
allow the determination of the Almeida-Thouless tempe
ture below which their corresponding solutions are no lon
stable due to replica symmetry breaking.17,13 From the pa-
rameters of the fits we were able to estimate these temp
tures, shown in Fig. 7.

The compounds with larger values of random fields d
play, not only the larger values ofq(T), but also the lower
values ofTAT . The breaking of the replica symmetry is us
ally associated with the onset of nonergodicity, which resu

FIG. 6. The inverse real dielectric constant 1/e8(T) of the
(BP)0.10(BPI)0.90 fitted to the OP and SK models.

FIG. 7. The root mean square deviation,Dh of the local random
fields, and the Almeida-Thouless temperatures as a function o
BPI contentxcr , in the crystal.
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from the many valley structure of the free energy in pha
space. As stated above, if random fields dominate,
ground state of the system is uniquely defined, each dip
pointing in the direction of the field at its site. So it is n
surprising that the highest values ofDh should be associate
with the lowest values ofTAT . The lowestTAT occurs for the
compound that has a BPI concentration in the crystalxcr
50.54 ~see Fig. 7!.

In Fig. 9 we depict the variation of the interaction param
eters with the concentration of BPI,xcr . Variations of the
parameters of the SK model are within a factor of two~even
less for the case ofJ) but the intrachain coupling,K, is
clearly much stronger for the compounds with BPI conce
tration approaching unity.

The phase diagram

This study, in conjunction with other results reported
the literature suggests a detailed phase diagram of the fa
of compounds (BP)12x(BPI)x ; we depict it in Fig. 10 as a
function of BPI content in the crystal (xcr). We include both
the dielectric and structural characterization of the differ
phases, and indicate the concentration ranges where
quasi-one-dimensional character is present and those w
it is not manifest.

All the compounds have a high-temperature ferrodist
tive paralectric phase~PE! with P121 /c1 symmetry.18,21Our
fit to the I1D confirms the antiferroelectric nature of BP. Th

he

FIG. 8. The Edwards-Anderson order parameterq(T) for vari-
ous compounds. Its values are significantly nonzero well above
Almeida-Thouless temperatures.

FIG. 9. The interaction parameters as a function of BPI cont
in the crystal.
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parameters we obtained are similar to those reported
Fisheret al.11 Below 81 K pure BP has an antiferroelectr
phase, with 8 BP molecules per unit cell, and the same s
metry group as the paraelectric phase, P121 /c1.22 The work
of several groups has established the existence of an i
mediate phase between 86 K and 81 K,21,22 with 4 BP mol-
ecules per unit cell.22 It was found to be a polar phase, wit
symmetry group P1211.5,6,23 Given the fact that interchain
couplings, as determined by the fits in the paraelectric ph
are antiferroelectric, this is, most likely, a ferrielectric pha
The I1D fit predictsTc585 K.

The pure BPI compound is ferroelectric21 (Tc5222 K)
and the critical behavior is well described by a Land
theory, with exponents close to those of a tricritic
transition.23

Compounds with small content of BPI show the sa
phase sequence, as pure BP.5,6 The compounds with large
BPI content studied here,xcr50.89, 0.94, are still ferrolec
tric and quasi-one-dimensional. Nevertheless, all these c
pounds, near the end members of the series, display s
evidence of disorder. Studies of the complex dielectric c
stant as a function of frequency and temperature,5,23 show
that the imaginary part of the dielectric permittivity,e9(T),
has a secondary broad peak, well below the temperatur
the maximum ofe8(T), and which shifts to higher tempera
tures as the frequency increases. These maxima ofe9(T) are
signalled by the filled circles in Fig. 10. Polarization me
surements, through the pyroelectric effect, in the ferroelec
compounds,xcr50.89 and 0.94, display very broad trans
tion regions.5 In this paper we found a rounding of the pe
of the dielectric permittivitye8(T) relative to the prediction
of the I1D model. We refer to these antiferro and ferroelect
phases with disorder, as AFE1DG and FE1DG respec-
tively.

In the range of concentrations 0.08<xcr<0.80 static di-
electric behavior is consistent with a low-temperature gl
phase. The compounds with small BPI content show e
dence of quasi-one-dimensionality. Measurements of c
plex dielectric constant, show symmetric profiles ofe9(ln v)
for compounds with larger BPI content (xsol50.80,0.85)
~Refs. 8 and 24! and strongly asymmetric one

FIG. 10. A proposed phase diagram for the compou
(BP)12x(BPI)x , shown here in terms of the BPI content of th
crystalxcr .
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for smaller concentrations of BP
(xsol50.05,0.15,0.30,0.38,0.50,0.60).3,4,8 We identified
these types of glass phases as DG2 and DG1, respecti
We calculated the Almeida-Thouless temperatures, which
take to signal the onset of a nonergodic glass phase, for t
compounds. The phase diagram also indicates other cha
teristic temperatures, like the temperature of the maxima
the low frequency real dielectric permittivity,e8(T), and the
temperature of the secondary broad peak in the low
quency imaginary part of the dielectric constante9(T), al-
luded to above. We should stress the temperatures of
maxima of e8(T) track, reasonably well, the Almeida
Thouless temperatures, in the available range of concen
tions.

In the phase diagram of Fig. 10 we indicate the diffu
nature of the transition from the paraelectric phase by trac
bold vertical dashes around the Almeida-Thouless temp
ture, throughout the phase diagram. The horizontal das
are meant to suggest the uncertainty in the precise con
tration limits for the different phases.

V. CONCLUSIONS

We presented a systematic study of the dielectric prop
ties of compounds of the series (BP)12x(BPI)x , in the
paraelectric phase, and confronted them with the predicti
of three microscopic models: the quasi-one-dimensio
Ising model without disorder, the Sherrington-Kirkpatric
~SK! model and the Ores˘ič and Pirc~OP! model. This analy-
sis allowed a quantitative determination of the parame
characterizing the dipolar interactions and the random e
tric fields in this system.

In one of the compounds~concentrationx, as determined
by x-ray analysis, of 0.08! we found a behavior consisten
with a quasi one-dimensional glass phase predicted by
OP model. However, there was no evidence of quasi-o
dimensional behavior for compounds with a higher conc
tration of BPI except for nearly pure, ferroelectric BPI.
fact, the other compounds with a glass phase are rather
fitted by the SK model with the inclusion of random field
Although the symmetry group of these compounds is con
tent with a chain like structure, substitutional disorder
duces an isotropic dielectric behavior, i.e., interchain and
trachain couplings are of similar magnitude. The correlat
between increasing randomness and loss of quasi-
dimensional dielectric behavior is manifest in the fact th
the root mean square deviation of the random field,Dh,
when compared to other interaction parameters, is m
smaller in the compound fitted to the OP model than in a
of the compounds described by the SK model. The dev
tions from Curie-Weiss behavior, seen in these compou
up to room temperature, are due to the existence of sig
cant random electric fields. The SK model, without rando
fields, predicts strict Curie-Weiss behavior down to t
freezing temperature.

We were able to estimate the Almeida-Thouless tempe
tures for all the compounds with a glass phase. We foun
to be close to the temperature at which the real part of
low frequency dielectric constant, has a maximum, throu
out the entire family of compounds, thereby justifying th
common practice of identifying the onset of the glass ph

s
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with the maximum of e8(T). On the other hand, the
Almeida-Thouless temperatures are determined essen
by the magnitude of the random field~Fig. 7!. A somewhat
amusing result of this study, is thatthe samples with greate
lattice disorder, i.e., greater random fields, show the low
temperatures for the onset of the glass phase. Our interpre-
tation of this apparently surprising result, is that t
quenched random fields arising from lattice disorder, de
mine a well defined, preferred orientation for each dipo
thereby simplifying the many-valley structure of phas
space, and pushing a nonergodic glass phase to lower
peratures.
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APPENDIX: CALCULATION OF SUSCEPTIBILITY
IN THE ORES̆IC̆ PIRC MODEL

We start by defining the expansions of the quantitieszi ,
yi , and^s i&1D , defined in the main text to linear order in th
external fieldF:

zi5zi
01g iF1O~F2! ~A1!

yi5yi
01r iF1O~F2! ~A2!

^s i&1D5^s i&1D
0 1x iF1O~F2! ~A3!
.

R

A

:

s.

.

lly

t

r-
,
-
m-

/

xi5xi
0~122bF !1O~F2!. ~A4!

Expanding the recursion relations forzi andyi @Eqs.~22! and
~23!# and gathering the terms linear inF, one readily derives
the following recursion relations for theg ’s andr8s

g i5zi
0F22b1g i 21S 1/v

11zi 21
0 /v

2
v

11vzi 21
0 D G ~A5!

r i5yi
0F22b1r i 11S 1/v

11yi 11
0 /v

2
v

11vyi 11
0 D G . ~A6!

The end conditions,g1522bz1 and rN522byN follow
directly from the definitionsz15x15exp@22bh(s1)#, yN

5xN5exp@22bh(sN)# and h(s)5AJ2q1Dh2s1F. Insert-
ing these equations into the equation for^s i&1D and gather-
ing the linear terms one obtains

x i52^s i&1D
0 S g i yi

01r izi
012bxi

xi
02zi

0yi
0

1
g i yi

01r izi
022bxi

0

xi
01zi

0yi
0 D .

~A7!

This equation and the two previous ones are precisely E
~26!, ~27!, and~29! with the zero superscripts dropped wi
the understanding that all quantities on the right hand s
are calculated in zero field. Given a set of random valuessi ,
i 51, . . .N, the recursion relations given by Eqs.~22! and
~23!,13 and Eqs.~27! and ~29! completely define the quanti
ties zi , yi , g i , andr i , which enter into the definition ofx i
@Eq. ~26!#.
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Völkel, R. Böttcher, H. Bauch, and A. Klo¨pperpieper, J. Phys.
Condens. Matter8, L245 ~1996!.

8H. Ries, R. Bo¨hmer, I. Fehst, and A. Loidl, Z. Phys. B: Conden
Matter 99, 401 ~1996!.

9W. Shildkamp and J. Spilker, Z. Kristallogr.168, 159 ~1984!.
10I. Fehst, M. Paasch, S.L. Hutton, M. Braune, R. Bo¨hmer, A.

Loidl, M. Dörffel, T.H. Narz, S. Haussu¨hl, and G.J. McIntyre,
Ferroelectrics138, 1 ~1993!.

11G. Fisher, H.J. Bru¨ckner, A. Klöpperpieper, H.G. Unruh, and A
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