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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),_«(BPI), 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.

. INTRODUCTION has been proposed by Giesnd Pirct® However, a recent
study of three compounds of this family failed to find sig-
The study of low-temperature disordered phases in orienfificant differences between the predictions of quasi-one-
tational glasses, and, particularly in dipolar glasses hadimensional models and isotropic mod@fBhis may be due

drawn heavily from the theoretical development that hado the fact that these authors obtain the dielectric susceptibil-

taken place in the past two decades in the field of spiﬂtylfr%m the Edwalrdsf—Ar}dersc.)n ord_er p?ramet?r, using a re-
lasses. Both dipolar and spin glasses are characterized b)§Utt at is not valid for ow-d|men3|ona models. ‘g

9 ) In this paper, we report a systematic study of quasistatic

competing interactions and disordered low-temperaturgygiecyric - pehavior of the family of compounds
phases._NevertheIess an important .addltlonal feature ha; E%P)lfx(BPI)Xv in which we characterize the various low-
be considered when dealing with dipolar glasses. Substitysmperature phases, determine the relevant interaction pa-
tional disorder leads to lattice distortions that inevitably givegmeters and assess the dimensionality character of each
rise to local quenched random electric fields, in addition tocompound. We compared our experimental data, in the
the usual random bond interactions. Lattice distortions canparalelectric phase, with the predictions of three universal
not give rise to random magnetic fields unless time-reversahodels: the quasi-one-dimensional Ising model without
symmetry is broken. The existence of these random fieldgisordet**® (I,5) the isotropic Sherrington-Kirkpatrick
introduces some modifications of the properties of dipolamodel (SK),'® with random fields, and the quasi-one-
glasses relative to conventional magnetic spin glasses. dimensional dipolar glass model of Gi@sind Pirc(OP).

Low temperature dipolar glass states have been reportéthe Almeida-Thouless temperatdfewhich determines the
to occur in solid solutions of betaine phosph&Bf) and limit of stability of the replica symmetric phase, and is usu-
betaine phosphitéBPI), (BP),_,(BPI),.3"® The basic struc- ally taken to signal the onset of nonergodicity, was also es-
ture of the BP and BPI compounds consists of quasilineafimated for the compounds with a glass phase. It should be
chains oriented parallel to the polar aisalong the chains stressed that, in the presence of random fields, the Edwards-

the PQ (BP) and PQ (BPI) groups are linked by hydrogen Anderson order parameteg(T), is nonzero even in the
bonds>1° The interaction between hydrogen bonds in adja-Nigh-temperature phase, and cannot be used to signal the
cent chains is antiferroelectric for BP, and ferroelectric foronset of the glass phade. .

BPI, while, within each chain, neighboring dipoles interact Usmg t_hese results, in conjunction .W'th other r_esults re-
ferroelectrically both for BP and BPF2 The quasi-one- pqrted in literature, we propose a detailed phase diagram for
dimensional character of BP and BPI, already established iFfiS family of compounds.

other workst'? raises the possibility of considering the
mixed (BP),_,(BPI), compounds, which present experi-
mental evidence of low temperature glass phases, as quasi- All the samples used in this work were cut as thin slices
one-dimensional dipolar glasses. A model for this situatiorfrom high quality single crystals, grown form aqueous solu-

Il. EXPERIMENTAL PROCEDURE
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TABLE I. Summary of the measurement conditions of the complex dielectric constant for the family of
compounds studied in this work.

Xsol Rate (K/min) E.. (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
tion by controlled solvent evaporation. Gold electrodes were 1 -
evaporated on the faces perpendicular to the poldirec- P(h;)= e Nif2anT, (4)
tion. We denote by, andx., the BPI content in the solu- V2mAh

tion and the crystal, respectively. The lattgg, was deter-  Thg fourth term is the coupling to the external fiéldHere,
mined from an x-ray analysis and also through agnq in the following, we measure the external field in energy
measurement of the single crystal density, as pUbI'Shegnits(muItiplied by «, the dipole moment

elsewheré?® To allow comparison to other results in the lit- The I, (Refs. 14 7and 16model reflects the quasi-one-
erature we will normally use the nominal concentrai@g  gimensional nature of the BP and BPI compounds by assum-
to identify the pompounds. However, the phase _diagram wiltng that the dipoles are arranged along weakly coupled
be presented in terms of the crystal concentraign The  chajns. The interaction between nearest neighbors along a
first colunm of Table Il includes both these valugs, and  chaink, is ferroelectric and in principle larger than the cou-

Xsol - pling between dipoles in different chains, which may be

Measurements of the complex dielectric constant as #rg or antiferroelectric. Disorder is not considered in this
function of temperature, at zero bias, were carried out Withy,,qqel the random bonds; and random field#, are taken
an Ando AG-4311 LCR meter, in slow heating, from 10 10 {5 pe zero. The interchain coupling is treated in mean field

300 K. The measuri_ng conditions are summe_lrized in Table 'theory and can be characterized, in the paralectric phase, by
A closed cycle helium cryostat was used in the measures single parametef, .

ments. The SK model takes the interactions to be purely random

(Kijj=0). The model is isotropic. The random bonds and
lll. THEORETICAL MODELS fields are described by Eq&) and(4). The Hamiltonian is

We compared the inverse dielectric permittivity data,Ch"f}_rr?Ctngipzed 2y|the parametels, ‘] anddA_h. ional struct
1/e'(T), with the predictions of three models: the quasi-one- € Modet assumes a quasi one-dimensional structure

: : : , ; in the |p model. There is a nearest neighbor coupling
dimensional Ising model (}),***5 the Sherrington- 25N D 7% . : .
Kirkpatrick model with random field§SK) (Ref. 16 and the between spins in the same chalig, ferroelectric, but in ad-

Oresé and Pirc modelOP).13 dition, there is a random .inter.acti.on given by HE#g) with
These models are all based on the following Ising Hamil-2€"© mean),= 0. The Hamiltonian is therefore characterized
tonian. by K, J, andAh.
In the following we review the main results of these mod-
1 1 els. We emphasize the prediction for the Edwards-Anderson
H=— > ; Kij o o5 .EJ Jijoi 01—2 hio— FZ gj. order parameteq(T) and the dielectric susceptibility.

D

The variableso; =+ 1 denote the pseudo-spins. The first  The quasi-one-dimensional Ising model has been studied
term represents the ordered part of the dipolar interaction,y several authoté5and considers one dimensional chains
assumed of short range, and translationally invariant, i.eqf dipoles with intra-chain ferroelectric couplings, stronger

Kij=K(Ri—R;). The couplingsJ;; are quenched random than inter-chain ones. The coupling between chains is treated
bonds, uncorrelated, drawn from a Gaussian distributioni, mean-field theory. To consider the possibility of antifer-

Quasi-one-dimensional Ising model

identical for all pairs {j) roelectric ordering, transverse to the chains, one divides
N these into two sublattices. Denoting the two sublattice polar-
N — (3~ 3g) %22 izations bym,=(o,) andmy=(oy,) the corresponding equa-
PUij) hoye @ fions ard?
In order to have a thermodynamic limit the parame@_b&nd exp(,BK)sinI*(ﬂFgf) 5
= Mm.=
Jo have to scale as ® [exp(—2BK) +exp28K)sint?(BFE") |12
Jo=7 =N ©) exp(BK)sinh(BF )

e [exp(—28K)+ eXF(ZﬁK)Sinr?(IBFEf)]llza' (6)
The third term in Eq(1) represents a random field also with b

a Gaussian distribution where the effective fields in each sublattice are given by
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Fe'=F+2K®m,+K®@m, (7)
Fe'=F+2K®mp+K®m,, (8)

whereF is the external field an&!" andK{? characterize
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The expression of Eq15 was fitted to the experimental
data by varying the paramete@s the Curie constantly, J,
and Ah. An iterative, nonlinear least-squares fitting proce-
dure was used. In each iteration E¢K2), (13), and(14) are
solved to determine the value qfT). The onset of a ferro-

the couplings between chains of the same sublattice and diklectric phase is signaled by a divergence6F). The Curie

ferent sublattices, respectively. In the paraelectric phase bot@mperature is therefore determined[lsge Eq(15)]
polarizations go to zero as the external field vanishes and

these equations may be expanded to linear order in the ex- kgT
ternal field. One obtains for the susceptibility
d(my,+my)/2 CIT
=ny2 a -

whereK , =2K{V+K{? and C=nu?/kg is the Curie con-

stant. The low temperature phase may be ferroelectric

(K$¥>0) or antiferroelectric K(2<0). In either case, Eq.

C

Jo

q(Te)=1~- (16)
Sinceq(T) is independent ofl, for a nonpolar phase, we
could easily check, givew(T), that in none of the com-
pounds to which we were able to fit this model, wigdarge
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 have a

(9) holds for the susceptibility, down to the transition tem- nonzero value of|(T). As a result the onset of a glass phase

perature given by the solutions of

Be(2KM+KP)=exp(—2B:K) (10)
in the ferrolectric case and
Br(2K P =K ) =exp —284K) (12)

in the antiferroelectric one. Note that in the ferrolectric case

T. can be estimated from a fit tg(T) in the paralectric

phase, whereas in the antiferroelectric case we obtain only a

lower bound forTy by assumming (=0 (K(?=K).

Sherrington-Kirkpatrick model

The extension of the Sherrington-Kirkpatrick model to in-
clude random fields can be found in Ref. 2. Applying the
replica trick and the steepest descent method one arrives at

the following equations for the polarization(T)=(({a;));

per site and for the Edwards-Anderson order paramet

q(M)=((0)?);:

1 +o 2
m(T)=—| dse ?tan s 12
M=7=].. iBn(s)] (12
q(T)= L +Ocdsefsz’ztanr?[,e (s)] (13
V2m)- —
where 7(s) is an effective mean field given by
7(s)=Jom+ JI°q+Ah’s+F. (14)

The thermal averagé€Boltzmann weight is denoted by

is not determined by the appearance of a nonzero value of
q(T). However, it is well knowfh!’ that the replica symmet-

ric solution we have presented becomes unstable below the
Almeida-Thouless temperature. This instability also occurs
in the presence of random fields and is usually associated
with the onset of nonergodicity. The Almeida-Thouless tem-
peratureT 57 is given by

kBTAT 2_ o dS 2 B 5
3 )_f-m\/T_ﬂ-e [1-tanif(Bn(s)]* (17)

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

Oresic and Pirc model

The Ore& and Pirc(OP) model is an anisotropic version

e?f the SK model. The dipoles are assumed to be arranged in

one dimensional chains, with a ferroelectric couplkde-
tween nearest neighbors in each chain. An SK type long-
range random bond interaction, with zero medgx0, ex-

ists between all pairs of spir(svithin a chain and between
chaing. Using the replica trick and averaging over the ran-
dom bond and random field distributions, one obtains a free
energy per dipole given by

2

J
— YA
F= 4kBT(1 q )+<‘F1D>Si’

(18

where Fip=—(BN) llog Trexp(~BH,p) is the free en-
ergy corresponding to a one dimensional Ising model in a
random field,

(...). The quenched average over the distribution of ran-

dom fields and bonds is denoted Qy. . };. These equations

have to be solved self-consistently forandq. They sim-
plify considerably for non-polar phasesi=0. By deriving

H1D=_§i: KUiUi+l_§i: n(s)oj, (19

the Eq.(12) with respect to the external field one obtains forith 4(s) still given by Eq.(14), with J,=0. The symbol

the zero field susceptibility in a nonpolar ph¥se

% 1-q(T)
X = T3y ke [ 1= q(T)]
o l-am 5

T—=(Jo/ke)[1—a(T)]

(...)s denotes an average oveiindependent random vari-

ables with a Gaussian distribution of zero mean and unit root
mean square deviation,

P(s)= e 512 (20
i \/z :
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Whereas in the SK model one ends up with an effective
single spin problem in a random effective field the OP model .
gets reduced to an interacting one-dimensional Ising model Syt e
in a random effective field. There is no known closed form .
solution for this model. Orés and Pirc used a numerical -
recursion method introduced by Fan and Mc&owand o*
Andelman?? g

The method requires consideration of a finite chairNof
dipoles. A realization of the random variables, i
=1,... N is made. Denoting byx;=exd—287(s)], v
=exp(—2BK) the local polarization can be shown to be
given by*

2 4
100 AN

FIG. 1. Statistical fluctuations of the calculated inverse susc-
petibility, Ax/x %, in the OP model, as function of {IN whereN
X — 2,y is the number of dipoles used in the recursion method.
I 171

Xi+zy;'

(0i)10= (21

1
X(TM=Cke 2 Xi- (3D

where the quantitieg; andy; are determined by the follow-

ing recursion relations and boundary conditions o !
To calculate the susceptibility one starts by generatihg

1+z_4/v random numbers drawn from the distribution of Eg0).
=0, o ATX (22)  Using an initial guess of the fitting paramete@,K, J, and
-1 Ah, the Egs.(21) to (25) have to be solved self-consistently
14y /v for q(T) andm(T) which enter the right hand side of these
YisuXig o YT XN (23 equations through the parametg(s) [Eg. (14)]. The sus-
Yi+1v ceptibility can then be calculated using E¢&7) to (30) and
The values ofm andq are given by the equations Eq. (31). Its value is compared to the experimental suscepti-
bility and a nonlinear least squares fitting routine determines
1 new values ofC, K, J, andAh. The process is iterated until
m(T)= N EI (oi)1p (24) it converges to a best fiin least squares sensdhe initial N
random numbers are not changed in this process.
1 To assess the importance of statistical fluctuations, we
q(m)= N E (ai)fD. (25 repeated ten times the calculation pfT) at a particular
I

Naturally, for finite N these quantities will show statistical

fluctuations. To obtain the susceptibility Gieand Pirc cal-
culate m(T,F) for a small external fieldF and usey
=nu’m(T,F)/F. As m(T,F) goes to zero af—0, statis-

(low) temperature, for various lattice sizes. We found that
Ax Yx 1=1.5//N (see Fig. L For our final fits we used
lattices withN=10000, statistical fluctuations being below
2%.

We would like to point out that Eq.15) is not valid for

tical fluctuations become severe and the method requird§® OP model. This relation was used in Ref. 8, along with
very large samples. We followed a slightly different method.the equations of the OP model for the order parame(@).

By expanding the recursion relations fprandy; and Eq.

It can be shown that, in this model, the following equation

(21) to linear order in the external field, and defining holds;*

(o)1p={(0)%+ xiF, we obtained the following expression

for x; (see Appendix

= (o) (ViYi+PiZi+23Xi+7iyi+PiZi_2/3Xi)
Xi a0 Xi =z Xi T 7Y ’
(26)
where y; and p; are determined by the following recursion
relations
Coggs 1 v 5
Yi=—2BZi+Zyi1 vz v 1+vz , 27)
Y1=— 274 (28)
= 2By + ( t . 29
pi=—2BYitYipi+1 Try o 1toyog (29
p1=—2BYnN- (30

The susceptibility is given by

T)= c 1-q(T)+ 2 > 32
X( )_T q(T) N(ij)<UiUJ>1D (32
and so, using Eq15), introduces a new parameter that is not
in the model, and neglects one-dimensional correlations, in
clear contradiction with the aims of the OP model.

Replica symmetry breaking also occurs in this model. We
estimated the Almeida-Thouless temperatures, for each com-
pound fitted by this model, using the data published in the
Oresc and Pirc papet®

IV. RESULTS AND DISCUSSION
The dielectric constand’(T) can be written as
€' (T)=ex+x(T) (33

were the first term includes the nondipolar contributions. In
our analysis, we assumed thati(T)>e., i.e., 1i(T)
~1/e'(T). As a check we analyzed some of the compounds
using only data withe(T)>100 without significant changes
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TABLE IlI. Values of interaction parameters obtained from the best fits to the mod®ISK, and OP, for the compounds of the family
(BP),_,(BPI), for the chosen concentrationg,,, is the concentration in the crystal growing solution agghe crystal concentration as
determined by x-ray diffractiofRef. 18. All interaction parameters are given in Kelvin. The temperatdrgs for the OP fits were
estimated from the results of Ref. 13.

Xer Xsol Best fits) T, Tar K Jo K, J Ah C

0/0 Lo 85 91 -10 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 SKOP) 26(22) —(46) 41(-) 66(51) 65(72) 1649413492
0.67/0.80 SKOP) 29(24) —(52) 57(-) 72(50) 69(71) 1717814602
0.74/0.85 SKOP) 43(57) —(63) 94(-) 89(64) 62(36) 1895817182
0.82/0.90 SK 47 116 94 60 7347
0.89/0.94 Ib 106 208 2 8382
0.94/0.97 Ib 177 279 8 6290

in the results. We studied data for 10 compounds of theéng. It is quite clear that the SK model does not fit the data,
family (BP),_4(BPI),, spanning the entire range of concen- and that ;5 predictions deviate substantially from the data in
trations. As a starting criterium for the limit of the paraelec-a 30 K vicinity of the maximum of’ (T); also, this model
tric phase we used the minimum ofel(T), and fitted the predicts an antiferrolectric transition above 106 K. In fact,
data above that temperature up to room temperature to thge find a similar situation in the remaining compounds: fits
predictions of the three models mentioned above. “to thel ;p, model give predictions for antiferroelectric transi-
One salient feature of the data for all the compounds igjon temperatures well above the maxima of the dielectric
the pronounced curvature of the plots o&'Y/T) againstT.  constant, where in fact no sign of a transition is present.
Curie-Weiss behavior is not observed up to room temperarherefore, we shall not discuss this model any further. The
ture. There are two possible sources for this curvature. Thgyp model fits the data for (BR)4BP1)o.15 quite well in the

susceptibility of a one dimensional chdiig. (9), with K, gngire temperature region considered. The parameters deter-
=0] is the high-temperature limit of both thgland the OP  1ined by the fit, shown in Table II, predict an Almeida-
models and shows pronounced curvature everkidr>K.  Thoyless temperature of 82 K almost coincident with the
Curie-Weiss fits in narrow temperature ranges can grossler temperature considered in the fit. Another aspect to
overestimate the Curie constai@, On the other hand, it consider is whether the parameters we found for the intrac-
follows from Eq. (15), that the SK model predicts strict pain interactionk and the interchain ond are consistent
Curie-Weiss behavior, in the absence of random fields, in thgit the assumption of weakly coupled chains. The correct
paraelectric phaseg=0). However, in the presence of ran- \yay to compare these two interactions, is, however, disput-
dom fields q(T) is nonzero at all temperatures and the gple, sinceK is a nearest neighbor interaction aha@n infi-
growth of q(T), as the temperature lowers, gives rise to anmjte range one. One way to proceed is to compare the inter-
upward curvature of }/vsT. ~actions of one dipole with all its neighbors, i.eK2andJ,

Our analysis allows a detailed assessment of the relativgnq we find (X)~2.5J, i.e., a moderately larger intrachain
importance of these two effectguasi-one-dimensionality coupling. This compound shows the first convincing evi-

and random fieldsin the various compounds. We will Nnow gence of a quasi-one-dimensional glass phase predicted by
discuss them in turn. The parameters obtained from the fitshe OP model.

as well as the corresponding transition or Almeida-Thouless
temperatures are shown in Table II.

0.006
Concentrations %,=0, 0.94, and 0.97 -1 X = 0.97 /

These compounds are rather well fitted by ke model,

as shown in Fig(2) for the x5,=0.97 compound. For the
Xs0i=0.94 and 0.97 compounds the data deviates slightly
from the fit close toT. but a satisfactory fit to either of the
disorder models could not be made. The parameters obtained 0.0027
confirmed the antiferroelectric nature of BP and the ferro-

electric nature of the compounds witj,=0.94 and 0.97. 1
Note that, as expected, the interchain couplings turn out to be 0+

— .
much smaller than the intrachain onsge Table ). 175 200 225 250 275 300
T (K)

Compound with x0=0.15 FIG. 2. The inverse real dielectric constant'{T) of the

In Fig. 3 we compare the experimental data on this com{BP), o BPI), o compound fitted to thé,, prediction. The thicker
pound to the the predictions of the models we are considetine is the data, the thinner one the fit.
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0.013 o
el | 8'_10,0097(1 -
0.009 -} o
0.007- [
| —0.15
0.005 0.005—|
0.001 0.003 . 1 —
vl 0.009
€ - 8.-1 i
0.009- 0.007
. | TAT
0.005-] 0.005- i’
7] | SK
0.003 ] T
' ' 0 50 100 150 200
e T K)
£
0.009- FIG. 5. The inverse real dielectric constant’lT) of the
_ (BP)g 2 BPI)g.50 can be fitted just as well to the SK model and OP
models. The inset shows the values of the Edwards-Anderson order
0.005 parameter, calculated with these two models and also including
- SK only random fields, with the samkh as in the fits.
0001 4= T compounds. The random field parametkh is at least

double from thexs,=0.15 compound, reflecting the in-

creased disorder, which is probably related to the loss of the
quasi-one-dimensional character. It is also curious that the
random bond interactions display a marked ferroelectric
character J,~J) despite the fact that these compounds have
only a small BPI contentx;,=0.25 and 0.3B

FIG. 3. The inverse real dielectric constant’{T) of the
(BP)g.s4BP1)g.15 compound fitted td ;, OP and SK predictions.
The thicker lines are the data, the thinner ones the fits.

Concentrations x%,=0.40 and 0.50

Somewhat surprisingly, we found that these compounds Concentrations x,=0.70 and 0.80

are unambiguously better fitted by the SK motde Fig. 4 In this range of concentration, data can be fitted almost
for the x=0.40 compound The OP fits are clearly off the equally well by the SK and OP mode(see Fig. 5 for the
mark at low temperatures and give values oKj2J, i.e., Xsq=0.80). In our opinion, this is due to the fact that the
same order of magnitude for intra and interchain couplingrandom fields are a dominant effect in these compounds. In
undermining the assumption of weakly coupled chainsthe inset of Fig. 5 we illustrate this by showing the values of
There is no evidence of quasi-one-dimensionality in thes¢he order parameteq(T), given by both models and also by
assuming that all the interactions, with the exception of the
random field term are zer@we used the value cAh=70,

the values obtained from the fits beiddi/kg=69 K, SK,
and 71 K, OB. For these values of fields, and in this tem-
perature range, the interactions give relatively small correc-
tions to the random fields and the predictions of the two
models become very similar.

Concentrations %,=0.85 and 0.90

In the first of these compounds the SK and OP fits are of
similar quality. However, unlike in the previous group the
estimates of the random field parameter are quite different,
the OP model giving much smaller valuese Table I). In
the X54/=0.90 compound a similar thing happens but in this
case the fit to the OP model is very pa®ig. 6).

A consistent picture seems to emerge from these results.
Even though the end members of the series show quasi-one-
dimensional character, in the compounds with a glass phase
the OP model is clearly adequate only for thg,=0.15

FIG. 4. The inverse real dielectric constante’{T) of the =~ compound which has relatively small random fieldsh(kg
(BP)o 6 BP1)o 40 compound fitted to the SK model. The fit to the =14 K). As soon as the random fields become comparable
OP model is clearly less satisfactory. Similar results are found foto other interaction parametefsee Fig. 7 the SK, isotropic
the (BP), 54 BP1)g 50 cOmpound. model, gives a bettefor at least as gogdepresentation of

SK
0.024———— 11—

50 100 150 200 250
T (&)
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_/ FIG. 8. The Edwards-Anderson order paramet€r) for vari-
SK ous compounds. Its values are significantly nonzero well above the
0.000 . I . I ' Almeida-Thouless temperatures.
50 100 150 200
TX)

from the many valley structure of the free energy in phase
FIG. 6. The inverse real dielectric constant'{T) of the  space. As stated above, if random fields dominate, the
(BP)o.1o BP1)o.9o fitted to the OP and SK models. ground state of the system is uniquely defined, each dipole
pointing in the direction of the field at its site. So it is not
the data. Since the random fields reflect lattice disorder, it isurprising that the highest values &h should be associated
not unreasonable, that in a strongly disordered lattice thavith the lowest values of 1. The lowesfT 51 occurs for the
quasi-one-dimensional character should be destroyed. Or@@mpound that has a BPI concentration in the crystal
immediate consequence of the existence of significant ran=0.54 (see Fig. 7.
dom fields, is that the Edwards-Anderson order parameter, In Fig. 9 we depict the variation of the interaction param-
g(T) has nonzero values in whole temperature range, as caters with the concentration of BP{.,. Variations of the
be seen in Fig. 8. At high temperatures this is a single dipol@arameters of the SK model are within a factor of tewen
effect and would be present even without dipolar interacdess for the case o8) but the intrachain couplingK, is
tions. Within the context of these models, one cannot distinclearly much stronger for the compounds with BPI concen-
guish the system’s phase, at these temperatures, from whation approaching unity.
happens at infinite temperatures where the dipoles are com-
pletely free. The freezing of the dipoles, displayed in the The phase diagram

nonzero values ofi(T), and in the deviation of the inverse This study, in conjunction with other results reported in

dielectric susceptibility from Curie-Weiss behavior, shouldthe literature suqaests a detailed phase diaaram of the famil
not be used to identify the onset of a glass phase when ran- 99 P 9 y

dom fields are present. However, the OP and SK modelOf compounds (BR).(BPI),; we depict it in Fig. 10 as a

allow the determination of the Almeida-Thouless tempera-ﬁmctlon of BPI content in the crystak,). We include both

ture below which their corresponding solutions are no Ionge}hheagg;le(ggg a;ggi(:s‘;gciwjl c(::r?cr:g;?:tizsr?ornar?f(;rs]evsm;?;er:;]e
stable due to replica symmetry breakiid® From the pa- P : 9

rameters of the fits we were able to estimate these temper uasi-one-dimensional character is present and those where

g It is not manifest.
tures, shown in Fig. 7. . .
The compounds with larger values of random fields dis- All the compounds have a high-temperature ferrodistor-

. . . 8,21
play, not only the larger values @f(T), but also the lower tive paralectric phas¢PB) with P12 /c1 symmetry.®** Our

values ofT . The breaking of the replica symmetry is usu- fit to the l;p confirms the antiferroelectric nature of BP. The
ally associated with the onset of nonergodicity, which results

600
100 30 7
e L
€
B 75 —60 400
50 —40 i
. r 200
25— =20
0 7 \ \ T 0
0 0.2 0.4 0.6 0.8 1 0 — —
X
or 0 0.2 0.4 0.6 0.8 1

FIG. 7. The root mean square deviatidvh of the local random
fields, and the Almeida-Thouless temperatures as a function of the FIG. 9. The interaction parameters as a function of BPI content
BPI contentx,,, in the crystal. in the crystal.
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o TeE,.,) for smaller concentrations of BPI

= — 8 . .
T B ot — (Xs0=0.05,0.15,0.30,0.38,0.50,0.60§° We identified
¥ T these types of glass phases as DG2 and DG1, respectively.
AT We calculated the Almeida-Thouless temperatures, which we
14 L take to signal the onset of a nonergodic glass phase, for these

compounds. The phase diagram also indicates other charac-
teristic temperatures, like the temperature of the maxima of
the low frequency real dielectric permittivity, (T), and the
temperature of the secondary broad peak in the low fre-
quency imaginary part of the dielectric constafi{T), al-

PE ||
g W

+
DG e DG2 luded to above. We should stress the temperatures of the
maxima of €'(T) track, reasonably well, the Almeida-
101 : | | — Thouless temperatures, in the available range of concentra-
0 0.2 0.4 0.6 0.8 1 tions.
Xcl‘ . - . . .

© < : : > €<—> In the phase dl_a_gram of Fig. 10 we |n_d|cate the d|ffu_se
1D isotropic 1D nature of the transition from the paraelectric phase by tracing

bold vertical dashes around the Almeida-Thouless tempera-
Jure, throughout the phase diagram. The horizontal dashes
are meant to suggest the uncertainty in the precise concen-
tration limits for the different phases.

parameters we obtained are similar to those reported by
Fisheret al!! Below 81 K pure BP has an antiferroelectric
phase, with 8 BP molecules per unit cell, and the same sym-
metry group as the paraelectric phase, #&2.7* The work We presented a systematic study of the dielectric proper-
of several groups has established the existence of an intefies of compounds of the series (BP)}(BPI),, in the
mediate phase between 86 K and 8#'K? with 4 BP mol-  paraelectric phase, and confronted them with the predictions
ecules per unit cefi? It was found to be a polar phase, with of three microscopic models: the quasi-one-dimensional
symmetry group P12 .>?° Given the fact that interchain |sing model without disorder, the Sherrington-Kirkpatrick
couplings, as determined by the fits in the paraelectric phasegk) model and the Orésand Pirc(OP) model. This analy-
are antiferroelectric, this is, most likely, a ferrielectric phasesjs allowed a quantitative determination of the parameters
The Ip fit predictsT,=85 K. characterizing the dipolar interactions and the random elec-
The pure BPI compound is ferroelectiqT,=222 K) tric fields in this system.
and the critical behavior is well described by a Landau |n one of the compound&oncentratiorx, as determined
theory, with exponents close to those of a tricritical by x-ray analysis, of 0.08we found a behavior consistent
transition?? with a quasi one-dimensional glass phase predicted by the
Compounds with small content of BPI show the sameOP model. However, there was no evidence of quasi-one-
phase sequence, as pure BPThe compounds with large dimensional behavior for compounds with a higher concen-
BPI content studied here,,=0.89, 0.94, are still ferrolec- tration of BPI except for nearly pure, ferroelectric BPI. In
tric and quasi-one-dimensional. Nevertheless, all these confact, the other compounds with a glass phase are rather well
pounds, near the end members of the series, display sonfigted by the SK model with the inclusion of random fields.
evidence of disorder. Studies of the complex dielectric conAlthough the symmetry group of these compounds is consis-
stant as a function of frequency and temperatdfeshow  tent with a chain like structure, substitutional disorder in-
that the imaginary part of the dielectric permittivity,(T), duces an isotropic dielectric behavior, i.e., interchain and in-
has a secondary broad peak, well below the temperature @fachain couplings are of similar magnitude. The correlation
the maximum ofe’ (T), and which shifts to higher tempera- between increasing randomness and loss of quasi-one-
tures as the frequency increases. These maxingd(df) are  dimensional dielectric behavior is manifest in the fact that
signalled by the filled circles in Fig. 10. Polarization mea-the root mean square deviation of the random figidh,
surements, through the pyroelectric effect, in the ferroelectrigvhen compared to other interaction parameters, is much
compoundsx.,=0.89 and 0.94, display very broad transi- smaller in the compound fitted to the OP model than in any
tion regions? In this paper we found a rounding of the peak of the compounds described by the SK model. The devia-
of the dielectric permittivitye’ (T) relative to the prediction tions from Curie-Weiss behavior, seen in these compounds
of the I, model. We refer to these antiferro and ferroelectricup to room temperature, are due to the existence of signifi-
phases with disorder, as AREDG and FE-DG respec- cant random electric fields. The SK model, without random
tively. fields, predicts strict Curie-Weiss behavior down to the
In the range of concentrations 0:88.,<0.80 static di- freezing temperature.
electric behavior is consistent with a low-temperature glass We were able to estimate the Almeida-Thouless tempera-
phase. The compounds with small BPI content show evitures for all the compounds with a glass phase. We found it
dence of quasi-one-dimensionality. Measurements of comto be close to the temperature at which the real part of the
plex dielectric constant, show symmetric profilesetfIn w) low frequency dielectric constant, has a maximum, through-
for compounds with larger BPI contenikg,=0.80,0.85) out the entire family of compounds, thereby justifying the
(Refs. 8 and 24 and strongly asymmetric ones common practice of identifying the onset of the glass phase

FIG. 10. A proposed phase diagram for the compound
(BP),_(BPI),, shown here in terms of the BPI content of the
crystalXc, .

V. CONCLUSIONS
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with the maximum of €¢'(T). On the other hand, the

Almeida-Thouless temperatures are determined essential

by the magnitude of the random fie(#fig. 7). A somewhat
amusing result of this study, is théte samples with greater
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x;=x(1—2BF)+0O(F?). (A4)

I
I¥xpanding the recursion relations fprandy; [Eqgs.(22) and
(23)] and gathering the terms linear i) one readily derives

lattice disorder, i.e., greater random fields, show the lowesthe following recursion relations for thg's andp's

temperatures for the onset of the glass pha3er interpre-

tation of this apparently surprising result, is that the
guenched random fields arising from lattice disorder, deter-

mine a well defined, preferred orientation for each dipole,

thereby simplifying the many-valley structure of phase-
space, and pushing a nonergodic glass phase to lower tem-

peratures.
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of 28+ Lo (A5)
=7 —_ L —
7 I Yim1 1+Z?_1/U 1+UZ?_1
—y0| —2p8+ Lo (6)
Pi yl Pi+1 1+yio+l/l) 1+ino+l .

The end conditions;y;=—28z; and py=—28yy follow
directly from the definitionsz;=x;=exd —287(s)], Yn

=xny=exd —287(sy)] and 7(s)=JI%q+Ah%s+F. Insert-

Praxis XXI, Projects Nos. 2/2.1/FIS/26/94 and 2/2.1/FIS/ing these equations into the equation {of;);p and gather-

302/94.

APPENDIX: CALCULATION OF SUSCEPTIBILITY
IN THE ORESIC PIRC MODEL

We start by defining the expansions of the quantities
yi, and{a;)1p, defined in the main text to linear order in the
external fieldF:

z=20+ y,F+O(F?) (A1)
yi=y;+piF +O(F?) (A2)
(oi)1p=(01)3p+ XiF +O(F?) (A3)

ing the linear terms one obtains

Y Pz’ +2B% vy +pizd— 2%}

— 0
A <"'>“’( 7y Ry
(A7)
This equation and the two previous ones are precisely Egs.
(26), (27), and(29) with the zero superscripts dropped with
the understanding that all quantities on the right hand side
are calculated in zero field. Given a set of random vagjes
i=1,...N, the recursion relations given by Eq®22) and
(23),'% and Eqs(27) and(29) completely define the quanti-
tiesz, v, v;, andp;, which enter into the definition of;

[Eq. (26)].
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