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The order-disorder ferroelectric transition in HCl and in the mixed crystals HCl-DCl has been
3

studied by means of Cl (l = 2) nuclear quadrupole resonance (NQR) pulse Fourier transform

measurements. The NQR parameters are related to the static and dynamical quantities involved
in the transition through a theoretical picture, which includes the librational motions around the
equilibrium positions of the dipoles as well as their critical reorientations accompanying the po-
larization fluctuations. These reorientations are described by a kinematical Ising model, with

the addition of a tunneling integral which is small for the HCl dipoles and goes to zero for the
DCl dipoles. The experimental results for the quadrupole frequency, linewidth, intensity, and
relaxation rates in the ferroelectric phase, including the effect of deuteration and of hydrostatic
pressure, are analyzed. Besides providing a comprehensive consistency to the model, the
analysis allows one to obtain interesting information on the temperature dependence of the or-
der parameter, the correlation times for the reorientations of the dipoles, and on the mechanism
of the transition. In a range of about 0.5 K around the transition, the results suggest the oc-
currence of heterophase fluctuations, with ferroelectric embryos of biased dipoles existing in a
matrix of the paraelectric phase. In the framework of the droplet model, these heterophase
fluctuations (apparently detected for the first time at a first-order phase transition in a crystal)
should be ascribed to the lack of a structural change at the transition, with a negligible strain-

energy contribution to the free energy of the metastable states. The temperature dependence of
the concentration of the embryos is difficult to justify quantitatively by the droplet model in q
space for the heterophase fluctuations. Careful neutron scattering measurements for the possi-
ble detection of a temperature-divergent central peak are urged.

I. INTRODUCTION

The study of the ferroelectric transition in solid hy-
drogen chloride is worthy of great attention. In fact,
besides the simple structure of the crystal (perhaps
the simplest ferroelectric discovered so far), the tran-
sition is characterized by several interesting features.
It is a classical order-disorder transition, associated
with the critical reorientational fluctuations of the
HC1 dipole moment. No appreciable change in the
structure at the transition was detected in detailed x-
ray and neutron-diffraction studies. ' The lack of a
sizeable volume and shape change is one of the con-
ditions for the occurrence of heterophase fluctua-
tions' at a first-order phase transition in crystals. For
most of the order-disorder transitions a kinematical
Ising model, possibly with a transverse field, '
depending on the importance of the tunneling in-
tegral in the pseudospin Hamiltonian, can provide a
suitable starting point for the description of the criti-
cal dynamics. The driving interactions are expected
to be short-range and long-range dipole-dipole in-
teractions and under certain approximations the
Hamiltonian of the dipoles can be cast in the form

of a two-dimensional anisotropic Ising model. Final-
ly, HC1-DC1 mixed crystals seemingly are the sim-
plest and most appealing cases of isotopically disor-
dered ferroelectrics, which can be considered the ana-
log of random ferromagnets or of other random sys-
tems, for which a growing interest has been witness-
ed in recent years. '

An ideal tool for the microscopic study of several
features of the phase transition in HCl and HCl-DC1,
is the "Cl(l = —,) quadrupole moment. The reorien-
tations of the dipoles, as well as their angular oscilla-
tions around the equilibrium positions, cause fluctua-
tions in the electric-field-gradient (EFG) components
at the Cl site. These fluctuations affect the nuclear
quadrupole resonance (NQR) frequency vtt, the
linewidth, and the quadrupole relaxation time Ti.
For the ferroelectric transition in NaNO2, it has re-
cently been pointed out that precise evaluation of
the NQR parameters allows one to study in detail the
local short-range order as well as the dynamics of thh
ferroelectric dipoles.

Cl NQR has been already performed" in the low-
temperature ferroelectric phase of HC1, providing
some useful insight. In particular, recent high-
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resolution Fourier transform (FT) NQR measure-
ments revealed fine structure related to the in-

tramolecular spin-spin interactions and the motional
averaging of the intramolecular dipolar splitting. The
interpretation of the temperature dependence of vg
and T~ has been attempted only through rather crude
models, ' " disregarding the critical reorientational
fluctuations' or the molecular torsional motions. '

O'Reilly" approximately took into account the molec-
ular jumps with superimposed modulations due to the
torsional oscillations in the framework of a single-
particle model. The actual cooperativity in the
molecular jumps was not considered, so no direct
connection with the critical dynamics could be
achieved.

In this paper high-resolution FT "CI NQR fre-

quency and T~ measurements in HC1 and in HC1-DCl
mixed crystals, around the phase transitions, are
presented and discussed in the light of a theoretical
picture which allows a fruitful analysis of the experi-
mental results. In Sec. II a theory is described to re-
late the NQR quantities to the local order parameter,
to the mean-square amplitude of the fluctuations as
well as to their correlation times. This theory is ap-

plied to pure HCl and to the mixed crystals HC1-DC1
in the framework of a kinematical Ising model with

the addition of a small tunneling integral. The
results for vo, T~, linewidth, and intensity around the
transition are presented in Sec. III, with a few experi-
mental details. A thorough discussion of these
results, including the effect of hydrostatic pressure on
the resonance frequency around the transition up to
about 2 kilobars, is given in Sec. IV. From the
analysis of the data the temperature dependence of
the local order parameter and of the fluctuation times
in the ferroelectric phase are derived. It is pointed
out how the results for the line intensity suggest the
occurrence of heterophase fluctuations in a narrow

temperature range around the transition, with em-
bryos of fluctuating biased HC1 dipoles in the matrix
of the paraelectric phase of unbiased dipoles. This
seems to be, in the author's knowledge, the first
detection of heterophase fluctuations at a first-order
phase transition in crystals. The effect of deuteration
on the static and dynamical quantities are discussed
in the light of a simple picture in which the deutera-
tion is assumed to reduce almost to zero the tunnel-
ing matrix element for the reorientation of the elec-
trical dipoles. The effect of hydrostatic pressure is
shown to support such a picture, and some informa-
tion about the pressure dependence of the critical
parameters is obtained. Finally, since no Cl NQR
resonance was detected in the disordered paraelectric
phase, it is conjectured that the disorder could in-
volve 12-fold orientations of the dipoles with
orthorhombic symmetry. In Sec. V the comprehen-
sive consistency of this picture and the main conclu-
sions are summarized.

II. THEORY

A. NQR quantities and reorientationa1 dynamics

The appropriate analysis of the experimental data
requires a detailed description for the effects of the
reorientational dynamics as well as the out-of-plane
and in-plane vibrational motions of the HCl dipoles
on the NQR quantities.

As will be shown later on, there is experimental
evidence that for T & 70 K the reorientational fluc-
tuations of the dipoles are fast compared to the NQR
frequency v~. In spite of the expected slowing down
of the fluctuations, this is also true around the transi-
tion temperature (Tp 99 K), due to the first-order
character of the transition, already indicated by
dielectric measurements. "

For fast motions the resonance frequency, the
linewidth, and the relaxation rates can be derived by
writing, for the EFG components

Vtk(t) = ( Vjk) + Vjk(t) —( Vjk) = ( Vjk ) + V fs

where ( Vtk) are the time-average components which

give the NQR frequency, while the fluctuating com-

ponents V Jk cause line broadening and nuclear relax-
ation. We will assume that the effect of the motions
is simply to rotate a rigid EFG tensor with respect to
a crystalline frame of reference coinciding with the
average position of the principal axes frame of refer-
ence (x Il e; z II b). This assumption is supported by

the intramolecular character of the EFG at the Cl
site. For the rigid-lattice principal axes I Jq com-
ponents one has Vzz=eq with Z along the H —Cl

1
bond and ~yy = &yy =—

2
eq. The possible effect of

deuteration on VJg, as well as the effect of the high-
frequency stretching motion, can be taken into ac-
count a posteriori by modifying the effective rigid-
lattice component of the EFG tensor.

Let Q~~ and @j indicate the angular displacements of
the H —Cl bond parallel and perpendicular to the ab
plane. The critical reorientations of the molecules
will be described on the basis of a kinematical Ising
model, which has been fruitful for the interpretation
of the NQR and dielectric measurements around the
ferroelectric transition " in NaNO2, as well as in

several other crystals undergoing order-disorder
phase transitions. ' It can be mentioned that a
double-minimum potential in HC1 is also supported
by a theoretical calculation, "based on the zigzag
chain structure.

Therefore, the angle of rotation of the HC1
molecule around the c axis will be written

a(t) =
2

m —
2

ms(t) +P))(t)i 1 (2)

where s(t) is a local order-disorder variable which as-
sumes the values +1 or —1 according to the sign of
the projection of the dipole moment on the a fer-
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roelectric axis. According to Eq. (2), the reorienta-
tion jump is assumed to be

~
m. Only minor numeri-

cal corrections would be present if the actual value
(93') for the planar zigzag HC1 segments should be
considered. Moreover, it can be observed that, in

principle, due to the finite width of the potential well,
the molecular reorientations could involve an angle
which differs from —,m, at random, by a value 4t' of
the order of (q Jt) '~'. It is of crucial importance6 for
Ising-type reorientations of angle m to take this latter
effect into account, while for a —, m jump the dif-

ferent symmetry conditions cause the critical dynam-
ics to affect the NQR parameters more directly, as it
will be shown later on. Therefore, for the sake of
simplicity, the classical Ising model, i.e., qh' 0, has
been assumed in writing Eq. (2).

Taking into account Eq. (2) and the out-of-plane li-

brational motion by an angle 4t]q, a straightforward
tensor transformation gives for the time average

( V&„) components

effect of the oscillations cannot simply be included in
an "effective" value of vo. It can be noted that for
(s) - I the usual Bayer-type' expression for vtt( T) is
obtained from Eq. (5). For (s) -0 (disordered
phase) one has

vg(T) -(—,
' vg}(1 —3(HAJJ)) (6)

i.e., the effect of the in-plane motion is quenched by
1

the —,~ ]ump
For the Cl-NQR spin-lattice relaxation time T~,

starting from

Tt-' -(~'{?'/6h') {J,+8,) .

where 4& and gJ are the spectral densities at the reso-
nance frequency of the well-known EFG functions V~

and V2, by taking into account Eqs. (4) the contribu-
tion to the relaxation rate related to the critical
reorientational variable s(t) is given by

Tt ' =
4

(~g)' j)~ q(gi+gJ+gJ+gg) dr, (8)

( V ) = ( V») -—
J ( Vu )

= ( —,
'

eq }(1 —3 (HAJJ ) ) (3)

with

g, -—,
' (s(0)s(r)) (sa)

( V ) =(—', eq) (s)(1 —2(dr) —{yI)}

(v ) ={v»)=o .

while the fluctuating components can be written

v '(r) =4 [d J'{r) -s(r)gled(r) l,
V r (r) -A [gJ'(r) + s (r) @ (t) ]

vr(r) =2w [dJ'(r)],

V»f(r) =A [s(r}[1—24 s«) —QJ(r) l

—(s){I—2(ds)(dJ))] .

V I(r) = —(2A/J2) [s(t)d J+QJ@a]

V r(r) =(2A /J2)[ s( )rdHd J $J]

(4)

+3(&) {I 2(4(i) (4J)) ]'r . (5)

where vtot = eq {)/2h is the "rigid-lattice" quadrupole
frequency. Equation (5) shows how the "Cl NQR
frequency is affected by the temperature behavior of
the local order parameter (s), and indicates how the

with A = 4eq.=3
From Eq. (3), after the diagonalization of the ten-

sor, the "Cl NQR frequency

vq={eg(V )/2h)(1+ &g )'

with n = ( ( V ) —( V») )/( V ), is given by

vg(T) = ( —,vq) [(I —3 (PJ) )'

g, = (s(0) d J(0)s(r)&J(r) )

gJ-2(s(0)All(0)s«}dll«)) .

(sb)

(Sc)

(sd)

where co& is the soft-mode frequency, related to 0,
and y& the damping factor. Moreover, Eq. (9) could

be used to describe a possible low-frequency part of
the spectral density of the excitations in HC1, as a
"central-peak" tail of resonant pseudo-spin-eave
modes. "

To make explicit the correlation functions in Eqs.
(Sb)—(Sd), we will assume for $J and $s classical

g4-
2 {s(0)qPg(0)s(r)gJ(r))

where ( ) means the ensemble average for the
correlation function.

By referring to a kinematical Ising model, ' the
correlation function for the collective critical variable
can be written

(s&(0)s &(r)) - (]str]') exp( —rlr&) +8&,(s)'
(9)

This expression can be expected to apply quite well

to the critical dynamics in HCl if the tunneling in-

tegral 0 between the two equilibrium positions for H
is small compared to the interaction energy between
the dipoles, and when polarization fluctuations relat-
ed to the exchange of energy with the thermal bath
occur. Even in the presence of a sizeable tunneling
effect Eq. (9) would be used if strong damping af-
fects the pseudospin waves. ' In this case the relaxa-
tion time for the polarization fluctuation should be
written.

r7r 2yx /Qls (10)
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damped-harmonic-oscillator equations, with average
frequencies coq and co[]. A straightforward calculation,
in the random-phase approximation, for the damping
factor I & v&, gives

gt(r) = &pg&
—X& (s~~'& e +coscu~r (11a)

g3(t) =4( &qPp) )'—X& ls «
I'& t '"cos'~lit (11b)

N
q

while g4(r) =
4 g3(t), with $q and cuq instead of $~~

and ao][. For strong damping, i.e., I &) 7-,', the fluc-

tuations due to s(r) can be neglected and the usual
correlation functions for the damped harmonic oscil-
lator are obtained for Eqs. (8b) —(8d).

From Eq. (&), taking into account Eqs. (9) and
(11), and by considering that the reorientational fluc-
tuations are slow compared to the oscillational mo-
tions, the relaxation rate is written

Tt ' = —4(~g)' —X &ls«l'& ', +4&ttt&'r«+ &el&'rq
It/ ~ «1+«) (12)

for negligible damping. For strong damping, i.e., I'[[, I q &) v: the above equation modifies to

I's 4l'g
(13)

which is only slightly different, in view of the dom-

inant role of the first term in the summation.
For the q dependence of & ~s&~') and r& we will

use the mean-field approximation (MFA) results for
the compressible Ising model"

& [sx.('& = (1 —&s )')/[1 —l(q) (1 —&s)')/kT]

r&= r«/[1 —1(q) (1 —&s)t)/kT]
(14a)
(14b)

B. HC1-DCl mixed crystals

HC1-DC1 mixed crystals represent perhaps the sim-

plest example of isotopically disordered ferroelectrics,
and can be considered the electric analog of random
ferromagnets. The analysis of their static and
dynamical properties may be attempted by applying
some theoretical treatments already developed for the
above mentioned systems. A suitable approach is the
coherent potential method' (CPA), while another
often more convenient approximate method is the
virtual crystal approximation (VCA), developed by
Tahir-Kheli. ' VCA corresponds to the MFA for
nonrandom systems and it is expected to hold for
infinite-range interactions. Although VCA breaks in

where 'Tp is the fluctuation time in the absence of in-

teractions between the dipoles and l(q) the Fourier
transform of the interaction. For I(q) we will write

I(q) =1(q =0) [1 —(q2/K«) —gcos 1)], (15)

where Kp is the inverse correlation length in the ab-
sence of interactions, while the term Scos'8 (8 the
angle with the polar axis) takes into account the an-

isotropy of the dipolar part of the interaction, related
to the depolarizing electric field. '

the dilute limit, nevertheless it appears to be quanti-

tatively valuable at higher concentrations, where all

CPA treatments have difficulties. '
The VCA approach has already been used for the

study of the static, ' as well as of the dynamical prop-
erties ' of partially deuterated potassium dihydrogen
phosphate (KDP) crystals. We will apply these ap-

proaches to HC1-DCl crystals, with slight modifica-

tions and some assumptions which, although rather
crude, should allow one to obtain a suitable physical

picture while preserving the essential validity of the
description.

Since the effect of deuteration on T, is small

(about 7% in HCl, compared to 80% in KDP) and the

dielectric measurements indicate a Debye-type relaxa-
tion mode, we can assume, in the framework of the
pseudospin formalism, ' that the tunneling integral fl
is small for H, compared to the interaction energy,
while it can be neglected for D. In addition we will

assume that the I& interaction between the i th and

the jth dipoles is not mass dependent (this is not
true in KDP-type crystals, since the coupling with the
0—0 lattice vibrations may cause a renormalization
of I,,).2i

With these assumptions the single-particle Hamil-

tonians can be written

Ku= —QS„H —Ip(&S,")Cu+ (S, ) Co)S,",(16a)

o = —Io( &S*')Co+ (S.")CH) S*', (16b)

where I« = gI IJ, and S"o are the usual Pauli spin

matrices, and the expectation values & ) include a

configurational average, and CH and Co are the con-
centrations. In writing Eqs. (16) it has been assumed
that the Hamiltonian depends on the particle type

only and not on its position. In this case, for in-
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Io(CH (S,")+ Co (S, ) )

(17a)

where a= [ f)'+Ip (Cn(S,")+Co(S, ))']' '
From Eqs. (17) the transition temperature TP in

HCl-DCl crystals is given by the equation

lo 01=CH tanh ~ +Cp
2k TpM 4k Tp~

By expanding tanh up to the second term, one
derives for the tunneling integral

f) 2kTH (35 T/Tpo ) in

(18)

stance (S,

HACH

J ) = CH (S,") (where CH &
= 1 if a pro-

ton is at the jth position, and zero otherwise). A
partial support of this VCA assumption can be con-
sidered the fact that in HCl-DC1 mixed crystals close
to T„no broadening or structure in the "Cl NQR
line has been observed, indicating that the local order
parameter, i.e., (S,) is not a sensible function of the
position (see Sec. IV).

From Eqs. (16) the self-consistency equations for
the thermal expectation values of the z component of
the pseudospin operators are

(S,")= —Io(Cn(S,")+Co(S, )) tanha/2kTa '

r, p
——(2y/0')(1 —C„To"/T) ' (25)

Since the instability limiting temperature is CH To",
according to Eq. (25) for T = To, vq o is unlikely to
contribute to the quadrupole Cl relaxation [see Eq.
(12)]. For the ferroelectric po~ mode the real part of
the eigenfrequency is zero. Therefore, the reorienta-
tional fluctuations of the HCl or DC1 dipoles are of
completely relaxational character.

Below the transition temperature the co~ and coq fre-
quencies can be written

berg equation the fluctuation around the VCA solu-
tion can be found by means of a standard random-
phase approximation (RPA) linearization pro-
cedure. ' " Under the above mentioned assumption
about 0, one can derive the following. There is one
ferroelectric co~ mode corresponding to the in-phase
motion of the HC1 and DC1 subsystems and there is
one antiferroelectric co~ mode corresponding to the
out-of-phase motion of the two subsystems. Above
the transition the q =0 frequency of the ~~ mode is
given by

catt = ft' [1 —C„[tanh( ft/2kT)/ tanh( ft /2k' ) ]]
(24)

Again expanding tanh and taking into account Eq.
(10), the effective relaxation time can be written

with

gT =- TP TH
cuf =(Co(S, ) +CH(S,"))'Io (26a)

while opt = o)[ + f) ( 0 —(S„)IpCn ) —rs)( (26b)

lo = 4kToP (20)

Then from Eq. (18) one can obtain for the transi-
tion temperature the simplified form

Tp = Cn Tp + CoTg (21)

From Eqs. (17) the temperature dependence of the
order parameter in the two subsystems can be
derived. If one assumes for T & Tp (S,")
= (S, ) —0 then by expanding tanh one obtains

Therefore, a kinematical Ising model, as used in
the previous Sec. II A, retains its essential validity also
in the HCl-DC1 mixed crystal. The effective relaxa-
tional time Tq o for HCl is indirectly determined by
the tunneling integral and one can crudely expect that
the relaxation time in the absence of the interactions
[see Eq. (14b)] is inversely proportional to O.

(S ) = (S")
1 —ACp

(22)
III. EXPERIMENTAL RESULTS

where A = loft'/48(kT)' ln discussing the .results
for HC1-DCl crystals it will turn out useful to consid-
er the case for which (S,o) = (S,H) =1. Then, from
Eqs. (17), taking into account that lo && 0' and
(ft /41pkT) « 1, one derives

(S, ) = (S,")(1 + f)'/2ip )

x [1+(0'/2kTIo) exp( —Io/kT)] (23)

As regards the reorientational dynamics, by divid-
ing the expectation values of the pseudospin opera-
tors into a static and a fluctuating part, from Heisen-

The "Cl NQR measurements have been performed
by means of a pulse spectrometer with quadrature.
detection and Fourier transform (FT) capability,
achieved by means of a Nicolet 1180 data-processor
system. Quadrature detection, with on resonance ir'-

radiation, allowed us to reduce line-shape distortion
and/or broadening, thus improving resolution and ac-
curacy. Furthermore, quadrature detection was
essential for reliable T~ measurements, due to short
T['s and the relatively large linewidths. For the NQR
frequency and linewidth measurements accumula-
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tions of up to 10' free-induction decays (FID) after—
2

~ pulses were averaged, particularly around the

transition. The Ti measurements have been per-
i iformed through a standard
2

n-t--, m sequence, with

FT-quadrature detection of the FID following the
second pulse.

Automatic temperature control was provided by a
properly designed cryostat, ' and the temperature was

measured with a standardized Pt. resistance ther-
mometer. Temperature resolution was about 10 ' K,
and the temperature gradients on the sample were es-
timated to be negligible ( &10 ' K). The measure-
ments of vg under hydrostatic pressure were per-
formed with less frequency and temperature resolu-
tion, using a beryllium-copper pressure vessel, and
details will be published elsewhere. '4

In Fig. I the results for the "Cl NQR frequency,
linewidth, and intensity in pure HC1 are shown. Fig-
ures 2 and 3 are the analogous results for HC1-DC1,
for the "Cl resonance in the HC1 molecules and in
the DC1 molecules, respectively. It should be
stressed that the results pertain only to the ferroelec-
tric phase. In the disordered high-temperature phase
no NQR signal was detected, a significant point which
is discussed later (Sec. IV).

T [I +( T ) ]/y M T (27)

where M2 is the contribution to the proton second
moment due to the chlorine nuclei. Although Ti '

may differ from the pure NQR Tt, because of the
presence of a sizeable magnetic field for the Tip mea-
surements, the data derived through Eq. (27) satis-
factorily match with the result at 77 K (see Fig. 4).
The small discrepancy at higher temperatures is prob-
ably related to the fact that for T —100 K other
mechanisms ' of relaxation for proton Tip increase
their effectiveness. Further 3'Cl NQR T~ measure-
ments for HCl-DC175:25 gave Ti ' =10 sec ' al-
most temperature independent in the range 78—96 K,
with no measurable difference for the HC1 and the
DCl molecules (data not reported in Fig. 4). Other
results for vg, Sv, and Ti, not shown in Figs. 1 —4,
will be referred to in the discussion (Sec. IV).

The "Cl NQR Tt are shown in Fig. 4. In the tem-
perature range 80—90 K, Ti in pure HC1 is too short
to be measured with good accuracy. However, an es-
timate of 3'Cl NQR TL can be obtained in that tem-
perature range, for the proton Tip data. "' In fact
T)p is dominated by the intermolecular dipolar relaxa-
tion of the second kind and is given by
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proton Ti, according to Eq. (27) in the text, from the data
in Ref. 25 and (f), from the data in Ref. 26; pure DCl:
(x), data from Ref. 7 HCI:DCl 50:50, for the HCI
molecule: (S) deduced from the proton Ti according to
Eq. (27) in the text, from the data in Ref. 25]. The solid
lines are the theoretically derived relaxation rates, without
adjustable parameters, as explained in the text (Sec. IV B).

IV. DISCUSSION

A. Temperature dependence of v~
and the order parameter

Equation (5) gives the expected temperature
dependence of the NQR frequency vt2 due to the an-
gular oscillations and by the reorientations of the di-
poles.

Neutron-diffraction measurements" in DC1 pro-
vide the values of (its) and ($I) at three tempera-
tures in the low-temperature phase. At 4.2 K
(4)q) =40 deg and ($a) =32 deg2. The tempera-
ture dependence of these quantities, in the harmonic
approximation, has been calculated. 4 Taking into ac-
count only the temperature dependence of (qbq) and

($i) (i.e., by setting (s) -I) one derives, for
v()( T)lug(20 K) the solid line plotted in Fig. 5. The
comparison with the experimental values puts in evi-
dence a significant departure, already noted and
later'e qualitatively associated with the effect of (s).
As shown in Fig. 5 a possible explanation for the
departure could be found in the anomalous increase
of ($ss) estimated" for DCl, particularly at 92.4 K.
Some facts, however, do not support such an in-

FIG. 5. (a) Temperature dependence of the NQR fre-
quency vg(T) (normalized to the value at 20 K) expected
from Eq. (5) in the text, for no reorientational motions of
the dipoles (solid lines). (~ ) Representative of actual
results, as derived from the data in Fig. I for HCl. (g) ex-
pected results by taking into account for (tt2II) the values in-

dicated by neutron scattering (Ref. 28). (b) Local order
parameter (s) vs Tderived from Eq. (5), as explained in

the text.

terpretation. Crudely speaking, (Ps) is inversely pro-
portional to the frequency of the lattice mode which
causes the in-plane librations. Raman scattering mea-
surements" do not show any anomalous temperature
dependence of the zone-center in-plane librations. A
self-consistent phonon theory derivation of the k -0
frequency spectrum of HC1 corroborates the absence
of any soft-mode behavior on approaching the transi-
tion temperature from below. Moreover, our Ti
measurements (see Sec. IV B), as well as dielectric
measurements, definitely indicate the occurrence, for
T & 80 K, of fast reorientations of the dipoles, which
must have some effect on averaging the quadrupole
interaction. A possible explanation is that the in-
crease in ($s) estimated from neutron diffraction in-
directly reflects the starting of the reorientational rno-
tions, while the amplitude of the oscillations around
the equilibrium positions still remains almost con-
stant. A superposition of ordinary, nonsoft, oscillato-
ry modes and of critical reorientational fluctuations is
known to occur in other ferroelectric crystals. '9

If one assumes for ($2s) and (PI) the temperature
dependence suggested by the Raman frequencies, '
from the experimental data for vt)( T) (see Fig. 1),
through Eq. (5), one can derive the value of (s)
shown in Fig. 5. The first-order character of the
transition is apparent. It has to be stressed here that
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in the transition region, namely, 98.'7-99.2 K for HC1
and 99.2—99.6 K for HC1:DC175:25, the local order
parameter (s) remains almost constant, while the in-

tensity of the absorption line drops continuously to
zero (see Figs. I —3). This fact is important in eluci-
dating the mechanism of the transition and it will be
discussed in more detail below.

The quadrupole frequencies in mixed crystals
would allow one to derive, in principle, (s) for the
two subsystems of the HC1 and DC1 dipoles. This
has not been carried out in detail, since the vibration-
al dynamics of the mixed crystals is complicated and
the effect of deuteration on (s) appears small. As
far as the vibrational dynamics is concerned, in fact,
the mixed systems can be considered' as a series of
oligomers of HC1 linked in a zigzag chain embedded
in a lattice of DC1 or vice versa. The infrared spec-
tra " show a structure with many lines of different
intensities, depending on the length of the oligomer
and the probability distribution. This distribution in
the vibrational frequencies can explain the extra
broadening of the NQR lines. At T =48 K we mea-
sured, for the half width at half intensity, Sv = 5 kHz
for pure HC1 and Sv = 8 kHz in HC1:DCl 75:25.

Close to the transition no further broadening or
structure of the lines has been observed, and this can
be considered a support of the VCA used in Sec. II B.
The effects of the deuteration on the local order
parameter do not appear to be dramatic, at least from
a qualitative analysis of the data in Figs. 2 and 3.
This is in agreement with the main conclusion of the
theoretical picture in Sec. II B. In fact, if the crude
values derived in Eqs. (19) and (20) are used for ft
and Ip, one would have for the correction factor A in
Eq. (22) A =/tT(Tg) 4/T =10 while, for S, ,S"= I, Eq. (23) gives S =S"1.02.

B. Relaxation times and reorientational dynamics

The results for the "Cl NQR relaxation rates
shown in Fig. 4 indicate that in the low-temperature
phase there are three different regions. For T ~ 90
K (region a) the motions are fast, namely, the effec-
tive correlation time is shorter than cog, and the re-

Tt ' ———', (I —(s)')ro' (28)

It can be mentioned that for reorientational times
less than aug' the perturbation-theory approach impli-
cit in the derivation of Eq. (28) would be more ap-
propriately substituted by a picture based on the time
evolution equations for the populations under the
sudden rotation of the eigenkets of the quadrupole
Hamiltonian. ' This picture would give, for indepen-
dent motions (namely, without taking into account
biasing effects related to the transition), T~

' =
2

Tp'.

Therefore, we can refer to Eq. (28) for some discus-
sion in the slow-motion regime.

It should be mentioned that in the slow-motion re-
gime the averaging of the quadrupole resonance fre-
quency is provided only by the fast oscillations
around the equilibrium positions. Moreover the fact
that one single NQR line is observed in this region
supports the assumption that the EFG at the Cl site
is almost completely of intramolecular origin.

In the region a one has aogv, (& 1 in Eq. (12). By
means of Eqs. (14) and (15) one derives

T, ' =C(1 —(s)')ro

where the constant C is given by

(29)

laxation rates for the DCl dipoles are greater than
those for the HCI ones. For T & 70 K (region b),
the relaxation rates decrease on cooling, the motions
are slow compared to co~' and the relaxation rate for
DC1 dipoles is smaller than the one for HC1 dipoles
by a factor around 14. For 70 & T & 90 K (region c)
the changeover from the slow- to the fast-motions
condition occurs, and more complicated relations
between the relaxation rates for HC1 and DCl dipoles
are present.

The above-mentioned features, which have caused
some confusion in the interpretation of previous
results""' can be consistently justified in the light
of the theoretical picture presented in Sec. II. Furth-
ermore, their analysis can provide enlightening infor-
mation on the dynamical properties of the systems.

In region b, from Eq. (12) taking into account Eqs.
(14) under the condition ao~r~ && 1 for any q, one
obtains

'I

3(~q)' j ~(To', qo o

8~ Q L2Taf Q I Ka

qDKp Tp'

2 Tph + 2(qo/Ka)' Ta
I

(30)

(31)

for isotropic interaction [8-0 in Eq. (15)j. For
8 WO a more complicated expression holds, the lead-

ing term being
1

3(rug')'
(

Ta'

64 T T

It must be stressed that in order to derive Eqs. (29)

Tp' —T Tp+ 5 —T
(32)

and (30) one has to take into account in the q in-
tegration in Eq. (12) that the local order parameter
(s ) is discontinuous at the transition, for example by
setting
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The condition of discontinuity at the transition
temperature Tp (see Fig. 5), allows one to keep the
MFA and the fast motion conditions, which other-
wise would give inconsistent results for T = Tp. In
Eq. (30) qo is the Debye wave vector.

Equations (28) and (29) show how, in the low-
temperature phase, the relaxation rates are affected
by the biasing of the dipoles. Furthermore, the ef-
fective correlation time is given by the time each di-
pole spends in the "wrong" position with respect to
the polarization, and its order of magnitude is around
the correlation time in the absence of the interac-
tions. In the region b one has 'Tp & cog —6 x 10
An activated temperature behavior, i.e.,

E IkTVp-r 'e" (33)

can be expected for rp. On cooling, this causes the
changeover to the slow motion conditions.

For T = 82 K where the maximum in the relaxa-
tion rate occurs, one should have vp —cog'. For the
activation energy E" in Eq. (33) the value E' =0.113
eV, indicated by dielectric dispersion in the tempera-
ture range about 63—100 K, can be used. Therefore,
by means of Eqs. (28) and (30), and by taking for
(s) the values in Fig. 5, a quantitative determination
of the "Cl NQR relaxation rate can be attempted,
without adjustable parameters, in the whole tempera-
ture range. The result of such a calculation for pure
HC1 is shown as a solid line in Fig. 4. For the value
of Cin the region a, Eq. (30), we have set Ka —a '

with an average value of the lattice parameter a =5.4
A, while ~ has been taken equal to Ta (only modifi-
cations of some units can be expected by reasonably
changing the above parameters).

As appears from Fig. 4, the agreement of the
theoretical prediction with the experimental data is

gratifying and allows one to draw some conclusions
about the validity of the model assumed for the
theoretical picture. It can be noted in particular, that
the effect of the biasing, through the terms
(I —(s)'), typical of the cooperative compressible
Ising model, is essential in giving the correct order of
magnitude of TI {typically for T = 70 K, without the
effect of the biasing a factor of about 1.7 x 10 would
be present) ~ The effect of deuteration on the Cl re-
laxation rate can be justified along the following
lines. Since it is affected by the tunneling matrix ele-
ment, which is strongly reduced for the deuterium
atom (see Sec. IIB), the ratio between the relaxation
rates for HC1 and DCl in the region b is much greater
than the value 1.4 that one would expect for classical
reorientations, in view of the different moments of
inertia. ' ' In the region a the changeover to fast mo-
tions causes (Tt ')oc' & (Tt ')Hc', which also ex-
plains the proton TI, measurements" in HCl:DC1
50:50 [see Eq. (27)].

C. Mechanism of the transition

As it appears from the behavior of (s) (see Fig.
5), the transition is of first-order character. In the
temperature range of about 98.7—99.2 K for HCl and
99.2 —99.7 K for HCl:DCl 75:25, while (s) is almost
constant, the intensity I of the absorption line drops
rapidly, but continuously towards zero (see Figs.
1 —3). Since the linewidth remains practically con-
stant, I can be considered proportional to the fraction
of dipoles which are biased, i.e., with (s) 40.

Furthermore, as it appears from Fig. 4, in the tran-
sition region the fraction of 'CI nuclei ~hose reso-
nance is detected have TI =10 sec, practically con-
stant.

The qualitative conclusion from the above men-
tioned results is that in the transition region two
phases are simultaneously present. The ferroelectric
phase, for which (s) =0.988 and with characteristic
correlation time of the order of 10 sec, and the
paraelectric phase for which (s) =0, which cannot
be detected because of the large shift of the quadru-
pole frequency [see Eq. (6) and discussion below].
The number of dipoles belonging to the ferroelectric
phase decreases on heating as I does. Such a situa-
tion can be discussed on the basis of the droplet
model for heterophase fluctuations.

The picture of heterophase fluctuations, early pro-
posed' on the basis of thermodynamical arguments
for the two phases of a fluid, has recently been ap-
plied by Cook' to the phase transitions in crystals, in
an attempt to explain the existence of the intrinsic
central peak in the dynamical structure factor
S(q, au). In such a picture the fluctuations occurring
around the transition temperature Tp are related to
the formation of embryos, or clusters, of the low

temperature when, on cooling, the free energy of the
high-temperature phase FH approached the free ener-

gy of the metastable low-temperature phase FL. The
order parameter inside an embryo jumps from zero to
the value of the metastable state. The average size
of the clusters, which should be related to the corre-
lation length, changes rapidly around the transition.
The frequency width of the central peak is controlled
by the time required for the formation and collapse
of the embryos.

For first-order transitions in crystals the volume
and the shape changes associated with the transition
cause a strain-energy contribution to the free energy
FL, which is likely to suppress the heterophase fluc-
tuations. Since in HC1 no appreciable change in the
structure occurs at the transition, ' the strain-energy
contribution to the free energy should be small, al-
lowing some persistence of the metastable state in the
disordered phase, around the transition temperature.

In the framework of the thermodynamical droplet
model in q space, the concentration of atoms within
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an embryo is given by the transcendental equation"

where a and P are coefficients related to the pair-
wise contributions to the free energy, to the average
elastic free energy associated to the coherency strains
and to the gradient-free-energy coefficient. e
depends on c, and q is a maximum wave vector
playing the role of the Debye wave vector, which is
equal to 0.62a ' in the droplet model for cubic lat-
tices. For the free energy one has F(q) = a+Pq~.
F(q) is inversely proportional to the generalized stat-
ic susceptibility X(q, 0) and from fluctuation-
dissipation theorem X(q, 0) a F(q) ' = (N/kT)S(q),
where S(q) is the static structure factor for a variable
taking value one if a site is within an embryo and
zero if not. Then, by recalling the classical Ornstein-
Zernike expression for the static structure factor,
which defines the inverse correlation length, we can
write

a/p = K (35)
For a first-order phase transition K (as well as a in

the thermodynamical description) goes to zero at a
temperature Tp ( Tp, Tp being the transition tem-
perature at which the free energies of the two phases
are equal, Fyg = FL. Tp' is the temperature at which
the central peak in S(q, cu) should diverge.

Then we can write

~'=~)(T —Ta)/T (36)

and from Eqs. (33) and (34), the concentration of
the heterophase fluctuations results

c = (4wkT//3) [q —~ tan '(q~/K) j

= cp [ l (K/q~) tan '(q /~) ) 07)

where cp is the concentration at Tp, on cooling from
above. The interpretation of the experimental results
for I on the basis of Eq. (37) is made uncertain by
the lack of knowledge of parameters like Kp, Tp, and
cp. If one assumes Kp a ', no reasonable values
can be found for Tp, and cp to give a satisfactory
reproduction of the behavior of I in the transition re-
gion. In fact, the marked increase of I from zero in
a few tenths of degree seems hard to justify by
means of a cusped-shaped function as the one in Eq.
(37), with Eq. (36). An attempt to take approxi-
mately into account the effect of the short-range or-
der by modifying the Orstein-Zernike form of S(q)
in S(q) ~ (q +~ +5 ) ', where 5 is a term slightly
temperature dependent, such that (a/P) = 2+5',
does not give a significant modification of the
predicted temperature behavior of (c ).

In spite of the partial failure of the droplet model
in fitting quantitatively the temperature dependence
of I (at least for our choices of the parameters in-

volved) it appears that the general features of the
heterophase fluctuations around the ferroelectric
transition HC1 are correctly described. Refinements
in the theory could lead to a better agreement. A
possible further support for the occurrence in HC1 of
heterophase fluctuations, as well as of the general
validity of a droplet model approach, could be en-
visaged in the temperature behavior of the spontane-
ous polarization P, . P„ in fact, as measured from
the pyroelectric current, "shows a behavior roughly
similar to I in Fig. 1, which would not be compatible
with a first-order phase transition without the oc-
currence of heterophase fluctuations.

Although the measurements for mixed crystals are
not conclusive, it ~ould appear from the results for I
in HCl:DCl 75:25 (see Figs. 2 and 3) that the deu-
teration does not change the width of the tempera-
ture range, around the transition, in which hetero-
phase fluctuations occur.

As regards the lifetime of the embryos, the present
measurements allow us to conclude only that it
should be longer than the inverse of the difference in
the NQR frequency for the paraelectric and the fer-
roelectric phase, namely, longer than about 10 ' sec.

Regarding the paraelectric phase of HCl, while a
dynamical structure seems necessary to account for
the x-ray results, ' one unambiguous disordered
model has not yet been established. Our measure-
ments definitely rule out the occurrence of the anti-
ferroelectric ordering as well as of any other kind of
static disordered structure. In fact, a simple rear-
rangement of the dipoles above Tp would only slight-
ly affect the NQR frequency. At the same time, the
extension above Tp of the dynamical model for the
ferroelectric phase, i.e., reorientations of the dipoles
involving the two positions along the zigzag chain
with no biasing, is not supported by the experimental
results. According to Eq. (6), this model for the
dynamical disorder would cause the "Cl NQR fre-
quency to shift to about 13 MHz at the transition.
An attempt to detect the 35CI NQR resonance in the
range 11—26 MHz, at T = 105 and 115 K was unsuc-
cessful. A very short Ti could prevent the detection
of the resonance. As shown in Fig. 4, the straight-
forward extension in the paraelectric phase of the
theoretical calculations for Tt (solid line) is roughly
supported by the data derived by proton Ti~. For
T =110 K the value Ti —10~ sec is likely to allow
the detection of the resonance. Furthermore, it must
be stressed that "C1NMR quadrupole perturbed
spectra have been detected at two temperatures in
the paraelectric phase of HC1. Although incomplete,
and not confirmed for DC1, those spectra point out
that vg (( vL, where vL is the Cl Larmor frequen-
cy 4.1 MHz.

A marked decrease of the 'Cl quadrupole frequen-
cy in the paraelectric phase can be explained only
with the occurrence of fast reorientational motions of
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D. Effect of pressure

The experimental results for the NQR frequencies
in HC1 as a function of temperature for various hy-
drostatic pressures can be summarized as follows.
The quadrupole frequency at the transition tempera-
ture vrr(Tp, P) decreases almost linearly for P up to
2.3 kilobars with

dvg( TpP)
dP

= —36 kHzkbar '
P 0

(38)

The dependence of the transition temperature Tp on
the pressure is well described by the equation

Tp(P) =99+bP K (39)

with b = 3 K/kbar. Further experimental data will be
published elsewhere. '4

It should be mentioned that while some uncertain-
ty is present in defining the transition temperature
Tp, this does not affect the main conclusions of the
following discussion.

It is known that vg, is, in general, a complicated
function of P, through the effects of various micro-
scopic quantities. Around Tp, for low P, one can ten-
tatively assume that the dominant effect on vg is
through the effect on the order parameter (s).
Under this assumption, from Eq. (5), Eq. (38) gives

d(s) Tp

dp
= —1.8 x 10 kbar '

P~p (40)

The law of corresponding states, proposed for mag-
netic systems, ' states that whenever an additional
therrnodynamical variable P is involved, the variation
of the order parameter with P will be dominated by
the dependence of the transition temperature on P.
For a first-order phase transition no reliable expres-
sion for the dependence of (s) ( T, 0) on T is
known. One can tenatively use Eq. (32), whose pur-

the dipoles among more than two positions. A possi-
bility is that the disorder mechanism above Tp in-
volves 12 (110) directions, through 60' and 90' flip-
ping processes, the crystal structure being ortho-
rhombic for HCI and cubic for DC1. This conjecture
would give consistency to a recent incoherent neu-
tron scattering study' of the proton motions in HCl,
since the scattering cross sections have been inter-
preted on the basis of that dynamical model. Unfor-
tunately, the authors seem unaware of the occurrence
of the cubic-orthorhombic phase transition at about
120 K.

Detailed studies of the quadrupole perturbed Cl
NMR spectra and T~ could give useful insights into
the disorder mechanism of the dipoles in the para-
electric phase of HC1. Only minor modifications to
the theoretical picture would be necessary.

pose was just to take into account the discontinuity in

(s) at Tp By. assuming 5 independent of P, and by
using for Tp(P) Eq. (39), one has

d(s) Tp

dP
P 0

b/2[ Tp(0) + 5) . (41)

If for 5 we use an indicative value of the order of
Tp (as for the theoretical derivation of T~, see Sec.
IVB). Equation (41) gives

d(s) T,
dp

——5 x10 kbar '
P 0

V. CONCLUSIONS

HCl and (HCl) t „-(DCI)„are interesting ferroelec-
tric crystals. They are essentially an assembly of sim-
ple electrical dipoles which at the transitions tempera-
ture reorient cooperatively without any appreciable

Considering the crudeness of some of the assump-
tions, the comparison of this evaluation with Eq. (40)
is not discouraging and seems to support the hy-
pothesis that the major effect of P is on the order
parameter. This could also be considered indirect
and perhaps naive support for the application of the
law of corresponding states.

The dependence of the transition temperature on P
[Eq. (39)) can be discussed in terms of the micro-
scopic quantities by writing

BT0 d Q aTp dipb= +90 dP Qlp dP

d f1/dP is known to be negative4t ' and is most likely
to cause Tp(P} ( Tp(0) in KDP crystals and other
hydrogen-bonded ferroelectrics. ' The positive sign
of b in HC1 points out that the second term in Eq.
(42} dominates, consistent with our assumption of a
small 0 (see Sec. II). Another order-disorder fer-
roelectric crystal ' for which b )0 is NaNO2. In this
crystal the critical dynamics is also of the relaxational
type, and 0 is supposed to be very small, and where
it is the increase of the interaction energy between di-

poles under compression which causes b & 0.~
If for Ip and 0 expressions (19) and (20) used,

from Eq. (42} and the experimental value for b [Eq.
(39)] one derives

dip

dp
= 10 ' eV/kbar

Detailed studies of the effect of pressure on the
NQR parameters in HC1 and DC1 can be expected to
permit a more comprehensive analysis of the data
and to provide more elucidating insights. Here we

only emphasize that the effect of pressure is con-
sistent with the model for the phase transition on
which the theoretical picture developed in Sec. II
rests, as well as with the main conclusions outlined in

this section.
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change in the lattice structure. Furthermore, the
mixed crystals represent probably the simplest exam-
ple of isotopically disordered ferroelectrics.

The ' Cl nuclear quadrupole moment is an ideal
tool to study the static and dynamical effects around
the transitions. In fact, through the coupling with
the intramolecular electric field gradients, the quadru-
pole interaction is directly affected by the biasing of
the dipoles and by their critical reorientations.

Detailed results, obtained from NQR pulse mea-
surements, with FT in quadrature detection, and with
high resolution and accuracy, for the ' Cl resonance
frequency, linewidth, line intensity and T~ around the
transition have been presented in this paper. The
analysis of these results has been carried out in the
light of a theoretical treatment which takes into ac-
count the effects of the librational motions of the di-

poles around the equilibrium positions as their
reorientations related to the polarization fluctuations.
On the basis of previous neutron diffraction and
dielectric relaxation measurements, the reorientation-
al fluctuations of the dipoles have been described by
means of a simple kinematical Ising model with the
addition of a tunneling integral which is small for the
HC1 dipole and goes to zero for the DC1 dipole.

A thorough discussion of the experimental results,
including the effect of hydrostatic pressure on the
resonance frequency at the transition, has given
comprehensive support to this model for the critical
dynamics. It has also permitted a consistent explana-
tion of some controversial points in early interpreta-
tions of data on HCl, and has provided interesting in-
formation on the static properties and the dynamical
mechanism of the transition.

The temperature dependence of the local order
parameter (s), which measures the biasing of the di-

poles, has been obtained. The transition is confirmed
as a classical first-order one with (s ) =0.988 at the
transition. The correlation times for the fluctuations
of the dipoles, roughly the time each dipole spends in

the wrong position with respect to the polarization,
have been derived in the ferroelectric phase. The
correlation times are of the order of the fluctuation
time Tp in the absence of the interaction. The ac-
tivated temperature dependence of vp causes the
changeover, on cooling, from a region of fast rno-

tions with the time scale (2rrvo) ' = (2m26 MHz) ',
to a region of slow motions (below about 70 K). The
activation energy for Tp is approximately the same as
is indicated by dielectric absorption and dispersion
measurements, namely about 0.11 eV. Deuteration
turns out to affect drastically the correlation time,
ruling out the occurrence of classical motions, while

it can be qualitatively explained through the effect on
the tunneling matrix element for the reorientation of
the protons. The leading effect of the pressure is to

increase the interaction energy between dipoles, such
that the transition temperature is increased.

In the temperature range 98.7—99.3 K for HC1 and
99.2 —99.8 K for HC1075 DClozs the NQR line intensi-

ty drops to zero continuously, while the resonance
frequency, the linewidth, and the relaxation rate stay
practically constant. This seems to indicate the oc-
currence in these temperature ranges of heterophase
fluctuations. These fluctuations cause the progres-
sive appearance (on cooling) of polarized clusters, or
ferroelectric embryos, in the matrix of the paraelec-
tric phase. Inside an embryo the order parameter as
well as the correlation times are the ones typical of
the ferroelectric phase just below the transition. The
lifetime of the clusters should be at least 10 ' sec, or
greater. According to a picture based on the droplet
model, the reason the embryos are allowed to exist in

the metastable state should be related to the very
small change of shape and volume at the transition in

HC1, thus reducing the coherency strain energy,
which is thought usually to suppress the heterophase
fluctuations at a first-order phase transition in crys-
tals. The temperature dependence of the concentra-
tion of the embryos seems hard to be quantitatively
justified in the framework of the droplet model in q
space. Careful neutron inelastic scattering in the
transition region of HC1 could give a direct corrob-
oration of the occurrence of heterophase fluctua-
tions, through the detection of a temperature diverg-
ing central peak in the dynamical structure factor.

Finally it has to be mentioned that evidence of
static low-temperature clusters above the phase tran-
sition obtained by means of high-resolution ' C NMR
spectroscopy in the two-dimensional antiferroelectric
squaric acid has been very recently reported. ' Some
significant differences seem to be present in squaric
acid compared to HCl (as to the nature of the transi-
tions, the role of the impurities, the dimensionality).
However, the temperature dependence of the concen-
tration of the clusters appears roughly similar to the
behavior of I in HC1 although extending over a wid-

er temperature range, i.e., about 2 K.
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