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Résumé. — Nous présentons ici des mesures de la variation avec la température de 'effet électro-
optique du chlorure d’ammonium dans sa phase basse température et nous montrons comment
elles sont reliées au paramétre d’ordre de cette transition. Ces mesures sont rendues difficiles par la
présence d’une biréfringence parasite de déformation et par I'existence de domaines ou I’effet électro-
optique change de signe. Nos résultats sont comparés a des mesures antérieures du parameétre d’ordre
par effet piézoélectrique et par génération de seconde harmonique. Nous discutons I’interprétation
de ces mesures utilisant la théorie de Landau ou une loi de puissance avec des exposants critiques et
la relation avec I’existence d’un point multicritique sous haute pression.

Une queue exponentielle du paramétre d’ordre s’étendant sur plusieurs degrés dans la phase haute
température est systématiquement observée dans toutes les expériences. L’origine de cet ordre résiduel
est probablement reliée aux contraintes produites par des défauts cristallographiques.

Abstract. — We present here measurements of the temperature variation of the electro-optic
effect in the low temperature phase of NH,Cl and we show how they are related to the order para-
meter of the order-disorder transition. These measurements are made difficult by the presence of
parasitic strain birefringence, and by the existence of domains which produce a change of sign of the
electro-optic effect. The results are compared with previous measurements of the order parameter
by the piezoelectric effect and second harmonic generation, and their interpretation, following the
Landau theory or power law with critical exponents, is discussed in relation to the existence of a
multicritical point under high pressure.

An exponential fail of the order parameter, extending over several degrees in the high temperature
phase is systematically found in all these experiments. The origin of this residual order is probably
related to the stresses produces by crystalline defects.

1. Introduction. — Ammonium chloride undergoes
an order-disorder phase transition near a tempe-
rature 7, = 242 K [1]. In the high temperature phase
the NH, tetraedra are oriented at random between
two positions, whereas they take parallel orientations
in the low temperature phase. NH,Cl is of particular
interest since the mechanism of the transition is very
simple and provides a physical realisation of a com-
pressible Ising model [2]. As shown by Huller [3] the
ordering of NH; in ammonium halides results from a
competition between a direct octupole-octupole inter-
action, favoring parallel ordering, and an indirect
octupole-dipole-octupole interaction via the anion,
favoring antiparallel orientation. This antiparallel

(*) Associé au C.N.R.S.

orientation exists in NH,Br [4] and in mixed crystals
such as NH, Br,Cl, _, [5, 6]. A tendency towards an
antiparallel order in NH,Cl is shown in the diffuse
X-ray scattering produced at room temperature by
thermal fluctuations [7].

It now seems well established that the transition
which is of first order and so discontinuous at room
temperature becomes continuous under high pres-
sure (1,5 kbar) [8, 9] but the exact nature of this
multicritical point is still subject to discussion [10].
The neutron scattering experiment by Yelon ez al. [1]
on ND,Cl was interpreted as showing the existence
of a tricritical point but the low value (f = 0.153)
of the critical exponent for the temperature variation
of the order parameter has led some authors to think
that this is a multicritical point of higher order [10, 11].
Therefore it seems interesting to make new accurate
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measurements of a quantity directly related to the
order parameter #. In NH,CI the high temperature
phase belongs to the octahedral group O, and is
centrosymmetric while the low temperature phase
belongs to a non centrosymmetric, non polar tetra-
hedral group (T).

Macroscopic physical quantities possessing the
same symmetry transformation properties as the
order parameter n (A, representation of the O,
group) are described by a 3rd (or higher order) rank
tensor [12]. Physical quantities with such symmetry
properties are the piezoelectric effect, the electro-optic
effect and second harmonic generation of light.

Unfortunately the measurements of the order
parameter by these techniques are made difficult by
the existence of a domain structure [13]. In fact
n=@m, —n_)/(n, +n_) where n, and n_ are the
number of tetraedra NH; possessing each of the two
possible orientations. n can take two opposite values
below T, and this leads to a domain structure. All thg
physical tensors having the same symmetry as g
change their sign in opposite domains, and their mean
value on the sample may be much less than their local
value inside one domain. Usually a crystal may be
made single domain by applying the field conjugated
to the order parameter. But, in the case of NH,Cl
this field must be a third order tensor, which is not
experimentally available. Nevertheless products of
stresses o;;and electric field E;suchaso, E,E E E,...
are linearly coupled to . These quantities cannot be
considered as the true conjugated parameter since
they break the cubic symmetry of the low temperature
phase. Nevertheless they lift the degeneracy between
+n and — 5 and consequently can influence the
* domain structure [14]. Furthermore a susceptibility
such as dn/d(o,, E,) is expected to reflect the fluctua-
tions ¢ #* ) of the order parameter and to increase
near the transition. Among these properties the
piezoelectric effect has recently been investigated at
atmospheric pressure by Mohler and Pitka [15] and by
Bruins and Garland [11]. Mohler and Pitka realized
their measurements on a single domain sample
obtained by the application of an electric field and of a
stress. They have interpreted their result with a power
law n ~ (T* — T)® where the critical exponent
B = 0.33; Bruins and Garland investigated poly-
domain samples and found 8 = 0.134. They have also
noted the persistance of long range order several
degrees above the transition temperature. This puzzl-
ing feature has also been observed by Freund and
Kopf [16] and by Steinbrener and Jahn [17] in second
harmonic measurements. The temperature depen-
dence of the electro-optic effect has been reported
recently by Konak [18, 19] and by the present
authors [20]. In this paper we give a complete des-
cription of our results at atmospheric pressure.

In part 2 we describe the properties of the electro-
optic effect in a cubic crystal such as NH,Cl and
consider the parasitic effects of internal strains. In
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part 3 we describe the experimental set-up and the
results in samples with various kinds of domain
structures. Detailed comparisons of our results with
previous order parameter measurements and theore-
tical formulae are discussed in part 4 in connection
with the nature of the multicritical point. Possible
mechanisms for the persistance of some order above
the transition temperature are also presented.

2. Electro-optic effect in NH,Cl. — As the crystal
belongs to cubic groups in the two phases, it is opti-
cally isotropic in the absence of internal stresses and
of external fields. With the application of an electric
field E, the coefficients B;; of the optical index ellipsoid
are given by [21] :

1
B =— t+rj

n E, +RijklEkEl +

)

where n is the refractive index in the absence of a field.

The term associated to r{; in equation (1) describes
the linear electro-optic (or Pockels effect), which
vanishes in the high temperature phase. In the low
temperature phase the only non zero coefficients are
Foyz = Tsxy = I'yzx = 4y in the ordinary cubic axis
using Voigt notation. The last term in equation (1)
represents the quadratic electro-optical (or Kerr
effect) which exists in the two phases. As the crystal
also becomes piezoelectric below T, in addition to the
direct electro-optic effect given by equation (1) for a
clamped crystal, there is an indirect effect produced by
the piezoelectric deformation in a free crystal, so
that the total effect is given by :

@

where the piezoelectric constant relating strains to the
electric field is d;, ~ 107° cm/V [15] and the photo-
elastic constant relating the refractive indices to the
strain is p,, = 2.5 x 1072 [22]. Then the indirect
part i, = 2.5 x 107'' cm/V while the total effect
isr,, 22 x 107'°cm/V.

— € — € A
Fa1 = a1 tPaadiya =13y Try

The indirect effect is smaller than the direct effect,
but not negligible. However p,, is expected to have a
small temperature variation while 4,, and r§, are
expected to have similar temperature variations, as
they are linearly related to # (in a first approximation).
So in the following we shall consider only the total
effect related to r, ;.

For a laser beam propagating along the ( 110 )
direction and an electric field E along ¢ 001 > the
electro-optical retardation angle ¢ is given by :

27l n® By 2nl n?
¢=TAn= +T 3 = +T '2—(r41 E) (3
where / is the thickness of the sample

A the wave-length of the laser.



Ne 9

If the sample is multidomain r,; must be replaced
by its mean value

(rag > = ll J rqa1(u) du  (u along the beam) .

Unfortunately the formula (3) is valid only in the case
of a perfect cubic crystal. As previously shown [13]
NH,Cl single crystals have a very low elastic limit and
slip bands parallel to { 100 } type planes are syste-
matically observed (even at room temperature);
they induce compressive and tensile stresses (g, o,
and ¢, relative to the cubic axes). Furthermore the
heterophase structure which appears at the first order
phase transition, involves plastic deformations inside
{ 111} plate like nuclei. A memory of these defor-
mations is observed to persist for a long time below
and above the temperature transition. These transition
induced deformations are even more troublesome than
the initial ones because they involve shear stresses,
so that now a principal optical direction is found
near { 111 ) directions, which is different from that
of the electro-optic effect which is ( 001 ) as shown
in figure la and 1b. Thus a crystal with internal
stresses presents a complicated inhomogeneous bire-
fringence pattern. Furthermore the birefringence
even changes along the light beam. For a thin beam
the sample can be decomposed into a succession of
small homogeneous platelets, the total effect of which
is equivalent to the effect of a homogeneous bire-
fringent plate producing a retardation ¢ and with a
principal direction making an angle o with the ( 001 )
axis.

<T10>

SLIP PLANE
a | g, <001>
@Laser beam
<111>
b ,<001>
I /F’
*]
—»<001>
C T

FiG. 1. — Orientation of the principal optical directions in a crystal

of NH,ClI for a light beam propagating along ¢ 110 > with stress

birefringence produced by : a) Preexisting { 001 } slip bands or

produced by an electric field E along ( 001 ) ;b) Plastic deformation

along { 111} after the transition; ¢) The simultaneous presence
of these two effects. (P is the polarizer direction.)
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The light beam is linearly polarized by a polarizer P,
making an angle 6 with the principal directions of the
crystal (Fig. 1¢). When an electric field E is applied
along < 001 > both ¢ and 0 change. If this field E,
(in general modulated at frequency w) is small we
can write :

R AL
Y @
0 =0, +<5E‘>E‘° =0, + 0, +

¢, and 6, are proportional to r,, since the electro-
optic effect is always produced by the term r,, E,
but the value of these proportionality coefficients
depends on ¢, and 6, which change with temperature
and field. Preliminary experiments, and calculations
[23] have shown that the effect of rotation of the
principal axis is quite important and must be elimi-
nated. In order to do this we have used the following
method. A polarizer, the sample, a 1/4 plate and an
analyser are disposed along the beam of a laser. The
polarizer and the analyser are crossed. One can easily
show that the emergent intensity modulated at the
frequency w is [23] :

1
IP = 50 (¢,8in20,cos p, +26,cos20,sin¢,) (5)
if the 1/4 slow axis is at 45° from the polarizer axis and

1
I = 5°(¢wsin2200sin ¢o +280,5in40,(1 — cos ¢,))
©

if the A/4 axis is parallel to the polarizer axis.

If we change the setting of the polarizer and of the
A/4 so that 6, always equals 45° the preceeding inten-
sities become

I 1 .
IP =3 b,c08o, 19 =7 dysingy (1)

1= (UPF +UD)P = 2y~ (1) ®)

With this method the variation of ¢, does not matter,
and it is necessary only to follow the orientation of
the principal axis of the sample.

3. Experimental set-up and results. — 3.1 EXPERI-
MENTAL SET-UP. — NH,Cl single crystals were grown
in our laboratory by slow cooling of aqueous solutions
with urea as habit modifier [24]. 4 x 4 x 4 mm?®
samples were cut with a diamond saw (very slowly
to reduce induced stresses), with { 110 }, { 110 } and
{001} polished faces. Gold electrodes were evapo-
rated on { 001 } faces and were used to apply a static
electric field (up to 15 kV/cm) and an a.c. electric
field up to 1 kV/cm peak to peak at 1 kHz.

68
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A cryostat with 4 optical windows, cooled by an
electric refrigerator, was specially built to allow
application of uniaxial stress up to 200 N/cm? and
of high voltage electric fields. The sample is generally
immersed in a small glass cell filled with silicon oil to
improve the optical surface quality and to prevent
electric discharge at high voltageé. This cell is enclosed
in a ceramic cylinder situated inside a large copper
block. The temperature can be regulated with a
0.005 °C stability and it can be linearly swept (from
0,1 °C/h to 2°C/h).

Special care was taken to avoid parasitic bire-
fringence from the windows : the entrance window
was replaced by a rotating sheet polarizer and the exit
window was a thin (0.1 mm) microscopic glass slide.
For some experiments the glass cell was removed to
reduce parasitic birefringence. The birefringence pat-
tern and the domain structure under applied field
could be observed with a microscope having a long
focal objective and a movable mirror, with white
light illumination of the sample placed between
crossed polarizers.

As explained before, to make a good measurement
of the electro-optic effect, we must first determine
the orientation of the principal direction of the crystal,
at the beam position.

This was obtained with the following set up
(Fig. 2a) : a 2 mW HeNe laser as light source, a
polarizer P, the sample C, a photoelastic modulator M
producing a birefringence modulation ¢, at a fre-
quence wy an analysor A parallel to ¢ 110> and a
photodiode Ph. The modulated intensity is [23] :

1

)

1
w = 7 $u sin 26y, sin ¢ sin 26 ©)

6
P <00t e

M. A Ph
SRR
oA+8 aX B

P C % A

| [ SR
b P

il

of+45°

FIG. 2. — Optical apparatus for birefringence measurement :

a) Determination of the principal optic axis orientation ; ) Measu-

rement of the electro-optic effect; L : HeNe laser, P : polarizer,

C : NH,Cl crystal, M : modulator, A : analyser, Ph : photodiode,
E : electric field, o : stress.

where 6 is the angle between the polarizer and tffe‘ '

slow axis of the crystal, and ¢ the retardation angle
produced by the crystal. By rotating the polarizer, we
can make this signal vanish when 6 = 0, and so
determine the position a of the crystal axis to better
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than 0.1°. In general the parasitic birefringence is
very inhomogeneous, o varying within 3+ 15° around
a mean position for small translations of 0.1 mm
of the laser beam which is focused to a diameter of
50 p. To make the measurements, we searched for
regions with a more uniform birefringence pattern and
with optical axes near those produced by the electric
field. Then we checked that the orientation « of the
neutral lines changes by less than 1° as long as the
crystal remains in one phase, while at the transition
there is a change of several degrees between the two
phases. The ¢, measured by the de Senarmont
method [25] shows similar variations.

When the principal axis orientation had been
determined, we placed the crossed polarizer and
analyser at 45° from these axes, and replaced the
modulator by a i/4 plate with axis parallel to the
crystal axis (Fig. 2b). Then we measured the electro-
optic effect using a modulating electric field applied
to the crystal by the method given in part 2.

In making the measurement in a position where the
effect of the electric field on the principal axis orien-
tation is small, we checked experimentally that when
0, ~ 45° and ¢, < 20°, equation (5) can be reduced
to its first term directly giving r,, with the same result
as with equation (8).

3.2 EXPERIMENTAL RESULTS OF ELECTRO-OPTIC
MEASUREMENTS. — Among our measurements we
can separate’ 3 cases depending upon the domain
structure.

a) The sample has many small domains whose
electro-optic effects are partially cancelled so that the
mean electro-optic effect is small. There is a weak
signal I, which varies rapidly from point to point
and the domains are too small to be directly seen.

b) The crystal fortuitously has one family of big
domains with domain walls parallel to {111} or
{ 111 }. If the domains are broad enough and cross
the whole sample parallel to the { 110 ) beam direc-
tion we have the maximum possible electro-optic
effect. Then the electro-optic effect with a static field
of 15 kV/cm is larger than the parasitic birefringence
and tends to impose the principal direction. In this
case the domains are directly visible [13], and the
electro-optic effect can be measured either directly
with the static field, or with a modulated field added
to the static one. The corresponding signal is about
50 times that of case a. The phase of 1, changes by 180°
when the laser beam is swept across a domain wall,
the amplitude remaining nearly constant. Nevertheless
one cannot be sure that only one type of domain wall
orientation is present, because we can see only 2 of
the 4 ( 111 ) wall orientations.

c) The crystal is made single domain by the simul-
taneous application of a d.c. electric field

E, = 15kV/em

and of an uniaxial stress ¢,, = 150 N/cm?. Then as in
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case b the electro-optic effect is strong. The variation
of the electro-optic effect in these 3 cases as a function
of temperature are in good agreement as is shown in
figure 3. In the coexistence region around the transi-

\) (arb units)
AR
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08t
H
oz} s
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-
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H
0.5 et
7 H
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230 235 240 .
FiGg. 3. — Temperature variation of the electro-optic effect for

3 different experimental cases : (measurements cannot be made

inside the dashed zone, which corresponds to the coexistence

region) : O Inside a big domain; A In a crystal with many small

domains ; + In a single domain crystal obtained by the application

of an electric field along ¢ 001 ) and of a stress o along < 110 >,
The full curve corresponds to the fit with exponent 0.125.

tion, the electro-optic effect variation is continuous
but changes greatly from sample to sample. In this
region there is a very intense small angle light scattering
I, (Fig. 4). (Experiments of light beating spectroscopy
have shown that this light scattering is essentially
static [26].) The transmitted intensity is reduced by an
order of magnitude, so that optical measurements in
this region are too greatly perturbed to be of any value.
Similar, but less intense light scattering has been
observed near the a-f phase boundary in quartz [27].
Outside the coexistence region all the measured curves
have the same temperature variations, which indicates
that the domain structure is stable and influences only
the magnitude of the average electro-optic effect,
and not its temperature variation.

The curves drawn are the same with or without an
applied stress and an electric field showing that linear
coupling between the order parameter n and o,, E,
is undetectable in our experiment. (We have only
observed the small elevation of transition tempe-
rature produced by application of the stress.) The
small value of the coupling between # and o,, E, is
confirmed by difficulties encountered in changing
the domain structure. When g, E, was applied in the
low temperature phase after transition, we observed
no change. We obtained a single domain crystal only
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F1G. 4. — Temperature variations of the intensity of small angle

light scattering I, (full curve) and the electro-optic effect (dashed

curve) in the vicinity of the transition temperature in a polydomain

sample (the electro-optic effect is plotted with a logarithmic scale

to show its exponential temperature dependence). The units are
arbitrary.

when ¢,, E, was applied during the first transition of a
virgin crystal. Then, in the low temperature phase, the
crystal keeps the same single domain state, even if the
field is reversed. Changes in this single domain crystal
were obtained only with a new transition under the
opposite field, and then the crystal was only partially
switched.

The absolute value of r,, has been measured in
case b) and ¢) with a static electric field of 15 kV/cm
by the de Senarmont method at 229 K. We obtain :

ra1 ~ 1.5 x 107'%cm/V in case b)

ra1 ~ 2.0 x 107*%cm/V in case c) .

The difference between the two measurements can be
produced by domains which cannot be seen in our
experiment. Except for a recent measurement on a
single domain crystal by Konak [18, 19] who found
ra1 =3 x 1071% cm/V, the only previous reported
measurement is r,; = 1.46 x 107'° cm/V at 233 K
without mention of the domain problem [28]. So
there is only agreement for the order of magnitude of
r4, Dot for the exact value.
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In all the experiments a tail of r,, above the transi-
tion is present, as in previous piezoelectric [11] and
second harmonic measurements [16, 17]. This residual
electro-optic effect has a great spatial variation, but
for a fixed position it decreases exponentially as a
function of the temperature (Fig. 4). When a static
electric field is applied we have observed a tempe-
rature independent quadratic electro-optic effect in
the high temperature phase which produces a modu-
lated intensity :

I, 27l
I, =5 ——n*(Ry; = Ry;) Eq E, c0s ¢ (10)
where R,, and R, are coefficients for the quadratic
effect. As we have found that this quadratic effect
with E, = 15 kV/cm is about 102 of the linear effect

we have at 229 K
R,, — R, ~ 1077 (cm/V)*.

In addition to these electro-optic measurements, we
have made some measurements with second harmonic
generation in polydomain crystals (case a@). The non
linear susceptibility y,, is in a first approximation
proportional to the order parameter. The second
harmonic intensity 7,, ~ xi, has a smooth tempe-
rature dependence as it is the sum of the intensities
produced by a great number of small domains [17].
Our second harmonic measurements are in good
agreement with those of Steinbrener et al. [17] and
with our electro-optic measurements (Fig. 5). We
have also observed [23] the non linear diffraction by
domains [29] and the exponential tail a few degrees
above the transition temperature [16, 17].

] \Te (arb . units)
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230 235 240 TK

F1G. 5. — Temperature dependence of the square root of the second

harmonic 7,,, intensity (dots). The full curve corresponds to the fit

to our electro-optic measurements with exponent f = 0.125
(same curve as in Fig. 3).
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4. Discussion. — A comparison of the various
electro-optic, second harmonic generation and piezo-
electric data is given in figure 6. With the exception
of the piezoelectric measurements of Molher and Pitka
[15], all these results are in good agreement, showing
that all are proportional to the order parameter, in
the temperature range considered.

? arb. units

075

0.5}

P

K

OLJ YRS IR W VN SR S | U T S S R

230 235 240

FiG. 6. — Comparison of various measurements of the order

parameter n in NH,Cl : x Piezoelectric effect in a monodomain

sample (Molher and Pitka [15]); A Piezoelectric effect in a poly-

domain sample (Bruins and Garland [11]); O Second harmonic

measurement (Steinbrener and Jahn [17]). The full curve corresponds

to the fit to our electro-optic measurement with exponent § = 0.125
(same curve as in Fig. 3 and 5).

To interpret the temperature variation of the order
parameter in a first order transition two kinds of
description have been used : the Landau theory and
critical exponent laws.

In the Landau theory [30] the free energy G is
developed in increasing powers of 5 (only even powers
are present in NH,Cl due to symmetry consideration) :

G =G, +5(T ~ Tn’ +§n“ +

c d e
oS +on® =0+
6’1 8’1 n

10 (11)

The equilibrium value of # is given by 0G/dn = 0.
If b < 0 there is a first order transition.
The other description which has been proposed [31]
is a critical exponent law :
n=n*+KT* - T)f (12)

where T* is the transition temperature, and n* the
value of 5 for this temperature. This 4-parameter
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formula has been shown to have so much freedom for
a fitting procedure that its physical signification is
dubious [32]. So here we discard the #* term and use
n = K(T* — T)? as for a second order transition
this procedure has some theoretical justification only
near a multicritical point but this can be the case for
NH,CI since the transition becomes 2nd order for
relatively low pressure (1.5 kbars [8]) and still more
for ND,Cl where the critical pressure is around
150 bars [1]. The exponents previously found for
ND,Cl and NH,C], for various experiments, are
given in table I.

TABLE 1

Value of the critical exponent B and of the critical
temperature T* for the temperature variation of the
order parameter (n ~ (T* — T)P) found in different
experiments (the temperature range used for the
numerical fit is given in the last columns).

B T* Reference T range (K)

ND,Cl 0.153 248.86 [1] 225to T*—1

— 0.126 249.69 [33] 230 to 249.63

NH,Cl 0.134 242.63 [11] 230.6 242.58

— 0.136 242.617 [17] 232.4 242.26
— 0.33 24478 [15] 225 2423

In addition to this power law Bruins and Gar-
land [11] have also tried a fit according to Landau
development of equation (11) up to 7', and taking
¢ = d = 0 which would correspond to transition near
a pentacritical point. This Landau fit is good for
ND,CI [33], where they found f ~ 0.125 but not for
NH,CI [11] where they found § ~ 0.134.

Steinbrener and Jahn [17] who found B = 0.136
from their second harmonic measurements on NH,Cl,
followed a suggestion of Benguigui [10] and tried a fit
to a Landau expansion up to n®, with b = 0. They
then found a good fit with a small negative value of c,
corresponding to a tetracritical point [17]. But in a
recent paper Steinbrener showed that a good fit is also
possible with a pentacritical point [34].

Following these trends we have analysed our data
with critical exponent laws and with different kinds
of Landau expansions. We have taken 55 points with a
regular 0.25 K interval from 227.45 to 240.95 K in one
of our measurements of the electro-optic effect, as a
function of temperature. (Some of these points at 1 K
intervals are given in table I1.) At higher temperature,
near the transition the measurements are perturbed
by the coexistence state. Nevertheless, we have taken
6 more points between 241.20 and 241.85 K which were
corrected for the laser beam attenuation. This cor-
rection increases here from 1.5 to 14 9;. We think that
at higher temperature the perturbation due to the
coexistence state is too great to be accurately corrected.
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TABLE 11

Temperature variation of the order parameter (nor-
malized to 1 at 227.45 K) measured with the electro-
optic effect. The last six points have been corrected
(see text). The uncorrected data are given in parenthesis.

T n
227.45 1
228.45 0.993
229.45 0.985
230.45 0.976
231.45 0.967
232.45 0.957
233.45 0.944
234.45 0.931
235.45 0.915
236.45 0.899
237.45 0.879
238.45 0.853
239.45 0.822
240.45 0.781
241.20 0.732 (0.722)
241.45 0.721 (0.689)

55 0.718 (0.670)

65 0.710 (0.647)

75 0.700 (0.627)

85 0.695 (0.608)

(The intense light scattering being producéd between
241.85 and 242.35K.)
We have first tried fits to a power law

n=KT* - Ty

with the usual least square method minimizing

1 n
0% = ; <Z (nexp - ntheor)2> :
1

The results of these fits in different temperature ranges
with f free or fixed are given in table ITI. (There is a 649/
probability that the parameters have a value inside the
incertitude range given.)

The values found for the parameters are quite
dependent upon the experimental results obtained in
the vicinity of the transition temperature. This
dependence is troublesome as the value of these points
is affected by the coexistence state. Imposing
p = 0.125 = 1/8 increases the mean square devia-
tion ¢ very little. Imposing f = 1/6 or 1/10 increases ¢
very much. Even bigger deviations would be produced
with f = 1/3 which is clearly excluded for our results.
The curve corresponding to the fit with g = 0.125
has been plotted in figures 3, 5 and 6 as a reference
curve. To show more clearly the deviations with the
experimental results, we have plotted in figure 7, as a
function of temperature, the differences between all
the experimental points used in the fitting procedure,
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TaBLE III

Parameter values of fits_of our electro-optic data for the order parameter to a power law
n = K(T* — T)P. (o is the mean square deviation of n.) In the first three lines B was free, while it was fixed
at the indicated values in the last three lines. (There is a 67 %, probability that the parameters have a value

inside the uncertainty range given.)

B T* (K) K K18 o T range (K)
1 0.128 + 0.001 7 242.62 + 0.04 0.710 + 0.003 0.003 4 227.4 to 241.85
2 0.125 + 0.001 6 242.51 + 0.04 0.716 + 0.003 0.0030 227.4 to 241.65
3 0.121 + 0.001 3 242.32 + 0.04 0.725 + 0.003 0.002 3 227.4 to 241.45
4 1/6 243.69 + 0.07 0.638 + 0.001 14.77 0.008 8 227.4 to 241.85
5 1/8 242.56 + 0.02 0.715 + 0.000 5 14.62 0.003 4 227.4 to 241.85
6 1/10 242.14 + 0.03 0.758 + 0.001 15.97 0.0100 227.4 to 241.85

A n erb. units)

L

TR PR YU VRN WIS WU S S|

1 1 1
230
F1G. 7. — The differences Ay between the experimental points (dots)
and various curves are plotted as a function of temperature taking
as reference line for Ay = 0 the curve with exponent g = 0.125
(same curve as in Fig. 3, 5 and 6). Full curve : power law with
B =1/6and p = 0.121 ; —.—.— T ~ n%AT) Landau fit, according
to equation (13) keeping only the #® term, obtained in minimizing
differences in T only; ——— T ~ #®(AT, Ay) Landau fit, according
to equation (13) keeping only the #8 term, obtained in minimizing

differences in T and 7.

and the curve with B = 0.125. The differences with
the f =0.121 and B = 1/6 curves, corresponding
respectively to line 3 and 4 of table III are also plotted.
The small systematic deviation which appears between
the curve f = 0.125 and the experimental data, is
reduced with the curve f = 0.121 obtained in neglect-
ing the 4 last points. So it seems that the correction

for these points has been a little too great. However
as these differences are of the order of 102 which is
of the order of the data accuracy we have left our data
as they are. We have also made some attempts with
fits to the Landau theory. Minimizing G given in the
equation (11) leads (with a = 1) to the relatton

T=T,— (bn* +cn* +dn® +en® +---). (13)

In this form T appears as a polynom in # which can be
easily fitted with programs already developed in our
laboratory by Dr. Lombardi. When one keeps only one
power n*" in equation (13), one obtains the reciprocal
function of the previous power law with § = 1/2 n.
In this case we can compare the results of the fits
given in table IV with those of table III. The values of
the parameters are a little different. Some deviation
also appears between. these curves as shown by the
curve T ~ n8(AT) of figure 7. To reduce the difference
between the two procedures, we used for the fits with
the T(n) polynom, a programme written by Dr. Lom-
bardi, which can take into account incertitudes AT
on T and An on n and which minimizes a distance o’
between the experimental points and the curve given
by :

1 2 [ — 1 2 T, — T, 2
2 exp theor + exp theor
’ n zl: I:( An ) AT

as explained in Wolberg’s book [35].

The following results, given in table V, have been
obtained with this programme. We first investigated
the possibility of an ordinary first order transition,
which does not give good agreement. Going to a
T(n) polynoms with a #° term, we found that a better
agreement is obtained with the n* terms as used by
Steinbrener et al. (line 2) than with a n? term. A very
good agreement is obtained with all the terms with
power 2, 4, 6 but now there is one more free parameter
and also the value of T, is very far from the last
experimental point. Now going up to polynoms in »®
as tried by Garland et al. [33, 11] we found the best
fit for a 3 term polynom with power 2, and 8 in ¢
(line 5). The coefficient b of 5> is quite small with a
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Parameter values of the fits of our electro-optic data for the order parameter to a polynom
T =T, — (dn° + en® + f*°...) minimizing o which is the mean square deviation of T. (The parameters
d, e, f correspond to K~ of table 3 for B = 1/6, 1/8, 1/10.)

T, (K) d e f or T range
244.29 + 0.14 158 + 0.2 0 0 0.45 227.4 to 241.85
242.60 + 0.04 0 14.69 + 0.07 0 0.17 227.4 to 241.85
241.55 + 0.06 0 0 14.1 + 0.1 0.24 227.4 to 241.85

TABLE V

Parameter values of the fits of our electro-optic data for the order parameter to a polynom T = T, — (an® + - + en®)
minimizing a « distance » ¢’ between the experimental points and the theoretical curve (see text).

T, (K) b c d e o’ T range (K)
1 23413 +062 —3572+193 4125+ 1.42 0.66 227.45 to 241.85
2 24175 +0.14 — 1269 +099 26.18 + 0.92 0.43 22745 to 241.85
3 24005 +£032 - 8.17+0.74 19.86 + 0.51 0.48 227.45 to 241.85
4 25743 +1.35 70.81 + 601 —1159+87 748 +4.1 0.18 227.45 to 241.85
5 243.00 +0.17 0.97 + 0.34 1392 +0.25 0.32 227.45 to 241.85
6 242.545 4 0.016 14.59 + 0.08 0.35 227.45 to 241.85
7 242.439 4+ 0.019 14.36 + 0.06 0.25 22745 to 241.20
8 242.505 4+ 0.039 14.48 + 0.08 0.08 227.45 to 239.45

large relative uncertainty (around 33 9;), which
suggests that a polynom with b = 0 would also be a
good fit. This fit with only two parameters is repre-
sented by the curve T ~ n® (AT, An) in Fig. 7 and
is nearly as good as the previous one. The para-
meter values are also very stable when the tempe-
rature range used for the fit is reduced (lines 6 to 8).
This case corresponds to a pentacritical point and to
the exponent f = 0.125. 4

Recently Poppe and Huller [36] have suggested that
near a tricritical point the coefficient b, which becomes
zero at the tricritical point, is not constant, and that it
would be necessary to introduce a temperature varia-
tion of b. This procedure increases the number of
unknown parameters and we have made no attempt to
test it with the present data; however we think that
we shall be able to check this hypothesis with new
data on the pressure dependence of the order para-
meter which are presently being measured by second
harmonic generation.

Although our experimental results are very similar
to the previous ones as shown in figure 6, the nume-
rical results are a little different, in particular for §
which is smaller here than in previous experiments
where f was around 0.135.

For the experiment of Bruins and Garland [11]
this greater value of B is probably related to the fact
that they took into account points very near the
transition with AT aslowas 5 x 1072 K. These points
are certainly inside the coexistence region, and are

perturbed by this state. In ND,Cl [33] which is closer
to the multicritical point, coexistence effects are
expected to be small, as corroborated by the smaller
tail. Indeed B = 0.125 and a good fit to a pentacritical
point is found. So with nearly the same experimental
results, different fits can be obtained, which show
that they are quite sensitive to small variations in the
data, particularly for the points near the transition.
Then the question arises : how seriously shall we
consider the value g = 0.125. It appears that good
representations of our data are obtained with only
two free parameters, for this exponent value. (It
would have been interesting to have results at a lower
temperature to see if this power law is always true.)
However the interpretation of the transition as penta-
critical seems difficult. There are only two experi-
mental fields acting on the transition, temperature
and pressure. One can conjecture that another field is
associated with the anti-parallel order of the tetra-
hedra, which exist in NH,Br. But this would only
lead to a tetracritical point. Another field is needed
to reach a pentacritical point.

If only data at atmospheric pressure were known,
one might conclude that this is only a first-order
transition, and that the exponent value g = 0.125 is
spurious (a curve with a small temperature variation
corresponding to a low value of the exponent).
However as it is known that under pressure the
transition becomes continuous, this value of f may
be of some value. A complete answer can only be
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obtained with new measurements of the order para-
meter under pressure, so that critical exponents can be
deduced without ambiguity. A comparison with the
recent measurements of the order parameter in KDP
near a tricritical point would be of particular inte-
rest [37, 38].

In a recent work [39] Garland et al. have measured
the critical exponent o’ describing the divergence of
the heat capacity of NH,Cland ND,Cl under pressure.
However they say that their results cannot resolve
the question of the character of the multicritical point.

Another point of concern in the NH,Cl transition
is the existence of residual order above the transition
temperature, as shown by the tail observed in figure 4.
This feature was discovered by Freund in S. H.
experiments [40] and he found that this residual order
decreases exponentially when the temperature
increases.

Such an exponential tail has been found systema-
tically in later works as is shown in figure 8 where the
results of different experiments have been plotted
with a semi-logarithmic scale. Excepting the first
cooling for which the tail is generally smaller and may
have a different behaviour, these curves are fairly
reproducible for successive transitions. Surprisingly
all these results, obtained with different techniques
on different samples, lead to a similar exponential
temperature dependence. On heating and on cooling,

n (arb units)

'10—3 1 1 1
243 265

Fi1G. 8. — Exponential dependence of the residual long range order
in the tail as a function of temperature above the mean transition
temperature for different experiments : O Electro-optic effect
(this work); + Second harmonic (square root of the intensity
of diffracted second harmonic at its maximum), this work ; * Second
harmonic (square root of the intensity of diffracted second harmonic
at its maximum), ref. [16]; — — Piezoelectric effect (ref. [11]). (The
relative positions of these curves are arbitrary along the n axis.)
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the curves have the same slope, their main difference
is a translation of about 1 K which corresponds to the
thermal hysteresis.

In a recent hyper Raman experiment, some residual
elastic second harmonic scattering was observed
even at room temperature [41]. From his first expe-
riment made on powder, Freund interpreted this
phenomena as critical S. H. scattering produced by
order parameter fluctuations [40]. So this S. H.
scattering would have been an early manifestation of
the central peak phenomena [42]. However in later
work on NH,CI single crystals [16], Freund et al.
found that the scattering was essentially produced
at small angle, showing that it was produced by long
range order over several tens of microns which cannot
be interpreted as a microscopic effect. So, as in the
central peak history, the influence of defects must be
considered [42], and in particular for this case, the
effect of internal stresses. We have shown already that
such stresses are systematically found in NH,CI,
either preexistent in the crystal and depending on its
history, or produced by plastic deformation during
the transition itself [13]. The later explanation is
probably better, in order to explain the reproducible
results between different samples. In general the
stresses are of the same order of magnitude
(30 x 10° dynes/cm?) but near the dislocation, the
stresses can be far greater (5 x 10% dynes/cm? at
250 A from the dislocation core) which can produce
a local increase of the transition temperature of about
2 K and thus, have a great effect for the nucleation of
the new phase. Such an influence of dislocations has
already been conjectured by Bartis [43]. But as the
stress field around a dislocation decreases as 1/r,
he found that the S. H. intensity changes as (T—T,) ™
which is not in good agreement with the experimental
exponential dependence. It seems that something
more must be added to the internal stress hypothesis.
Often in phase nucleation theory there is a potential
barrier U which is overcome by a thermal activation
process given by e~ Y*T [44]. In our case it would be
sufficient, in the small temperature range considered,
for U to have a nearly linear temperature dependence.
In a first order phase transition the activation energy
is associated either with the nucleation or with the
growth of nuclei. Both models have been developped
in connection with martensitic transformations. In the
first case the potential barrier is produced by a surface
energy term, but usually this leads to a barrier which
is far too great to be overcome by thermal fluctuation.
To avoid this problem it is necessary to introduce
preexistant nuclei [45], or to help the nucleation by the
favorable action of defects (such as dislocations [46] or
stacking faults [47]).

In the second model the activation process may
appear in the further growth of these nuclei. This can
happen with the nucleation of dislocation loops at the
interface between the two phases [48]. We have
considered the application of such models to NH,CI.
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For the transition on cooling the orders of magnitude
are reasonable, but we do not see how, on heating,
the same variations can be obtained. This quasi
reversibility on cooling and on heating seems incom-
patible with an activation process. It would be neces-
sary to introduce a mechanism giving some kind of
equilibrium between the transition energy and defor-
mation energy (elastic and plastic) which would be
more reversible, but it seems difficult to find an
exponential dependence, unless we suppose that the
transition temperatures already have an exponential
distribution.

Further experiments are planned to give more
information on this puzzling question.
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5. Conclusion. — In this paper we have presented
a new measurement of the order parameter of NH,Cl
using the electro-optic effect.

An exponent f ~ 0.125 gives a good numerical fit
to our data, but we think that this result is not suffi-
cient to establish firmly that the transition is close to a
pentacritical point. Before accepting this conclusion
further experimental results are needed, and in
particular measurements of the order parameter
under high pressure.
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