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The partial quenching of the fluctuations of orientation of nematic layers by very large magnetic fields
predicted by de Gennes and leading to increased birefringence has received a first experimental verification
by Poggi and Filippini. In this paper a detailed account of this effect is given: the progressive disappearance
of the induced-excess-birefringence (IEB) effect near a second-order smectic transition is connected
quantitatively with the divergence of the bend elastic constant. As the isotropic phase is approached from
below, the increase of IEB is connected with the decrease of the elastic constants. The IEB varies with field
as [H|* with u = 14-0.02 over the whole nematic range. This critical-exponent determination is closely
connected with the problem of the divergence of the longitudinal susceptibility in magnetic systems where

both “semiclassical” and renormalization-group approaches predict a divergence in H

Y2 in three

dimensions. As no data seem to be available for the magnetic problem, the linear form obtained here
provides a first experimental test of the validity of both approaches based on the quenching of transverse
magnetization fluctuations by a field. Departures from the de Gennes model observed near Ty, as well as
deviations of the induced birefringence, observed in the same experiments, from the mean-field behavior in
the isotropic phase above the nematic transition, emphasize the need for new theoretical description of this

weakly first-order phase transition.

I. INTRODUCTION

In the nematic liquid-crystal phase elongated
(cigarlike) molecules are aligned along an average
molecular direction, characterized by the director
tield A(F)[|A(F)|=1]. The optical axis of the posi-
tive uniaxial phase is parallel to ni(T) at each
point. An instantaneous picture at the molecular
level should look like the picture in Fig. 1: Figure
1(a) refers to a temperature close to the first-
order transition to the isotropic phase at a tem-
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FIG. 1. Schematic representation of an instantaneous
distribution of molecules in the nematic plane near
Tyr (S=0.35) and Ty (S=0.75). (The subscript indices
NI and AN stand for nematic isotropic and smectic 4
nematic, respectively.) In the latter case we have rep-
resented a fluctuating cybotactic group whose growth
explains the freezing of the transverse orientation
modes in 8CB.

perature Ty;; Figure 1(b) is obtained at a lower
temperature. The effect of the fluctuations of
orientation is particularly large at high tempera-
tures. It can be expressed by the scalar order
parameter

S(¥)=3(3cos?0(T) - 1), (1)

0 being the angle between the direction of any
given molecules and 1.

Figures 1(a) and 1(b) correspond to values of the
order parameter S(¥)=0.35 and 0.7, respectively.
The temperature variation of S(¥) could be deduced
from that of the magnetic-susceptibility tensor X
which is the correct form of the nematic order
parameter

S(F)=X /X405 (2)

where X, =X, — X,; Il and L refer to directions
respectively parallel and perpendicular to 1H(F);

X 40 would be the value of the susceptibility of a
perfectly aligned sample. Figure 2 gives the tem-~
perature variations of X, for the two compounds
used in the present experimental study.

The value X ,,=1.47 x 10"7 cgs has been deter-
mined from the measurements on an oriented
glass phase.’ The positive value of the anisotropic
susceptibility X , is due to the existence of the
central aromatic rings of the molecule (expanded
formulas are given in the inset of Fig. 2) which
tend to favor the alignment of the molecules along
the magnetic field H.

Figure 1(b) corresponds to a temperature slight-
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FIG. 2. Temperature variation of the anisotropic
part of the susceptibility for the two compounds (Ref.
33). The value x,0 has been measured in a perfectly
aligned glassy sample of 7CB. We assume that the
same value applies to 8CB as the anisotropy results
from the central part of the molecule which is identical
for both materials.

-10 =5

ly above the second-order phase transition, a
smectic-A phase at a temperature T,y. It shows
the development of fluctuating smecticlike regions,
the cybotactic groups, whose existence has been
proved from x-ray measurements.? The progres-
sive development of the smectic order rigidifies
the structure of the nematic phase and limits the
fluctuations of orientation. Note that there are
two contributions to the fluctuations, a macroscopic
or collective one related to the elasticity and a
microscopic or local one. Approaching the smec-
tic-A phase, only the former is reduced. In par-
ticular, there seems to be no discontinuity at the
transition of the order parameter S(¥)=X,/X,,
which remains smaller than unity in the smectic
phase.

It is the purpose of the present article to study
these fluctuations of orientation from the response
of the material to large fields. A magnetic field,
applied parallel to i, reduces the fluctuations of
orientation and consequently causes an increase
of the order parameter S(¥). Such an effect was
predicted by de Gennes® and subsequently studied
experimentally by Poggi and Filippini.* The pre-
liminary experiments indicated a linear increase
of S(¥) with H measured from that of the optical
birefringence, An=mn, —n, ~0.2. This is a rather
small effect [An(H =10° Oe) - An(H=0)~10"]
and was studied using the facilities of the Service
National des Champs Intenses and of the Max Plank
Institiit fiir Festkorperforschung in Grenoble.

The present work gives a detailed account of the
experiment, including a first study of the tempera-
ture variation of the effect: When the smectic

phase is approached, the freezing of the elastic
fluctuation modes is found to cause a progressive
decrease of the induced excess birefringence
(IEB) to zero. In the high-temperature limit the
IEB increases sharply as the elastic constants de-
crease near the isotropic phase.

The plan of the article is as follows. In Sec. II
we extend the original de Gennes model® to include
the effect of anisotropic elasticity. This extension
is needed in order to describe the behavior near
Tan. The hypotheses embedded in this “semiclas-
sical” approach are compared with the problem of
the longitudinal magnetic susceptibility, which has
received a considerable theoretical interest over
the last 20 years. In Sec. I we discuss the ex-
perimental techniques used. Section IV contains
a description and discussion of the experimental
results which agree quantitatively with the approach
of Sec. II over most of the nematic range. Em-
phasis is put on deviations observed near the ne-
matic-isotropic transition. Some analogies are
established with the magnetic case but no detailed
description of the approach of the phase is avail-
able beyond the mean-field treatment whose de-
ficiencies are mentioned. Finally, in the Appen-
dix we discuss the effect of an alignment of a ne-
matic sample in a magnetic field not parallel to
fi. The aim of this final discussion is threefold:
(i) the Freedericksz transition measurements lead
to a determination of the elastic constants used in
the present work, (ii) the effect of an accidental
misalignment in the nematic phase must be sub-
tracted from the IEB one; (iii) the Appendix stres-
ses the deep fundamental unity between the static
reorienting “field effect” and the dynamic effect of
the reduction of fluctuations, both of which can be
understood using the concept of a magnetic-corre-
lation length varying as H™! in the field.

II. THEORETICAL APPROACH

A. Nematic problem

The fluctuations of orientation of a nematic can
be probed directly by light-scattering techniques.
The experiments of Chatelain® have given a direct
probe of the spontaneous fluctuations. Later the
Orsay Liquid Crystals Group® study of the light
diffused by the fluctuations was used for a quantita-
tive study of the viscoelasticity of the nematic
phase.

De Gennes® has considered the effect of 2 mag-
netic field parallel to the optical axis of a uniform-
ly aligned nematic film. We generalize the calcu-
lation, which was performed with only one elastic
constant K, to include Frank’s three elastic con-
stants K,, K,, and K, (see Fig. 3; the definitions
of the constants are given in the Appendix).
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FIG. 3. The three elastic mode distortions. They can
be simply visualized from the distortion pattern obtained
just above the critical field H,; or from a plot similar to
Fig. 4.

In the presence of small fluctuations of compo-
nents 7, and 7, of the director 7 initially aligned
along the direction of H parallel to the z axis
(|n,], |ny|<< 1), the increase of the free energy
from the undistorted state (|n,|= |n,|=0) can be"
calculated from formulas (A2) and (A3) as

’ 2 2
2ar=| [1\;(3& Z"z) +K2<2T‘1_?1&>
v ox 3y ax 3y

2
+K, (?IL_"_ +aﬂ) + X, H?(n? +n§)] &,
0z 9z

®)

where V is the volume of the sample. The first
three terms represent the splay, twist, and bend
elastic-energy contributions which oppose the fluc-
tuations; the last term is the aligning magnetic-
field effect.

It is convenient to Fourier analyze #,(r) and
n,(r). The free-energy variation per unit volume
is written as

1 - -
AFZZ—? ; Kl[nx(q)qx+"s(q)qy] :

+K2[n,(‘(’1)qy -"y(ﬁ)q,]z
+(Kyqa+ X, HA)n2(Q) +n5(q)].
(4)

For a given d we can diagonalize this quadratic
form by a linear transformation of the basis of
the reference system: (X,7,%Z)—(8,,8,,%); &,
being perpendicular to §, with a transformation
matrix

P:1/(q:+q3)1/2(" _qy>. . (5)

qy 4y
This leads to the following diagonal form:

1
AF:Z—V Zq: Z nﬁ(q)(Kaqf+K3qi+x¢Hz)_ (6)

a=1,2

For each q value we have a mixture of two fluc-
tuation modes schematically described in Fig. 4:
mode a=1 is a mixture of splay and bend; mode «
=2 is a mixture of twist and bend. The two modes
are decoupled and one can use, in the classical
limit, the theorem of equipartition of energy:

(ala)| D= VB T/ o2+ Kat X HD) . (D)

We finally get in real space

J={n2(r) +n2 ()

keT (M -
:-———(2517)3 ( Z (K 2+ K g%+ X H?) 1>d3q .
Im a=1,2
(8)

The integral evaluated in the continuum limit
diverges for lq [—- c; a higher cutoff must be in-
troduced in the integral g, ~1/a, where a is an
intermolecular distance. The lower cutoff is
given by the size of the sample (the thickness L of
the cell in our experiments, with a nematic film
contained between two parallel plates). It can be
safely taken as ¢, =0 in the present calculation,
which is of interest for fields much larger than the
typical Freedericksz fields H_; or, equivalently,
when L is much larger than the magnetic correla-
tion lengths &; = (K, /X, H?)'/? defined in the Appen-
dix [formula (A7)]. The expression of J simplifies
by using &; and stretched momentums (g{,)

B=q,, 65=ay, 9= K/K,)""?q,. ©)
One obtains: ‘

k T K 1/2 q&M qlqul
J:_L(A> f — % (10)

27 \K, Ez o Kug"+X H?

kT 1 T
LY i [

J—27I-2K;/2 Ez K(1272 (an ZEa> . (11)

The reduction of the fluctuations by the magnetic
field is easily understood from this last result.
In the nematic state, in the absence of fields, there
is no natural large correlation length and long
wavelength fluctuations contribute up to the size of

Twist-bend

Splay-bend

FIG. 4. Schematic representation of the mixed modes
(o =1,2) of the theoretical analysis. Near the smectic
transition it is the divergence of the bend part which
causes the vanishing of the IEB.,



21 NEMATIC LIQUID CRYSTALS IN HIGH MAGNETIC FIELD: ... 1015

L. However, when the field is applied, a low-
frequency cutoff 7/2¢, is introduced in the prob-
lem. Larger wavelength fluctuations are sup-
pressed. This causes an increase of

(Ry=(1-m2 —m2)=1-7, (12)

which is proportional to the increase of the bire-
fringence of the nematic:

An(H,T)-AnH=0,T) (niH)) —(nfH=0) (13)
= 1 ,

An,
AnH,T)-AnH=0,T) kT ( 1, 1 )
An, h 4""K31/f g,H)  &@E) /)

(14)

and, finally,

An(H,T)—An(H=0,T) ksT ( Xa )”2

An, T 4m \K,

x(z%fr%) (H] . @5)

This formula is the central result of the study.

At this stage we can make several remarks
about this formula: (i) The predicted effect is
very small. Using X, ~10"7 cgs and K, ~10°° cgs,
one calculates 6(An)/An~10"* for H=10° Oe. So
very sensitive optical techniques as well as un-
usually large fields are required. (ii) Near a
nematic-to-smectic second-order transition, the
twist (K,) and bend (K,) elastic constants diverge,
as discussed in the Appendix. This causes the
quenching on the mixed modes (¢=1,2). The IEB
effect decays continuously to zero, (iii) On the
other hand, the decrease of the elastic constants
near the isotropic transition is faster (<S% in a
mean-field model) than that of X,, proportional to
S. So one expects an increase of the IEB as Ty,
is approached from below.

The effect reported here corresponds, in a
sense, to an “internal-field effect” where the mag-
netic field acts to suppress the large-scale varia-
tions of the distortion in a manner similar to the
Freedericksz effect, where, in large fields, the
distorsion is restricted to sheaths (next to boun-
daries) or to walls of extent comparable to £,.

B. Magnetic analogy

The approach developed above is strongly analo-
gous to the classical treatment of magnetic sys-
tems in a field. In an isotropic ferromagnet below
the Curie point, the energy required to rotate the
magnetization as a whole is zero, as it is the en-
ergy of long-wavelength spin-wave modes. Thus
the transverse magnetic susceptibility measuring
the ability of the magnetization to rotate in a small

transverse field is infinite. If one assumes that the
magnetic moment M rotates in the field without
changing in amplitude (which is the basic assump-
tion of this “semiclassical” approach) one can ex-
press a relation between the transverse and longi-
tudinal fluctuations of M and calculate the increase
of the longitudinal susceptibility due to the reduc-
tion of the transverse fluctuations in a field H
parallel to M. This approach was taken in par-
ticular by Vaks, Larkin, and Pikin’ and its gen-
erality to a large class of multicomponent order-
parameter systems was emphasized later by
Patashinskii and Pokrovskii.®

Starting from the pioneering work of Brezin and
Wallace® using renormalization-group arguments,
several authors'® have reconsidered the problem of
the divergence of this longitudinal susceptibility

‘and found it to vary as

B2, (e=4-d),

for systems having different components of the
order parameter. The result agrees with the
semiclassical one. Thus these recent approaches
can be considered as a justification of the funda-
mental assumption of the “semiclassical approach?,
i.e., the neglect of amplitude fluctuations of M in
front of the angular (or phase) ones.

On the other hand, at the present time there
seems to be no available experimental result on
the subject. The main reason for this is the fact
that the situation of “isotropic” magnetic systems
cannot be produced in general; anisotropic mag-
netocrystalline effects are dominant in low fields —
far from saturation—where the divergence should
be seen. Theoretically, the absence of complete
rotational symmetry leads to a quenching of the
transverse fluctuations in low fields and to the sup-
pression of the critical behavior.'® Antiferromag-
netic systems would be better candidates if mea-
surements of the staggered magnetization were
available, The nematic phase has the isotropic
character required for the above approach. In
large magnetic fields the anisotropic effect intro-
duced by the orienting action of the walls is ef-
fective over a thickness £;(H), much smaller than
the cell thickness, and can be neglected. In order
to show the correspondence between the critical
exponent # =1+0. 02 obtained here and the value
of the exponent —3e= —3 of the longitudinal sus-
ceptibility, we present schematically a magnetic
calculation paralleling that given above for the
nematic case. )

The magnetization is taken as having a constant
modulus M, and M2+M?= M2 (Il and 1 defined with
respect to the direction of H). Thus M, (#)~M,
-3M? /M, (as M, is small in front of M;). In mo-
mentum space,
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M,(H)=M,-A S M} (H).

We can get the Fourier components of the trans-
verse magnetization fluctuation from a linearized
Landau free-energy expansion:

F=7" (aH +q M3, (A and a are constants).
q

The first term connects with the divergence of
M, as H™', whereas the second one is the usual
gradient term. The factor can be written as £2
+¢%, where the magnetic correlation length &
varies as H™'/2, The equipartition theorem ap-
plied to the normal modes of Fgives M2, =kT/

(aH +g?). If one replaces the summationby an inte-
gration in d dimensions and subtracts the finite
value M, (0) of the magnetization in zero field we
get the increase of magnetization

q*ldq_ f q*'dgq
qZ

AM(H)=M,(H) - M,(0) «

¢ +E?
=2 ﬂ:_-?'d_qz afdgy @2 /2
e +é
From this result the variation of
X"(H):M“(H);M"(O) af @D/2

follows. The description extends directly in the
nematic case if one replaces the dependence of ¢
as H"'/2 by H™! (the change comes basically from
the replacement of a magnetic energy MH by X H?).
Thus the IEB, which corresponds to the difference
AM(H) in the magnetic problem, should vary as
H%? yith field. (The longitudinal susceptibility,
which would be measured by the correlation func-
tion of the birefringence as two points along the
field, would vary as H**,) Thus the variation of
the IEB as H***° is not a trivial result but con-
firms the validity of the d —2 exponent variation
and provides a first experimental verification of
critical dependence of the magnetic-susceptibility
fields.

III. EXPERIMENTAL

The experiments have been performed on (i) 4’-
n-heptyl-4-cyanobiphenyl (7CB), C,H,,~<* X*
C=N, which has a nematic phase with an order
temperature Ty; =41.8°C and no smectic phase;

(ii) 4'-n-octyl-4-cyanobiphenyl (8CB) C.H,,~<* X ¥ >

C=N, which presents both a smectic-A and a ne-
matic phase, with critical temperatures T,
=32.5°C and Ty;=40.0°C. We have chosen these
materials because they have a good chemical sta-
bility: The transition temperatures varied by less
than 0. 1°C throughout the time of the experiments.

The nematic sample is contained within a cali-
brated cell (provided by the Hellma Society) of
thickness d=200+5 um. The parallelism between
the boundary plates is better than 10" rad. In.
order to realize a planar anchoring (the director
1l uniformly parallel to the plates), the inner sides
of the two plates were first separately coated with
an obliquely incident evaporated film of SiO,!! and
sealed together. The space between the two plates
is optically controlled. The cell is then filled
under vacuum with liquid crystals.

The polarimetry device used was developed by
Maret.’* The birefringence can be measured con-
tinuously using a photoelastic modulation technique
and an automatically compensating Pockels cell.

A resolution of An~10"7 is achieved for a 200 um
sample thickness at a wavelength x = 6328 A. The
response time is shorter than 30 ms.

The magnetic field, variable between 0 and 1.5
X 10° Qe, is produced by a Bitter coil. The laser
beam passes through the coil along the x direction,
perpendicular to the magnetic field direction z
(Fig. 5). The cell is positioned in such a way that
the direction of the director 1 is parallel to that of
the field. Thus the cell can be rotated by angular
steps of 2/, around two rotation axes by means of
a slow-motion mechanism as shown in Fig. 5.

The angle B (rotation around y’ axis), between the
plane of the cell and the H direction, is brought to
zero by realizing a coincidence between incident
and reflected beams. The angle o (rotation around
the laser-beam direction) between 1l and H can be
adjusted to zero by suppressing the parasitic orien-
tation effect in low fields (see Sec. IV B),

The large intrinsic birefringence of nematics in
zero field is strongly temperature dependent:
An/AT~1072°C™.®* This effect can be kept to less
than 10°% of the magnetic-field contribution by sta-

FIG. 5. Indication of the geometry of the nematic cell
and the procedure of alignment around the two axes x
and y’ to bring the axis to the reference frame 0xyz.



bilizing the temperature to 3 x 10°2°C over the time
of application of the field. We could not use an
electronic stabilization: Magnetoresistive effects
limit the use of resistor thermometers which
would be the most sensitive in this temperature
range; on the other hand, eddy-current effects
strongly influence the functioning of electronic
regulations. For these reasons we have used a
stabilization by thermal inertia (large heat capaci-
tance and poor thermal coupling with the surround-
ing). The sample is placed in a thick Teflon con-
tainer surrounded by a cylindrical copper oven in
which water, stabilized to better than 0.01°C,
circulates, This oven is insulated from the inner
walls of the Bitter coil where the power dissipa-
tion is 5 MW. The variation of temperature is of
the order of 3.10°%°C over 10 min; the time of ap-
plication of the magnetic field is approximately

ten times smaller.

IV. EXPERIMENTAL RESULTS

A. Behavior of birefringence with magnetic field

An unretouched experimental variation of IEB
versus magnetic field is given in Fig. 6 for an 8CB
nematic sample (the thickness is 200 um, the
temperature is 37°C). It represents the variation
of the magnetically induced phase shift A ¢, di-
rectly proportional to the voltage applied to the
compensating Pockels cell, versus the magnetic
field. In the same figure we have drawn var-
iations A ¢ = KH" with different exponents u.
Within the noise limitation we can state that the
IEB 6(An) varies like H* with an exponent 0.98
<u#<1,02, This law of variation is obtained over
the entire nematic range. It is drastically dif-
ferent from that obtained in the isotropic case,
where the induced birefringence (Cotton-Mouton
effect) varies as H2'® On the other hand, in the
smectic phase we observe no variations of bire-
fringence with the applied magnetic field (= 0).
Another characteristic feature is the nonanalytic

AU Pockels
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FIG. 7. Two plots of the same variation of the IEB
with field indicating the existence of separate domains
of variation for the alignment effect (linear in 1/H) in a
poorly aligned sample (@ =5°) and for the IEB (linear
with H). The arrow corresponds to a field H=H,
=100 H, (see Fig. 13 and Appendix).

dependence as [H [ . Indeed, we verify that by
changing the direction of the magnetic field by
180° we get the same value of the birefringence.
This result can be easily understood as coming
from the symmetry fi — —n of the nematic phase.

B. Alignment effect

Before further developing the implications of
these results, let us consider the effect of align-
ment. In the experiment of Fig. 6 the direction
of the molecular alignment was adjusted parallel
to the magnetic field to better than 2’. A poor
alignment of the sample in the magnetic field in-
duces a parasitic phenomenon which is most visible
in low fields. In Fig. T the variation of the bire-
fringence with magnetic field is recorded for a
misalignment angle @=5°, both as a function of
H [Fig. 7(a)] and of 1/H [Fig. 7(®)].

In the Appendix, we show that the effect of a
magnetic field on a poorly aligned sample should
lead to an H"! variation of the birefringence. The
effect can be understood as coming from the con-
tribution of two layers next to the limiting plates,
of thickness £(H) < H"!, which retain the alignment
at the plates different from that of the field.

The curves of Fig. 7 clearly show that one can
separate the effect of the field alignment of that of

FIG. 6. Direct plot of
the variation of Pockels-
cell voltage (linear in the
excess birefringence
variation) with field. The
scanning is obtained by
increasing the field line-
arly with time and is re-
versible. The best fit is
obtained for a variation of
H* with #=1+0,02,

[INTA
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FIG. 8. Variation of IEB versus temperature in the
nematic phase of 7CB. The full line represents the
slope of high magnetic field measurements (see Fig. 6).
The broken line is the calculated curve. The value of
Tyr has been adjusted to coincide in both cases.

the IEB. In low fields the variation of birefring-
ence is linear in H™', the dominant effect being
the macroscopic alignment of the molecules along
the magnetic-field direction. In high fields, the
birefringence varies as H, as the dominant effect
is due to the reduction of the fluctuations of orien-
tation. The crossover between these two regimes
takes place around 30000 Oe for @=5°. The value

A Blen) g gyt
kg TIHI ,
——High magnetic field measurements
. — —_Deduced from theory and Kki's
! measurement
Smectic A

agrees with a numerical evaluation based on for-
mula (A6) of the Appendix.

C. Temperature dependence of the IEB

The linear variation of 5(An) with [H|, dis-
cussed in Sec. IV A for a 200-pm thick 8 CB sample
at 37°C, has been obtained'® systematically for
both 7CB and 8CB samples over their whole ne-
matic temperature range. Figures 8 and 9 give
the variations with temperature of the increase of
the slope of the IEB, normalized to %4 TIH | , for
7CB and 8CB. In both cases, for a given field,
the IEB increases drastically, near the nematic-
isotropic transition. On the other hand, for 8CB
the IEB decreases continuously to zero at the
smectic-A-nematic transition temperature T ,y.
These experimental results agree with theoretical
predictions developed in Sec. II and discussed in
the following paragraph.

D. Comparison with theory

Formula (15) indicates how the term 6(An)/k,T
depends on the three elastic constants and on the
anisotropic susceptibility. It can be written as

8(an)  Am (xa\*3( 1 1
an=pri =g (k) (&) 0

where An, represents the birefringence of a fully
oriented sample, corresponding to an order pa-

FIG. 9. Variation of

I's ot ropic the IEB versus tempera-

ture in the nematic phase
of 8CB. The temperature
has been normalized in
order to adjust the transi-
tion temperature T,y and
Ty between experimental
and calculated curves.

1 T-Tan(°C)
Thi=Tan
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rameter S=1, Thus An=24n,/S=AnX,/ 4!
From the values of X, and X,,, given in Fig. 2,
and of Az (Refs. 16 and 17) we get An ,=0.23. Using
formula (16) we have calculated the variation of the
IEB through the nematic temperature range. The
elastic constants were determined from Freede-
ricksz’ threshold measurements in conditions as
close as possible to the IEB experiment, as re-
ported in the Appendix. This precaution is im-
portant, as it has been often found that the value
of K; could depend markedly on the liquid-crystal
preparation (residual impurities, conditioning,
and handling).

A comparison between the calculated (broken

line) and experimental IEB data is done in Figs.
8 and 9 for 7CB and 8CB. The relative uncertain-
ty of the calculated value of A(T) is due mostly to
that of the K| and is largest near Ty;, where it is
15%.

We can see that the experimental and theoretical
variations are in good quantitative agreement over
most of the nematic range. .

(1) Inthe case of 8CBthe approach of the second-or-
der phase transition, leading to a freezing of the mixed
elastic modes atlow temperature, is well described
by experiments and theory. The critical temperature
T s~ canbe obtained by an extrapolation of the slope
A(T) tozero. Moreprecisely, we canevaluate the
critical dependence of A (T') near the second-order
phase transitionfrom that of the elastic constants K.
One expects K;and K, todivergeas (T - T,,)"”, where
the exponents v determined from various experi-
ments'®+*° is compatible withthe mean-field value v
=0.5. Itfollows that A(T) should vary as (T—T )"/ ?
~(T = T,y)'’*; the experimental variation is com-
patible with such a variation. An extrapolation of
the linear variation of A(7T) vs T* to zero leads to
the determination of 7, with an accuracy of
102°C. We have no variation of 7',y within this
accuracy when H varies from 0 to 120 kOe. Our
results contradict data obtained by Rayleigh scat-
tering and reported in Ref. 20 which indicated that
a magnetic field of 700 Oe shifts the transition
temperature T,y of EMBAC liquid crystal by 1 °C.

Note. The quenching of the transverse fluctua-
tions of orientation at the smectic transition is
reminiscent of the Higgs mechanism,* much dis-
cussed in elementary-particle theory. This is the
situation of a phase transition where the order pa-
rameter is coupled to a gauge field, the canonical
example in condensed matter physics being the
superconducting transition (in this case the gauge
field is the electromagnetic field and the coupling
occurs because the Cooper pairs are electrically
charged). The Higgs mechanism proper consists
of the fact that the electromagnetic field, purely
transverse (zero-mass photon) in the normal

phase, becomes an impurely transverse (massive)
vector field in the superconducting phase, via
coupling with the phase of the order parameter.
Thereby we have the Meissner effect, finite pene-
tration of the magnetic field in a superconductor,
understood as due to the finite mass of the photon
(expressible in terms of the London penetration
length). As first noted by de Gennes,* a limited
analogy exists in the case of the nematic-smectic-
A transition, where the smectic order parameter
(which has an amplitude and a phase) is the analog
of the superconducting order parameter, and where
the nematic director field is somewhat the analog
of the electromagnetic gauge field. The transverse
fluctuations of orientation are important in the ne-
matic phase (they are massless) and quenched in
the smectic phase (they are massive). This is just
a commentary on the form taken by the denomina-
tor of Eq. (7)for n,(g)?inthe limitq and H—~ 0.

(2) The agreement is not so good near the nematic-
isotropic transition although the temperature has
been adjusted to the value of Ty; (which is deter-
mined as the temperature where the intrinsic
birefringence jumps suddenly to zero).

A possible explanation would be that the nature
of the transition to the isotropic phase is modified
in the presence of large fields. In magnetic sys-
tems the second-order transition taking place at
the Curie temperature T, is replaced by a contin-
uous variation which is described by a universal
equation of state expressing the width of the tran-
sition region in 7 - T'_ as a function of the applied
magnetic field H.° On the other hand, right at T,
the equation of state expresses H varying as M?°,
where the exponent 6 characterizes the divergence
of the susceptibility at T, (X« H*/®1), which gives
a variation of M between that in the disordered and
ordered phase.

(3) In the present experiments we observe
a large deviation of the variation of A(T) near
Ty from the semiclassical model discussed
above (approximately by a factor of 1.5 at Ty —1°).
However, we have found no variation of A(T) nor
of Ty, with the field within the accuracy of the ex-
periments. Similarly the variation of the IEB with
the field does not show any variation from the li-
near form, up to the highest temperature studied
(T=Ty,; -5%10"%), This suggests that the dis-
crepancy observed is not directly connected with a
“magneticlike crossover,” which is not surprising
because the experiments in the nematic phase are
not close to the conditions of a vanishing order pa-
rameter but show a discontinuous transition. This
result is justified by a rough estimate of the cross-
over field for the nematic-isotropic transition:
The linearized form of the rate of variation of the
free energy near Ty; can be written in a Landau
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model® as

9F _ 4s2~10182 ~ 10723 cr®°C™.
oT

If we compare this term with the magnetic
anisotropy term X, H? (X, ~10"" cgs) we expect
that a value of 10° Oe would induce a change of
Ty of the order 1072°C (10° Oe for 1°C) too small
to be observed in the present experiments.

In fact, the approach of the nematic-isotropic
transition has not yet received a satisfactory de-
scription. On the one hand, the variations of the
elastic constants or of the susceptibility do not
follow the mean-field description well as the tran-
sition is approached from below.?* Another finding
of Ref. 24 discussed separately?® is that the mean-
field approach does not apply well when Ty; is ap-
proached from above. In Ref. 14 it had been
found that the inverse of the Cotton-Mouton con-
stants, as well as the Kerr constants, measuring
the ratio between the induced birefringence and the
square of the magnetic or electric field above Ty,
varied linearly with temperature, extrapolating
to a second-order transition temperature T*
slightly below the weakly-first-order nematic-
isotropic transition (small latent heat) at Tyy;: T*
~Tyy —1°. Thanks to the greater accuracy of the
present optical experiments we have shown® that
a systematic deviation from the linear variation
is observed in a temperature range of a few de-
grees above Ty;, qualitatively similar to that of
the magnetic susceptibility above the Curie point
and due to critical effects. A similar variation is
shown in Fig. 2 of the recent letter by Keyes and
Shane® although no explanation is proposed.
Rather than emphasize the role of a tricritical
point (which would justify the existence of normal
exponents rather than critical ones), one may try
to analyze the deviations from linearity observed
in the three different studies as an indication of
the onset of critical effects around T*.

V. CONCLUSION

We have studied the quenching of the fluctuations
of orientation by magnetic field over the whole
temperature range of nematics. The linear de-
pendence of induced excess birefringence IEB
upon magnetic field has the same physical origin
as the H~¢/2 behavior of the longitudinal suscepti-
bility in magnetic systems discussed in Ref. 8 and
is due to the freezing of angular fluctuations of the
order parameter. In this respect the present ex-
periments can be considered as a first experimen-
tal evidence of this critical behavior. The de-
crease of the IEB near a second-order transition
to a smectic phase is quantitatively consistent with
the freezing of the bend and twist elastic modes.

The increase of IEB near the nematic-isotropic
transition is due to a decrease of the elasticity.
Deviations observed near this transition suggest
the need for a description of this critical point;
deviations from Kerr and Cotton-Mouton constants
from the mean-field behavior also indicate the
need for a better description of the first-order
nematic-isotropic transition. Recent contribu-
tions?® suggest that the transition temperature 7*
is a tricritical point which would justify the ap-
plicability of mean-field exponents also obtained
in the de Gennes-Landau approach. However,

the present results indicate deviations from
this model. Experimentally, one may think of
approaching the mestastable second-order tran-
sition at 7* using dynamic experiments. The re-
cent discovery of discocyte nematics®” of negative
order parameters also suggests the possibility of
using a mixture of platelike and cigarlike mole-
cules [the first-order transition is connected to the
different nature of the states characterized by posi-
tive and negative values of S(¥) defined in Eq. (1)]
which would undergo a second-order isotropic
transition.

Note added in proof. We have just received a
paper from Blinov on the reductions of fluctuations
in cholesterics [S. V. Belayev, L. M. Blinov, and
V. A. Kizel, Pis’ma Zh. Eksp. Th. Fiz. 29, 17
(1979)]. Their experiments measuring the varia-
tions of the selective reflection band of a chole-
steric in an external electric field should be con-
nected with IEB effect.
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APPENDIX

The Freedericksz transition,® or “field effect,”
describes the distortion of a nematic film, initially
aligned by wall effects, by a magnetic field, The
effect of alignment along the field is described by
the existence of an anisotropic magnetic suscepti-
bility. In its most classical form, the single-
crystal nematic sample is contained in a parallel
wall cell of thickness d. The planar (director A
parallel to the walls) or homeotropic (h perpendicu-
lar to the walls) alignment is obtained by suitable
surface treatment.’»?® The distortion pattern can
be calculated from the minimization of the total
free energy.

F:Fmas+Fsl’ (A1)

where the magnetic contribution expressing the
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tendency of alignment along the field is

Frge= - % xa (7 -H)?d%r. (A2)

The Frank elastic free energy is
Fu=3 [ & (awiy + k(7o

+ K (A x 76tAf) d3r . (A3)

The elastic deformations are described by the
elastic constants K, (splay), K,(twist), and K,
(bend) (Fig. 3). Appropriate boundary conditions
on fi must be also expressed. Inthe case discussed
below, where strong anchoring is assumed, the
conditions reduce to i =Ty, = const.

A. Elastic-constants determination

If the field is perpendicular to the unperturbed
alignment, the distortion takes place only above a
critical field

Hy=(K;/X,)/%d™*, (A4)

where the index ¢ refers to the three geometries
described in Fig. 3. Rightabove the thresholdH,,,,
the infinitesimal distortion in case 7 is character-
ized by only one of the three elementary Frank
elastic constants K.

However, above H, a mixture of K, and K,
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FIG. 10, Measurement of the threshold field of the
Freedericksz transition obtained by extrapolating the
variation of birefringence with field to zero (static
effect). Inset: measurement obtained by measuring the
relaxation time of the transition (dynamic effect).
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FIG. 11. Variation of K; /X, of 7CB versus tempera-
ture obtained from the Freedericksz transition mea-
surements.

distortions describe the rate of increase of dis-
tortion in the case of geometries 1 and 3.

The definition of the elastic constants can be
understood directly from the image of the distor-
tion just above threshold in the three geometries
of Fig. 3. It is also indicated schematically, in
the same figure, in a manner pictorially similar
to the mixed modes given in Fig. 4. The mea-
surement of the threshold magnetic fields H 4 has
been applied to the evaluation of the three constants
K,(T) in 7CB and 8CB, on which the IEB effect
has been studied. The procedure is as follows

(i) The distortion is measured according to clas-
sical techniques: In geometry 1 and 3 we measure
the variation of birefringence by counting the num-
ber of fringes produced in a nematic slab, placed
between crossed polarizers at 45° with the director
axis in geometry 1, in parallel monochromatic
light. In geometry 2, the twist of the director is
obtained from the rotation of the conoscopic image
obtained in converging light.*°

(ii) The critical field H, can be obtained from
the extrapolation of the distortion to zero. A
more sensitive measurement of H ; uses the di-
vergence of the relaxation time of the distortion

pH)=<[(H/H, ) -1T", (A5)

when the field H, ,, > H_ is reduced to a value of
the field H <H_ .*' The divergence is characteris-
tic of the second-order phaselike transition at H,.

In Fig. 10 we indicate both types of determina-
tion of the critical field in the case of a planar
sample (d=200 pm). Using formula (A4) we get
the temperature dependence of K, /X, for the three
elastic constants of 7CB and 8CB. The variations
are given in Figs. 11 and 12, The results for 8CB
clearly indicate the divergence of the twist and
bend elastic constants at Tyy.
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FIG. 12. Variation of K; /X, of 8CB versus tempera-
ture obtained from Freedericksz transition measure-
ments, Note the divergence of both K, and K; when
approaching the smectic-A-nematic transition, while
K; remains continuous.

(iii) The values of X, of 7CB*2 and 8CB,* known
from direct susceptibility measurements, are
given in Fig. 2.

(iv) Using the values of X, and those of X;/X,
the temperature dependence of the three elastic
constants K;(7) is obtained for 7CB and 8CB.

From the temperature variation of the elastic
constants and susceptibility one can deduce several
features already reported in the literature which
we recall briefly:

(a) Near Ty, the elastic constants and X, de-
crease. According to the Maier-Saupe molecular
theory* one expects a variation of X, and K|, re-
spectively, as the order parameter S and as S,
The ratio K;/X,, measured by the critical field
H,, must decrease as S when the temperature
approaches Ty;. However, in this range of T de-
viations from the “mean-field” variation, already
reported,® are also observed in the present ex-
periments.

(b) On 8CB, which has a second-order phase
transition to the smectic phase, the splay constant

K, remains regular whereas both twist (K,) and
bend (K;) constants diverge. In the smectic phase
the presence of incompressible layers prevents
the existence of the two latter types of distortion.
In the pretransitional state one can understand the
singular behavior as coming from the increasing
role of fluctuating smectic domains (cybotactic
groups). Considerable attention has been given to
the critical indices characterizing such diver-
gences.'®'® No particular attention has been given
to the form of the divergence in the present study
but the existence of the critical behavior is re-
flected in the continuous freezing of the IEB (Sec.
IVD) as T,y is approached from above.

(c) The values of K;(T) are used in a quantitative
comparison of the IEB results with the model in
Sec. II. Let us note that our results on K;(T) are
smaller by a factor of 2 than the measurements by.
Karat'® on the same compound. However, Karat’s
experiments did not use any direct measurements
of ¥, which were deduced from the susceptibility
of the aromatic part of the molecule.*®

B. Distortion induced by “poor” alignment between
magnetic field and director

In connection with the present project, several
years ago we had considered the problem of the
alignment of a nematic slab by a magnetic field
nearly parallel to the optical axis of a planar ne-
matic.*” The geometry is given in Fig. 13; o is
the angle between the field H and the director 7 in
the undistorted state.

In the usual Freedericksz problem there exists
a symmetry which is broken by the distortion (in
particular, this causes the existence of walls in
the sample, comparable to magnetic walls, sepa-
rating domains of symmetric angular distortion).
The existence of a symmetry broken by the transi-
tion is closely connected with the second-order
character of the phase transition.

In the present problem no symmetry is broken in
the field; the distortion appears continuously as
soon as a field is applied. The distortion®’ is
plotted in Fig. 13. In reduced units ¢, the bire-
fringence effect integrated across the sample
thickness is proportional to both the thickness d
and the square of the angle a,

The major part of the alignment effect takes
place around a value of the field of the order of a
typical critical field H,= (K/X,)*/?d~* ~300 Oe for
d=200 um ( a one-elastic-constant approximation
K, =K was assumed).

For large fields, ¢ saturates to a value ¢, cor-
responding to the alignment of fi everywhere paral -
lel to A with the following law:
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FIG. 13. Variation of the birefringence with magnetic field in the case of the nematic sample aligned initially at an
angle o with H. The inset shows the existence of two boundary sheathes. H, refers to the value of the field indicated
in Fig. 7.

superficial sheaths of thickness £ with i at an
angle of the order of @ with the field direction
(Fig. 13, inset).

The notion of the magnetic correlation length is
crucial in the present IEB study as & gives the up-
per limit of the wave vector of the possible spon-
taneous distortions of the director. Fluctuations

301, —ng)o’d (K>”2. (A6)

P =="""F X,

The formula reads easily: In the presence of a
magnetic field a correlation length

E=(K/X)/?H™? (A7) of wave vector ¢ larger than £ ! are energetically
unfavorable.
is introduced, which is the length over which the Similarly, in the Freedericksz problem (Ap-
alignment adjusts from the boundary value to the pendix A) the critical field H  could be expressed
direction of H in the bulk. simply by stating that, for H=H ;, the correlation
The residual distortion (¢, — ¢) is that of two length takes a value of the order of d= 7£(H ).
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