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The normal modes of a cholesteric liquid crystal in the presence of a magnetic field are
determined from the hydrodynamical equations. The damping constants of the orientation
modes are found to be sensitive functions of the field and exhibit band gaps when their wave
vector is an integral multiple of a reciprocal-lattice vector. The results disagree with those
of an earlier calculation by Fan, Kramer, and Stephen and reduce to the correct result in
the zero-field limit. The light scattered by the modes is discussed in the Born approxima-

tion.

I. INTRODUCTION

In the absence of magnetic fields and other per-
turbing forces, cholesteric liquid crystals have a
helical structure.® The long axes of the molecules
tend to be in planes and in any plane the ordering
is like that in a nematic liquid crystal, i.e., the
molecular axes tend to be parallel. In a direction
perpendicular to these planes (the helical axis)
the axes are rotated from point to point and trace
out a helical path with a pitch of several thousand
angstroms.

A static magnetic field H couples to the aniso-
tropy of the magnetic susceptibility y, and tends
to orient the molecules in the direction of the field
(for x,>0).2* If H is perpendicular to the helical
axis the spiral structure tends to unwind and the
crystal becomes nematic at a certain finite crit-
ical field.**5 When H is parallel to the helical axis
an intermediate conical structure is stable if the
elastic constants satisfy a certain inequality.?

In this paper we discuss how the fluctuations in
orientation and the light scattering due to these
fluctuations are modified when a static magnetic
field distorts the crystal. The case when His per-
pendicular to the helical axis has been discussed
by Fan, Kramer, and Stephen® who found that the
field produced band gaps in the damping constants
of the director modes. Quantitatively their results
are deficient, however, because they do not re-
duce to the correct limit when H=0. We derive
expressions for the modes here which differ from
those in Ref. 6 and which reduce to the correct
limit when H=0.

In Sec. II we briefly review the effect of H on
the static structure. In Sec. III the normal modes
in the presence of H are discussed using the hydro-
dynamical equations. Finally in Sec. IV we con-
sider the light scattering by these modes.

II. STATIC SOLUTIONS

First consider the distortion of the crystal when
H lies perpendicular to the helical axis.* The
Frank” free energy in the presence of the field can
be written as

Eg=3% ky (V-0 + 2 hky( s VXT+ q,)?

+ bl (T VA = 3 xo(H-0)?, 2.1)

where the k;; are the Frank elastic constants and
Xq 1s the anisotropy of the magnetic susceptibility.
We assume it to be positive and choose H =He,.
The equilibrium configuration must satisfy the
Euler-Lagrange equations®

oE

3 9L, 0
— — =
dx; (8n|~,1> any 0 (2.2)

with the constraint 12=1. The director 1 is de-
fined in the usual way as a unit vector which lies
along the direction of average molecular orienta-
tion at each point in space. It can easily be shown
from (2.1) and (2.2) that 11 is given by

n Q@ =cospy(z), nl”=singy(z), n=0, (2.3)

where we choose the z axis to be the helical axis
and where the pitch angle ¢,(2) is given by ¢,(2)
=q,z when H=0. The pitch in zero field is then
P,=1/q,. The magnetic field changes the pitch
angle and it is given by

d2
Ros fj;l + X H?sing,cosp,=0. (2.4)
This has solution
sing,(z) =sn(z/Ek, k) , (2.5)

where sn(u, k) is a Jacobian elliptic function® of
argument « and modulus k, and where £2=k,,/x H*.
The energy is minimized by choosing £ such that
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q.E=2E(k)/ Tk, (2.6)
and the pitch is given by
P(H)=Po(2/m)?K(k) E (k) = 28K (k) , (2.7)

where K(k) and E (k) are the complete elliptic inte-
grals of the first and second kinds, respectively.
We see that P(H) -~ logarithmically as £~ 1.
From (2.6) this corresponds to a critical field

H,= 2 1q,(kyp/Xa)"? . (2.8)

Typically k,, ~10-¢ dyn, x,~107°® cgs, ¢,~10% cm™!
and this gives H,~10* G. At the critical field the
helical structure has been completely unwound
and we have the so-called magnetically induced
cholesteric-nematic phase transition as first dis-
cussed by de Gennes.*

The effect of a static magnetic field parallel to
the helical axis has been considered by Meyer.?
If the helical axis stays parallel to H we would ex-
pect a conical configuration:

n{® =cosfcosq,z, n{®=cosésing,z,

(2.9)
n{®=ging.

According to Meyer such a configuration will be
stable only when k4, <k,, and the magnetic field
lies in the range

(2/")(kaa/k22)1/2Hc SHs (2/17)(k22/k33)1/2116 .
(2.10)

In this range 6 and ¢, change continuously. Below
it there is no perturbation (6=0, g4=¢,) and above
it complete breakdown to the nematic state
(6=37). Inthe range given by (2.10) we have g,

= (kgy/kys)(H/H,)q, SO that the pitch decreases as
H is increased.

III. NORMAL MODES

We assume the fluid to be incompressible. The
effects of compressibility will be discussed brief-
ly in Sec. IV. The director fi can be decomposed
into a static part 7, discussed above and a small
time-dependent part 1i’( T, /) which represents ther-
mal fluctuations in the fluid. If we consider only
those fluctuations which propagate parallel to the
helical axis, the modes separate into a twist mode
with a time-dependent pitch angle ¢’(z, /) and a
conical mode n)(z,!/). We consider each mode sep-
arately.

The equation of motion for the twist mode in the
presence of the field is given by®

824)/ y §2k2 a¢r
—_— A T 21 2 Im
P P + k¥ 1-2sn%(u, k)] »'=0, (3.1)

where u=2z/(k—~q,z when H=0. v, is a Leslie'®
friction coefficient which has the units of a vis-

cosity. Typically y,=0.1 P. We assume a Bloch
expansion for ¢’(z, ():

¢/, )=V-12Y " ¢ (2) e~ Tatit; (3.2)

the volume V is included as a convenient normal-
ization.

First consider the case of a small field. Then
we can expand the equation to order 2 where k?
=¥, H?/kyy ¢%. Inserting (3.2) into (3.1) gives a
Mathieu equation in this limit:

a2y 2 -

P +(a+k?cos2u) p,=0, (3.3)
with a=y,T /Ry, g% and u =¢,2. The solution of
(3.3) to order k? [solutions of higher order are of
no interest since (3.3) is only valid to order #?]
may be found by standard perturbation methods.!!
The requirement that the solution reduce to the
previously known field-free result when =0
yields a relation between the damping constant
T,y and the field. The form of the solution de-
pends on the value of the wave vector ¢ and may
be written as

(a) g<q, or g>q,:

qu(Z)—‘-‘ei“+ E < expl.i(q‘*ZqQ)zj

8 a/4,+1
_expli(g-2q,) 2] >

a/q, -1 , (3.4)
Lon = kpo ¢°/7, +O(RY); (3.5)

(b) g=q,:
$4(2) =cosqz + (3 k)? cos(q +2q,) z, (3.6)
raszzzqz/'Yl - 'i(XaHZ/h); (3.7)

(c) g=4q,:
¢q(2) =singz + (3 k)? sin(g +29,) z, (3.8)
Ton S kyp@®/vi+ 2 (Xa H2/ 1) - (3.9)

There are two solutions and two different values
of T, at the transition point ¢ =¢,. This means
',y has a gap

Gy =X H*/7, (3.10)

at ¢ =g, (see Fig. 1). When ¢ is far from g, the
perturbation is small and I',, is essentially the
field-free result k,, 4%/v,.

For fields comparable to H, the approximation
(3.3) is no longer valid and we must work with the
exact equation (3.1). Using (3.2) we can write it
in the form of a Lame’s equation of order one':

2
fl—% + [h=2K% sn?(u, k)| $,=0,

T (3.11)
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FIG. 1. Dispersion of the damping constant I';4 for
the twisting mode in the presence of a magnetic field
perpendicular to the helical axis.

where h=k?[(§%y, Toy/kyp) +1]|. There exist three
simple solutions to (3.11) for certain eigenvalues
k. They are the ellipsoidal harmonics of the first
order:

dolu)=dn(u, k), h=Fr
=cn(u, k), h=1
=sn(u, k), h=1+k. (3.12)

By expanding the elliptic functions into Fourier
series we find that the solutions and damping con-
stants can be written as

(a) ¢<qy:
ez (T 27 m L’_ )
bo(2)=e <2K+ X ; T: g7 cos2lqyz) ,
(3.13)
r‘qH:O; (3.14)
(b) ¢=qy:

P 1+1/2
oul)= ot 3 cosla+214y) 2, (3.19)

=1

Lo = (1 = k") (kya/v, B*€%) (3.16)
() g=qy:
27 =) 1+1/2 .
do(2) = oK Z lgTM sin(g +21qy) 2z, (3.17)
=1 S
Lea zkzz/?’l r? 52 . (3.18)

In these equations ¢ is the nome and is given by
g=e"TO L K (R)= K(RY); KP+R7?=1;  (3.19)

and
qy=1/P(H)=u/2KkE. (3.20)

The result (3.14) merely shows that the damping
constant vanishes with wave vector even in a large

field. This is to be expected since a transverse
field produces no stabilizing effect on the director.
This dispersion relation exhibits a gap but now the
gap is shifted to ¢ = ¢, corresponding to the in-
crease in pitch. The magnitude of the gap is still
given by (3.10) and it approaches the value (3 7)?
X (ky3q2%/y,) near the critical field. The solutions
¢, have the Bloch form associated with a periodic
structure of period P(H). The results for Ty,
when expanded to order k® reduce to those obtained
previously for small fields. They differ from the
results for 'y, given in Ref. 6 which can easily be
shown to diverge when k,H— 0. The solutions ¢,
reduce to the small-field results within a field-de-
pendent normalization factor which may be fixed
when correlation functions are computed, for ex-
ample, and also differ from the results in Ref. 6.
The viscous splay modes discussed in Ref. 6
are also modified by the field. If y, +y,=0 a
“slow” conical mode n, completely decouples from
the “fast” viscous waves v,, v,. We shall assume
this is the case. The Bloch expansion for »} is

)l;(Z, t)= y-1z Z )1qz(z) e~YaHt

a

(3.21)

Using the hydrodynamical equations we can derive
an equation for the amplitude »,,:

d®ng,

T (3.22)

+ |+ (Ryg/Ryy) B SO (u, k)| 0y, =0,
where h=(k*£2/k,)(¥, Yo — P33/k*E?). This is a gen-
eralized Lame’s equation and closed-form solu-
tions are only known when (k;5/k,,)=—n(n+1)
where »n is an integer.'? Such a condition will not,
in general, be satisfied. For small fields we can
expand (3.22) to order k*=y, H%/ky,q3. It can then
be put in the form of a Mathieu equation

d*n,,

—£ 4 (a - b%cos2u)n,,=0,

P (3.23)

where a=(y, vou = P33 45)/ k11 45 % = (kyy/2ky,) kP, and
# =q,2. The form of the solution again depends on
the value of ¢:

(a) g< gy 0or g>q,:

n :eiaz - kagkz exp[l(q +ZQQ)Z]
a 16k, q/q,+1

_exp[z'(q—Zq)zJ> 3 94
v w R CED)
Yau = (Ryy 4% + k33 q3) /v, + O(k?) ; (3.25)
(b) 4=q,:
2
o = Singz - S sin(g +2q,) 2, (3.26)
16k11

Yau = [(ku >+ ks qg)/hj [1 —(kys/4ky;) k]; (8.27)
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(€) 4=4q,:

2
R,,=COSGZ — lfﬂﬂ—k— cos(q+2q,) z, (3.28)
16k,

Yau =L(kyy &% + g3 43)/71) [1+ (kyg/4ky,) k?].
(3.29)

Again there is a gap in the dispersion relation of
Yeu at ¢ =¢,. The size of the gap is

~ k Xa H2 ki t+k 2
G,= 57:;3; r —-‘-‘;—ﬂ q% (3.30)
and it involves all three elastic constants. For
q#q, Yeu approaches the field-free result. It can
be shown that a calculation valid to all orders of
k? but only to first order in ky,/k,, gives for the
gap size G, = (8ky, q:/yl)[g/(l -g?)| where g is
given by (3.19). For small &, g~ (ik)? and this
reduces to (3.30) to first order in ky/k,,. ASH
—~H, we have k*—~1 and G, approaches 2k, 45/7,.

The effect of a magnetic field parallel to the
helical axis can be discussed in the same way. If
H is such that the conical configuration (2.9) is
stable, the normal modes are the two independent
components of i’ which lie perpendicular to i,.
They will be coupled together and also will be
coupled to the viscous shear modes even when the
fluctuations propagate parallel to the helical axis.
If 6 is small so that the structure is approximate-
ly helical the modes propagating along the helical
axis will separate into a twist mode (¢’) and a
conical mode (#}) as in the field-free case. The
damping constants will be given by

Con=kon@®/v1y vou™ Ry 4% +kgy 4% =XH*)/ v,
(3.31)

where again we have taken y, +3,~0. The damp-
ing of the conical mode decreases because the
field has an unstabilizing effect on the director
and softens the fluctuations. In contrast the twist
mode is practically unaffected by the field when

6 is small. The opposite case of 6= 3 7 is easily
discussed because then the structure is almost
nematic and the normal modes will have approxi-
mately the same structure as in a nematic."®

IV. LIGHT SCATTERING

In the Born approximation the cross section for
light scattering is related to the space-time Fou-
rier transform of the autocorrelation function of
the dielectric tensor €;;. Since in a cholesteric

€;,7€,0;,+€m; 0, (4.1)

where €,=€,~€, and €,(€,) is the dielectric con-
stant parallel (perpendicular) to 7i,, fluctuations
in 1 modulate the dielectric tensor and thus lead

to strong light scattering. The light scattered by
the normal modes when H =0 has been discussed
in Ref. 6. The cross section is proportional to

1(q, w) = (3 €, |1 +cos?(6+7)|(1 +cos?6)
#[S,(q+2dp, @) +5,(§ =2, w)]
+|sin?(y +26) + sin®(y + 6)|
X[85(d+ Gop @) +S5(q = oy W) 4.2)

where § is the momentum transfer, w is the fre-
quency shift, 6 is the angle between the incident
ray and the helical axis, and y is the scattering
angle. S,(g, w) is the power spectrum of the twist
mode

2ksT T,
kop@® w?+T 2 °

Sl(q’ w)'_' (4-3)

and S,(q, w) is the power spectrum of the conical
mode

2kgT Ya
ki q® + kys a5 Wi+ vd

S,(q, w) = (4.4)

The evaluation of the cross section for arbitrary
values of H when H is perpendicular to the helical
axis is quite complicated and we will not discuss
the general case here. However to order /? the
cross section is unchanged from the field-free
case (4.2) except that in (4.3) T', is replaced with
I'yy and in (4.4) v, is replaced with y,4. The mag-
netic field has little effect on the intensity of scat-
tered light but significantly changes the width of
the Rayleigh line and produces band gaps at g =¢q,.
Notice that the conical mode scatters light most
strongly when ¢ = ¢, whereas the twist mode scat-
ters light most strongly when ¢ =2¢,. Also the two
contributions have a different angular dependence.
Thus the two modes should be separable experi-
mentally.

A magnetic field parallel to the helical axis has
the effect of softening fluctuations in the con-
ical mode »/ (provided that the static distortion is
small). Therefore we should see an increase in
the intensity scattered by this mode when the field
is applied.

We have assumed throughout that the fluid is
incompressible. In a compressible fluid there
will be sound wave modes as well as the over-
damped modes discussed here. It can be shown,
because of the smallness of the orientational elas-
tic constants that the sound wave approximately
decouples from the director modes and is not af-
fected by a static magnetic field. One can see
this qualitatively by comparing the energy assoc-
iated with a twist deformation (k,,¢2) and a mag-
netic deformation (y, H?) with the energy of the
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sound wave (p,c?) where c is the sound velocity.
Thus compressibility always plays a negligible
role in the structure of the overdamped director
modes.

In conclusion we have found that a static mag-
netic field applied perpendicular to the helical
axis significantly changes the width of the Rayleigh
lines due to the overdamped director modes.

The most unique feature of the dispersion relation
is the presence of band gaps in the damping con-
stants when ¢ =¢,. Our results differ from those
given in an earlier calculation® and reduce to the
correct limit when #=0. When the field is parallel
to the helical axis the damping constant of the con-
ical mode decreases and the light scattered by it
increases. There are no band gaps in this case.

'For a general review see e.g., G. H. Brown, J. W.
Doane, and V. D. Neff, A Review of the Structure and
Properties of Liquid Crystals (Chemical Rubber Co.,
Cleveland, Ohio, 1971).

®R. B. Meyer, Appl. Phys. Lett. 12, 281 (1968).

’P. Pincus, J. Appl. Phys. 41, 974 (1970).

‘P. G. de Gennes, Solid State Commun. 6, 163 (1968).

SR. B. Meyer, Appl. Phys. Lett. 14, 208 (1969).

C. Fan, L. Kramer, and M. J. Stephen, Phys. Rev. A 2.
2482 (1970).

TF. C. Frank, Discuss. Faraday Soc. 25, 19 (1958).

8A Cartesian tensor notation is used. Repeated indices
imply a summation.

%For a general review on the properties of these func-
tions see E. T. Whittaker and G. N. Watson, Modern

Analysis (Cambridge U. P., Cambridge, England,
1940). Useful tables may be found in P. F. Byrd and
M. D. Friedman, Handbook of Elliptic Integrals for
Engineers and Physicists (Springer-Verlag, Berlin,
1954).

F. M. Leslie, Q. J. Mech. Appl. Math. 19, 357 (1966);
and Proc. R. Soc. Lond. A307, 359 (1968).

l1See, e.g., N. W. McLachlan, Theory and Application
of Mathieu Functions (Dover, New York, 1964).

127 general discussion of this class of equations is given
in F. M. Arscott, Periodic Differential Equations
(Pergamon, Oxford, England, 1964). See also Ref. 9.

BGroupe d’Etude des Cristaux Liquides (Orsay),

J. Chem. Phys. 51, 816 (1969).



