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Magnetic-field-induced birefringence in a homeotropic
ferronematic liquid-crystal wedge
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The magnetic-field-induced birefringence in wedged homeotropic ferronematic liquid crystals is studied. Theoret-
ical results for small distortions are obtained in terms of the elastic continuum theory of liquid crystals. The results
of birefringence measurements are in good agreement with the predictions of the theory.

From studies of the effect of an external magnetic field
on liquid crystals (LC's), it is well known that a strong
magnetic field' is required because the anisotropic
part of the diamagnetic susceptibility (AX) of the LC is
rather small.2 To obtain the magnetically induced
birefringence in LC's at practical field strengths, fer-
romagnetic gainsl"3-'0 have been used. Thus, from
practical considerations, it is natural to study the
physical properties of ferronematic crystals,6 which
are magnetically doped nematic LC's. In our previous
research6'7' 9"10 the magnetically induced birefringence
in a homeotropic ferronematic crystal packed in two
parallel plates of glasses was studied. However,
wedge LC films show interesting properties. For ex-
ample, Grover" reported that the initial bend in the
molecular alignment of a homeotropic nematic wedge
causes a relaxation in the reorientational degeneracy
of the electrically induced Freedericksz transition. A
new type of domain, occurring in twisted-wedge ne-
matic structures, was reported by Martin-Pereda et
al.'

2 Furthermore, several LC-based optical devices
that use different configurations and electric, magnet-
ic, or optical external fields have been proposed.13-'7

With its thickness gradient configuration, the wedge
LC cell has high potential for optical devices. Howev-
er, to our knowledge, no report exists on the magneto-
optic effect of a wedge LC film. The low field require-
ment for ferronematic LC's makes experiments on the
magneto-optic effect easy. In this Letter the magnet-
ic-field-induced birefringence for a homeotropic fer-
ronematic wedge in the low-field regime is reported.
The experimental results agree with theoretical pre-
dictions based on the elastic continuum theory of
LC's.

Consider a homeotropically aligned wedged film of
ferronematic LC (FNLC) as shown in Fig. 1. The
wedge has an angle a - 1° with a 350-,gm spacer placed
2 cm from the apex. For a small a, the unperturbed
director makes an angle 00 = aZID with the Z axis,
where D is the thickness of the wedge at that point
measured on the Z axis. The magnetization vector M,
which is always perpendicular to the director n, points
either inward or outward with respect to the contact-
ing edge of the wedge. After a vertical magnetic field
H is applied, four different configurations can occur,

as shown in Fig. 2. The configuration shown in Fig.
1(c) corresponds to Figs. 2(a) and 2(b). In the low-
field regime, the distortion is weak, and one may ne-
glect the dependence of the orientational angle on the
x coordinate since a is small. We define the orienta-
tional angle 0 of the director n as 0(H, Z) = (a/D)Z +
0r(H, Z), where Or indicates the field-induced reorien-
tation angle.

To find the magnetic-field-induced birefringence of
the film, we must know the molecular reorientation
angle Or. By using the elastic continuum theory, this
can be obtained by minimizing the total free energy
per unit wall area. This energy is given by

f = JD [(2 0Z) K33(1 + K sin2 0) =F MH sin o]dZ,

(1)

where the upper sign is for H up and the lower sign is
for H down and K = (Kl - K 3 3 )/K3 3 , with K,, and K33
the splay and bend elastic constants, respectively. By
minimizing Eq. (1) with the Euler-Lagrange equation,
one can readily show that

d-2 sinH"o- cos(D-Z)] = 0.
dZ2

=FK- 3 si D Z~ DJ
(2)

When we solve Eq. (2) by the power-series method and
take the boundary conditions Or(Z = ±D/2) = 0, then

O,(H, Z) = DB Z + E +~Annl 

= ~~L n=l (3m)(3m + 1)
m=1

(±l)n An-lz3n+l+ cz
n

n=fl (3m)(3m + 1)
m=1

=F B FZ2 + (= (i)Ann+ 2 1Z 2 -I - I,

n=l I| (3m + 1)(3m + 2)
m=l

(3)
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Fig. 1. Sample geometry.
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Fig. 2. Sample magnetization configurations.

These two equations also hold true for the cases shown
in Figs. 2(c) and 2(d), where B has a negative value.

In our experiment, the ferronematic LC is magneti-
cally doped N-P-methoxybenzylidene-p-butylaniline 6

"Y with a volume filling factor of 1.71 X 10-5. The mag-
netic particles are y-Fe2O3 needles 0.5 gm long and
have an aspect ratio of -7:1, a density of 4.78 g/cm3,
and a saturation magnetization of 338.4 ergs/G-cm3.
Their magnetic dipole moments point along the long
axes of the particles. These needles are coated with
dimethyl octadecyl aminopropyl trimethoxysilyl chlo-
ride (DMOAP) to prevent clumping. The sample film
is made by sandwiching the ferronematic LC between
two glass plates. The wedge is achieved by using a
350-Am spacer, as shown in Fig. 1(a). The glass plates
are coated with DMOAP for homeotropic alignment.

The sample was examined by microscopy and con-
oscopy. The field-induced birefringence was mea-
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Fig. 3. Magnetic-field-induced birefringence.
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Fig. 4. Phase difference
pointing outward.
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versus the field strength for M

where A = MHa/(K 33D), B = MH/K33, and C = MHa 2/
(2K33D2). For small distortion and neglecting higher-
order terms, we have

a =D B0Z, H) =-'Z +-Z(D -Z).
D 2

a)

a)

a)
c]

(4)

The magnetic-field-induced molecular reorienta-
tion can be found by measuring the corresponding
induced change in birefringence. For a probe beam
propagating along the Z axis, the phase retardation is
given by

1 = 27r (ne-no) a2D -aBD 3 + I B2D5
X \3 ~~~~12 120

(5)

where ne and no are the extraordinary and ordinary
indices of refraction of the LC, respectively, and X is
the wavelength of the probe beam. For convenience,
we define

56 =[+ + 6- - pi (ne -no)-32 DY2]

- 2 (n - n) -1 B2D5, (6)

2.7r 1A62 + - - y(fef-lna>- CBD3 . (7)
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Fig. 6. Phase difference versus the sample thickness for M
pointing outward.
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Fig. 7. Phase difference versus the sample thickness for M
pointing inward.

sured with a He-Ne placed laser.6 During the mea-
surement the sample film was placed horizontally.
The magnetic dipole moment of the ferronematic ma-
trix is initially aligned by the horizontal component of
the Earth's field. A magnetic field is applied vertical-
ly with a pair of Helmholtz coils. The induced phase
difference is measured first for H upward and then for
H downward. These two are then added or subtracted
to obtain A1v or A62 from Eq. (6) or (7), respectively.

Some typical phase measurements are shown in Fig.
3 for different sample configurations. Figure 3(a)
shows the magnetic field strength (H) dependence of
the phase change, 5+(H) - b+(0). Figure 3(b) shows
the phase change, 6-(H) - b_(0), versus H. The field
dependence of the square root of A61 and the field
dependence At62 for the small-field regime are shown in
Figs. 4 and 5, respectively. The data in the figures

exhibit the linear relationships between the phase and
the magnetic field strength that are predicted by Eqs.
(6) and (7). In high magnetic fields, the magnetic
grains flocculate into clumps as is expected.

In Figs. 6(a) and 7(a), ln\/vI is plotted versus In D
from the data in Figs. 4(a) and 5(a), respectively, with
a fixed magnetic field strength (H = 1 G). The slopes
are found to be 2.5 for both cases. This indicates that
A61 is proportional to the fifth power of the thickness
of the nematic matrix as predicted by Eq. (6). Equa-
tion (7) predicts that A62 c D3 ; as shown in Figs. 6(b)
and 7(b), A/2 is indeed proportional to the cube of the
sample thickness D.

In conclusion, in the low magnetic field regime, the
continuum theory predicts that All is proportional to
the square of H and the fifth power of D and that A62 is
proportional to H and the cube of D. The birefrin-
gence measurement results are in good agreement with
these predictions.
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