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We have observed a two-dimensional, gridlike deformation of a cholesteric liquid crys-
tal in a magnetic field, proving that this periodic structure does not require space
charge or fluid flow. The frequency response of the threshold voltage in an electric field
shows that there is a continuous transformation from the pure dielectric to the electro-
hydrodynamic regime. Investigations near Grandjean-Cano disclinations show the con-
siderable effect of torsional strain on the threshold values.

Several kinds of electric- and magnetic-field-
induced distortions are known to occur in choles-
teric liquid crystals. A transformation from the
cholesteric to the nematic structure was first ob-
served by Wysocki, Adams, and Haas’ in electric
fields and by Sackmann, Meiboom, and Snyder?
in magnetic fields. The helical unwinding pre-
dicted by de Gennes® and Meyer* for fields per-
pendicular to the cholesteric helical axis has
been experimentally verified for both electric®’®
and magnetic’’® fields. No distortion is expected
when fields are applied parallel to the helix axis
and the susceptibility anisotropy is negative. Ei-
ther a 90° rotation of the helical axis or a conical
deformation with pitch contraction, depending on
the boundary forces, would be expected when the
susceptibility anisotropy is positive.* The sus-
ceptibility anisotropy is defined to be Ax=x,- x.,
where x, and x, are the diamagnetic or dielectric
susceptibilities parallel and perpendicular to the
local optic axis, respectively. The 90° rotation,
making the helical axis perpendicular to the field,
happens before helical unwinding and the nematic
transformation. This 90° rotation has been ob-
served in electric fields®'® and magnetic fields,*°

and the conical deformation has been observed in
electric fields.® Helfrich'!*!? has discussed the
possibility of a periodic, one-dimensional defor-
mation that can occur at even lower fields than
the 90° rotation. He theorizes that such defor-
mations could be produced by an electrohydro-
dynamic process or a purely dielectric process.
In the former case, the conductivity anisotropy
oy — 0, must be positive, but the dielectric anisot-
ropy €,— €, can have either sign. In the latter
process the dielectric anisotropy must always be
positive. The purely dielectric case should have
a magnetic analog. A two-dimensional periodic
deformation has been observed by Gerritsma and
Van Zanten' and by Rondelez and Arnould.}* In
the latter study the dielectric anisotropy is nega-
tive, clearly indicating the electrohydrodynamic
process. The dielectric process is probably func-
tioning in the former case.

In this Letter we report the observation of a
two-dimensional periodic pattern in a magnetic
field (Fig. 1), proving that material flow or elec-
trical conduction plays no role in the deformation.
The threshold field data presented help verify
Helfrich’s predictions for.the dielectric process.
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FIG. 1. Dark-field observation of 50-um periodic
grid deformation produced by a 38850-Oe magnetic field
perpendicular to the film. The upper edges of the two
bands are single Grandjean-Cano disclinations spaced
0.95 mm apart, There are 10,5, 11,0, and 11.5 turns
of the cholesteric helix in the lower, middle, and upper
sections of the picture, respectively.

We use a three-component mixture. The major
constituent is p-methoxybenzylidine, p-» butyl-
aniline (MBBA). 4.89% by weight of nematic p-
(p-butoxybenzylidene)-aminobenzonitrile (nematic
point 62°C, cholesteric point 106°C) is added to
give a positive dielectric anisotropy, and 1.23%
cholesteryl benzoate gives the mixture a choles-
teric twist. The pitch, or distance, for one com-
plete turn of the cholesteric helix is 10.6+ 0.1 um,
and the isotropic transition temperature is 32.3°C.

The liquid crystal in its cholesteric phase is
allowed to creep between two unidirectionally
rubbed, SnO,-coated glass plates that form a
wedge-shaped cell. The wedge angle is typically
20 min of arc. A tangle of threads is produced,
but after several hours it resolves itself into a
series of single, parallel, equally spaced Grand-
jean-Cano disclinations. These disclinations
serve as useful reference points for computing
sample thickness and torsional strain throughout
the cell. The magnetic field is applied normal to
the face of the cell, or alternatively, an electric
potential is applied to the SnO,-coated plates.

The threshold voltage for the grid deformation
is virtually independent of frequency from 2 to
300 kHz, the upper limit of our equipment. As
the frequency is lowered below 2 kHz, the thresh-
old voltage smoothly decreases and approaches a
new value about half as large at 30 Hz. We inter-
pret this frequency response as indicating a con-
tinuous transformation between the pure dielec-
tric and the electrohydrodynamic regimes.

As expected, the observed characteristics of
the grid pattern in a magnetic field appear identi-
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FIG. 2. Thickness dependence of the electric and
magnetic threshold values., Circles and triangles in-
dicate measurements at single Grandjean-Cano dis-
clinations, the triangles for the wide side and the cir-
cles for the narrow side. Open symbols are magnetic
field data and shaded symbols are 2-kHz electric field
data, Squares are electric field values at double Grand-
jean-Cano disclinations. The solid lines indicate the
appropriate threshold field for the unstrained helix,
All lines have a slope of 0.5.

cal to those seen in an electric field, if the fre-
quency is high enough to put the process in the
dielectric regime. Our magnetic field was lim-
ited to about 7 kOe so it was not possible to ob-
serve the higher field distortions such as the 90°
tilt of the helical axis,®*® helical unwinding,® ¢
and the cholesteric-to-nematic transformation.®
All of these other distortions, however, were ob-
served in a 2-kHz electric field. One new obser-
vation is worth mentioning here. Several hours
after removing the voltage to a wedge-shaped
sample that had been transformed to the nematic
state, the original single Grandjean-Cano discli-
nations reformed into double disclinations with a
discontinuity of one full helical turn. This doub-
ling was observed in every sample studied, re-
gardless of cell thickness or angle.

The considerable influence of torsional strain
on the threshold values is seen in Fig. 2. The
parallel lines indicate that a threshold disconui-
ty exists across a Grandjean-Cano disclination,
where the ratio of the threshold values on both
sides of the disclination is a constant, independ-
ent of sample thickness. For single disclina-
tions this ratio is 1.35+0.05 and 1.37+0.03 in
a magnetic and a 2-kHz electric field, respec-
tively, and for double disclinations the ratio is
2.00+0.02. The threshold value is always lower
on the narrow side of the disclination where the
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helix is expanded from its equilibrium value.

We observe the frontier of the grid deforma-
tion to pass linearly with field across the region
bounded by two Granjean-Cano disclinations. The
threshold field for the unstrained cholesteric is
therefore taken as the average of the two extreme
values. This is indicated by the solid lines in
Fig. 2. Anticipating the theoretical result, the
best lines going through the data points in Fig. 2
were drawn with the restriction that they have a
slope of 0.5. Within experimental scatter, our
data are in essential agreement with this slope.

The width/length ratio of a cell in the grid pat-
tern departs from unity in the vicinity of a Grand-
jean-Cano disclination. In one sample this ratio
is 1.25 on the narrow side and 0.80 on the wide
side of the disclination. The length dimension
(measured parallel to the disclination line) is
continuous across the disclination, but the width
dimension shows a large discontinuity. We be-
lieve that the intrinsic distortions of a Granjean-
Cano disclination, rather than simple torsional
strain, are responsible for this effect, because
the square pattern is strongly distorted only over
a region comparable to the specimen thickness.
A logarithmic plot of the grid length versus sam-
ple thickness L is shown in Fig. 3. The mea-
sured slope of 0.53+0.02 is in good agreement
with the theoretical value of 0.5 which is indi-
cated in the figure.

The expression for the period A of Helfrich’s
assumed one-dimensional striped deformation
for both the dielectric and conduction processes
is!1 12 )\ = (2k,,/k,,)*(PL)Y?, where kg and k,,
are the respective bend and twist elastic con-
stants, and P is the pitch. We have verified the
LY2 dependence for the grid deformation. From
the measurements we compute (2k,,/k,,)"*=1.45
+0.04. Direct measurement of the elastic con-
stants of a comparable system gives a value of
1.47+0.07 for this quantity.'*

In the dielectric regime the threshold voltage
U, for the one-dimensional pattern is'?

27 (2kp,k,) % (e + €,)L ]1/2 1)

Yo 217[ €,(eg—€, )P

Our measurements verify the L2 dependence.
We know approximately the dielectric anisotropy
from the threshold voltage V, for the normal de-
formation of the nematic mixture before the cho-
lesterol benzoate was added to the system. It can
be computed from V,=2n[nk, /(e —€,)]2.*° All
our measurements were taken at 23.5+0.5°C,
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FIG. 8. Thickness dependence of grid period mea-
sured parallel to the disclination, shaded trianges for
the wide side and shaded circles for the narrow side,
The data are for a 2-kHz electric field, but grid spac-
ing is the same for magnetic fields. The open circle
is from a double disclination. The line has a slope of
0.5.

corresponding to a reduced temperature T/Tc
=0.971. k,,=3.88X1077 dyn for pure MBBA at
this reduced temperature.’®* We measure V,=2.2
+0.1 V and therefore €,—€,=0.90+0.08. €, for
our mixture should be very close to 5.17 mea-
sured for pure MBBA at T/T,=0.971.7 With the
experimental threshold data for the unstrained
helix, we compute from Eq. (1) k,k,,=(2.68+0.37)
X107'® dyn®. This elastic-constant product 2.k,
can also be computed directly. For pure MBBA
at T/T,=0.971, k,,=4.66X10"7 dyn.!® This value
and the ratio k4,/k,, obtained from the grid-peri-
od calculation gives Z,k,, =(0.99+0.10)x 1073
dyn®. If the directly computed value of k,,k,, is
substituted into Eq. (1), a threshold value is ob-
tained that is a factor of 1.28 lower than that ac-
tually measured. This is fair agreement in view
of the assumptions we have made.

In the case of magnetic fields, Eq. (1) simpli-
fies to

H,= bl (2ky5k3) 2/ (xy - XPLJVZ, @)

where H is the magnetic field threshold for the
striped pattern. The diamagnetic anisotropy x,
-X.=1.04xX10"" (cgs units) for pure MBBA at
T/T.=0.971."® The threshold-field data for the
unstrained helix give k,k,, = (1.04+0,10)x 10713
dyn®. The good agreement in this simpler case
with the direct value of k,,k,, helps support the
validity of Eq. (2). This agreement also supports
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Helfrich’s idea that the grid deformation may be
a superposition of two one-dimensional striped
patterns that are independent of each other for
small deformations.

Our low-frequency ac measurements make it
possible to partly verify the expression for the
threshold voltage of the striped pattern in the
electrohydrodynamic regime.’? According to
theory, the ratio of the threshold voltage in the
conduction regime to that in the dielectric re-
gime is

U, (hydr) _[ (oy+0.)(€y—€.) ]"2
Uy(diel) [ (oy—o.)(ey+€)

The conductivity anisotropy of our cholesteric
mixture should be close to that of pure MBBA
where, at T/T,=0.971, 0,/0,=1.48+0.01.7 We
therefore compute U, (hydr)/U,(diel) =0.64+ 0.04,
This ratio is in qualitative agreement with 0.5,
the ratio of the threshold voltages that we mea-
sured at 30 Hz and at high frequencies.

The considerable effect of torsional strain on
the threshold field remains to be explained. A
naive substitution of the nonequilibrium pitch
present on either side of a single disclination
into Eq. (1) gives a threshold ratio that is 1.069
and 1.011 for L/P=3,75 and 23.75, respectively.
This ratio is much too small when compared with

the thickness-independent measured value of 1.37.

The observed threshold ratio is comparable in
magnitude to the ratio which could be expected
from the threshold fields of torsionally strained
nematics,'® except that in our case we observe
that equal positive and negative torsional strains
give different threshold values. It is expected

that the threshold for the grid deformation is low-
er on the side of the disclination where the helix
is expanded since, in the same geometry, coni-
cal deformations® are known to occur which cause
the pitch to decrease from its equilibrium value.
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Previously unexplained asymmetries observed in neutron guides are described by modi-
fying the neutron index-of-refraction formalism through the inclusion of the spin-orbit in-
teraction, The latter is due to the magnetic moment of the neutron in the electrostatic di-
pole field at the surface of the neutron mirror. For a single reflection, this effect may
be of about 1% per volt of surface dipole, and it provides us with a direct method of mea-

suring the surface dipole barrier.

Total reflection of neutrons of wave vector % is
presently described by defining the index of re-

fraction for neutrons in terms of the coherent for-

ward scattering amplitude f and concentration N
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of the nuclei in the mirror,!'?
=[1 + 4nNf/R2]12, (1)

Generally f and » are complex numbers since we



FIG. 1. Dark-field observation of 50-um periodic
grid deformation produced by a 3850-Oe magnetic field
perpendicular to the film. The upper edges of the two
bands are single Grandjean-Cano disclinations spaced
0.95 mm apart, There are 10,5, 11,0, and 11,5 turns
of the cholesteric helix in the lower, middle, and upper
sections of the picture, respectively.



