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Field-Induced First-Order Phase Transition and Spinodal Point in Nematic Liquid Crystals
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We report the discovery of a novel, magnetic-field-driven first-order phase transition in nematic liquid
crystals. The transition is between a spatially periodic distortion, stable at intermediate-field strengths,
and a uniform distortion which is the ground state at high fields. From studies of dynamics we show that
the transition is first order. We also find a spinodal point, below which the transition from the uniform
to the periodic state occurs continuously. We discuss the utility of thickness gradient samples and deter-
mine the equilibrium wavelength of the periodic phase as a function of magnetic-field strength.

PACS numbers: 64.70.Md, 61.30.Gd

The field-induced distortion of a thin nematic liquid-
crystalline film, known as the Frederiks transition, is one
of the most studied phenomenon in the physics of liquid
crystals [1]. In its conventional form, it is a second-order
phase transition in which the system, initially undistorted
and uniformly aligned in one direction, evolves to a ho-
mogeneously distorted ground state when the applied
magnetic field exceeds a well-defined critical strength H, .
Recently, it has been discovered that in nematic liquid
crystals coinposed of very long particles, a second-order
transition to a periodic, rather than homogeneous, ground
state supercedes the usual Frederiks transition [2].
Theory and experiments on the critical-field strength for
this transition and the wavelength of the periodic phase at
the transition are in good agreement [3], and much
theory has been developed on related phenomena and oth-
er sample geometries [4]. However, until now no studies
of this new periodic phase above its critical field have
been reported.

In this Letter, we report such studies, including the
discovery of a first-order transition at higher fields to the
homogeneously distorted state. In the course of our stud-
ies of this unusual system, we discovered a spinodal point,
and developed new techniques important for achieving
equilibrium. We have been able to make both detailed
equilibrium measurements, resulting in an accurate deter-
mination of the wavelength of the periodic structure as a
function of field strength, and time-resolved observations
of transition dynamics, including nucleation and growth
phenomena and completely novel observations of a spino-
dal transition in a continuous one-component system
transforming from a homogeneous to a periodic phase.

A nematic liquid crystal is a Auid phase composed of
elongated molecules which are oriented, on the average,
along a common axis called the director n, which can
vary in orientation continuously throughout the sample in
response to applied torques. In our samples, the nematic
is contained between parallel glass plates separated by
distance d. The director is initially aligned uniformly in
the x direction, parallel to the sample surfaces, by in-
teraction with the surfaces, which are specially treated.
Sample geometry is indicated in Fig. 1.

Any deviation from this uniform ground state of the
sample is opposed by elastic restoring torques, propagat-
ing from the surfaces, at which the director is strongly
anchored. In general, there are three geometrically dis-
tinct forms of distortion of the director field, splay, twist,
and bend, associated with three curvature elastic con-
stants, EC&, K2, and K3, respectively. In the material we
studied, a solution of the polymer poly-y-benzyl gluta-
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FIG. 1. (a) The director field of the periodic ground state
just above the critical field. For simplicity, thin layers very near
the rigid sample boundaries are not shown. (b) Similar to (a)
but at higher fields. The shading near the sample surfaces indi-
cates where splay cancellation still occurs. (c) The homogene-
ously distorted state at high fields.
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mate in a mixture of the solvents dioxane, methylene
chloride, and dimethyl formamide, the elastic constants
had been determined by light-scattering and Frederiks
transition experiments to be E I

= 1.2 x 10 dyn, E2
=8.1x10 dyn, and K& =2.4x10 dyn. Note that
K|/K2=15, a crucial property for our experiments.

An external magnetic field, H, interacting with the
nematic through the anisotropy of its diamagnetic suscep-
tibility, Ag, applies a torque to the director, tending to
align it parallel to the field. In our experiments, H is ap-
plied perpendicular to the initial orientation of n, and to
the sample surfaces, H =Hi. There is a distinct thresh-
old field H, below which the elastic restoring torques
overcome the destabilizing magnetic torque, and no reori-
entation of the director occurs. In the classic splay
Frederiks transition, for H )H, ~

=(x/d)(K~/Ag) ', the
director takes on a homogeneously distorted structure
dominated by splay, with an initially sinusoidal form,
n, =i9sin(rrz/d), with 8-(H H, ~)'~, a—s its new equi-
librium state. However, for a nematic in which K~/Ki
& 3.3, a diff'erent ground state appears, again as a
second-order transition, at a critical field H, & H, ~. This
is the periodic ground state sketched in Fig. 1(a), in

which to a large extent splay is replaced by twist distor-
tion, resulting in the lower critical field.

The replacement of splay by twist is accomplished
by "splay cancellation" in the nearly sinusoidal two-
dimensional undulating director structure that occurs just
above H, . Cuts through this structure in the (x,y) and
(x,z) planes reveal apparent splay components Bn, /By
and Bn, /Bz which enter the total splay, V ti, with oppo-
site signs. The characteristic wavelength of the undula-
tions is of the order of the magnetic coherence length,
gH =(I/H)(K/hg) ', in which K is an appropriate cur-
vature elastic constant. Near H„gH is of order d. This
picture of the periodic ground state of the Frederiks tran-
sition near H, has been firmly established in theory and
experiments.

What happens as H is raised above H, '? As (0 be-
comes significantly smaller than d, the regions in which
energetically favorable splay cancellation occurs are
squeezed into thin layers near the sample boundaries, as
indicated in Fig. 1(b), with the remaining vertical twist
wall-like structures connecting these layers being energet-
ically unfavorable defects, when compared to the homo-
geneous structure one would have without the periodic
structure and walls, i.e., the structure that evolves at high
fields from the classic splay Frederiks transition, sketched
in Fig. 1(c). Therefore, at high enough fields a transition
from the periodically distorted state (PD state) back to
the homogeneously distorted state (HD state) should
occur.

To test this argument, a sample with d =80 pm in the
HD state (prepared by initially applying the field oblique-
ly, to produce a single domain) was placed in a field
H=10 kG. The fact that the sample remained HD after
several days in this field suggested that this is indeed the

stable phase at high fields. The next step was to study
the nature of the HD to PD transition. When the field
was decreased from 10 to 7.5 kG in the HD sample, the
following observations were made: First, stripes, signify-
ing the emergence of the PD phase, nucleated from sites
in the sample where the director was locally perturbed,
such as a curved spacer or a dust particle, as shown in

Fig. 2(a). Second, when the magnetic field was subse-
quently raised to 10 kG, the stripes, instead of uniformly
fading, as might be seen in a second-order transition, first
formed acute ends and then started to retract, causing the
length of the stripes to decrease. The higher the field, the
faster the stripes retracted. The whole sample eventually
became stripe free. Third, despite repeating the pro-
cedure several times, most of the sample stayed uniformly
distorted at 7.5 kG, and only a few stripes (one to six) ap-
peared randomly. If the field strength was further de-
creased, a few more stripes appeared, but the number of
stripes appearing for the same field varied, so it was
meaningless to assign a wavelength to these pieces of PD
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(b)
I.IG. 2. Polarized-light photomicrographs of the periodically

distorted and homogeneously distorted states. (a) Fragments of
periodic state structure that nucleated and grew in a sample of
uniform thickness upon quenching the field into the range for
which the homogeneous state is metastable. (b) Periodic state
in a thickness gradient sample. The structure appeared by a
spinodal transition to the left of line a, and grew as shown, ap-
proaching an eventual stable configuration when the front
reached line b.
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phase. The most important conclusion from these experi-
ments was that for lower fields the PD state had a lower

energy than the HD state but there was a finite energy
barrier separating the states.

The transition from the HD to the PD state followed a
different scenario when the field was lowered from 10 to
4.5 kG in a single step. In this case, the stripes gradually
appeared uniformly throughout the sample, first as a faint
pattern, then steadily increasing in contrast, but not

changing in other ways, and never forming a sharp
boundary between the two phases. The absence of large
localized director distortions or nucleation events (associ-
ated with the tips of the stripes) mediating the transition
suggested that in this case there was no energy barrier in-

volved in going from the HD to the PD state.
These observations are consistent with a first-order

transition between HD and PD states at some high field,

H&, near which one of the states is metastable with re-

spect to the other. They also suggest that below some
field, the spinodal field H, ~, the HD state becomes unsta-
ble with respect to the PD state. To make this picture
quantitative offered an experimental challenge, due to the
problems of obtaining equilibrium. The nucleation pro-
cess involved in going from HD to PD states did not pro-
duce structures with uniform properties. Once a PD
structure was formed, it was difficult for the wavelength
to change as field was varied. To further complicate the
problem, in attempting to enter the PD state from low

fields, for sudden large increases in H, there are transient
dynamic processes that produce complex oblique stripe
patterns quite different from the ones studied here, that
again made attainment of equilibrium dificult.

The solution to all these problems was the use of sam-
ples with a gradient in thickness, such that d=d(x), an

approximately linear increase in thickness roughly along
the x direction, with d varying from 66 to 85 pm. This
thickness function was measured very accurately by opti-
cal interference methods. The properties of the PD and
HD states all scale with thickness in a simple way. The
critical magnetic field H, at any point scales as 1/d, and
the wavelength X in the PD phase scales as d. Measure-
ments at different points in the sample can be reduced to
functions of Hd and k/d. Thus the gradient sample in a
uniform magnetic field could have one end below the
effective H, for that end's thickness, the other end above

H& for that end's thickness, with the thickness corre-
sponding to the spinodal field H, ~ occurring along a line
in between. The equilibrium wavelength in the PD phase
would vary continuously with d across the sample, with
the change in wavelength occurring in conjunction with
an oriented array of edge dislocations in the periodic
structure.

Such a wedge-shaped sample was prepared to be ini-
tially all in the HD state at a high field. Subsequently,
the magnetic field was suddenly decreased to a fixed
lower value, Hq„,„,h, so that the effective-field strength
was above H, ~ in the thicker part, and below H, ~ in the
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thinner part of the sample. Thus in the thinner part the
HD state was unstable and relaxed homogeneously into
the PD phase via spinodal transformation. At a particu-
lar thickness, corresponding to H, ~, the PD stripes, which
are parallel to the x direction, terminated in a row of
acute stripe ends [initially at line a in Fig. 2(b)]. The
spinodal thickness consistently shifted towards larger d
for smaller values of Hq zh and, conversely, towards
smaller d for larger Hq h For instance, we obtained
H, i, =6.9 kG at a thickness of d =82 pm.

After the field quench, the PD structure formed by the
spinodal transformation process grew into the region in

which the HD structure was metastable, i.e., the thicker
part of the sample, by the steady movement of the acute
stripe ends, as indicated in Fig. 2(b). During this growth,
two things happened. First, some stripe tips were passed
by their neighbors and stopped moving, leaving an array
of edge dislocations in the pattern and increasing the
average wavelength of the PD structure as thickness in-
creased. Second, the growth velocity steadily decreased,
and eventually stopped as the PD phase front reached the
thickness corresponding to the transition field H, [line b
in Fig. 2(b)]. It was clear that the growth rate was
governed by the energy difference between the two
phases, and, indeed, the front came to a halt at the thick-
ness for which the energies were equal. After the PD and
HD phases had equilibrated at a given field, if the field
was raised or lowered, the PD phase front would recede
or advance as expected. Note that in this viscous polymer
solution, front velocities are of order 1 mm/day, making
transient events easy to follow, and changes in H ef-
fectively instantaneous. In practice, H, (d) was deter-
mined by interpolating the front velocity to zero at the
line across the sample where the thickness was d. We ob-
tained H, =8.06 kG at d =82 pm.

Finally, we discuss the use of the gradient sample to
measure the equilibrium wavelength in the PD state. The
array of edge dislocations in the PD state in the gradient
sample served as an effective mechanism for wavelength
equilibration. If the field was raised or lowered, the dislo-
cations would move to locally add or subtract stripes to
the structure, which would then elastically relax to ac-
commodate the change. To measure the equilibrium
wavelength as a function of field, we measured the wave-
length along the lines of constant thickness in the sample
at fixed field after equilibration. We plot k/d as a func-
tion of Hd in Fig. 3. At H„k/d agrees well with the
theoretically calculated value. For fields above but near
H„k/d decreases slightly with increasing field until
Hd =40 6cm, and, beyond that point, X/d increases more
and more rapidly with field up to H, .

The existence of two distinct regimes is suggested by
the following arguments. Initially, X = gH —1/H, so
wavelength decreases with increasing field, as long as
gH=d. This argument is correct as long as the undula-
tion pattern is essentially sinusoidal, with its amplitude
increasing with H. In that case, the splay cancellation
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I IG. 3. The wavelength of the periodic state as a function of
field, with indications of the significant field strengths discussed
in the text,

In conclusion, we have studied a novel field-induced
first-order phase transition and spinodal point in a nemat-
ic liquid crystal, and made the first measurements of
properties of the periodically distorted ground state above
0,. The phenomenology of this unique system can be
studied with effectively microscopic spatial and temporal
resolution, and we are pursuing further experimental and
computational studies of the spinodal processes in partic-
ular. Our discovery of the great utility of gradient sam-
ples suggests their use in other mesoscopic systems in
which nucleation and wavelength equilibration are non-
trivial; they may soon be applied in studies of magnetic
domain patterns [5].

This research was supported in part by the National
Science Foundation through Grant No. DMR-8803582
and by the Martin Fisher School of Physics, Brandeis
University.

mechanism is working throughout the sample, keeping
the distortion energy mainly twist, with its low elastic
modulus, while reorienting the director increasingly to-
ward the field direction, on the average. However, as gH
becomes much less than d, saturation effects appear, with
regions near the midplane of the sample becoming almost
uniformly oriented parallel to H. With these nonsinu-
soidal distortions, the splay cancellation mechanism also
breaks down in increasingly large volumes around the
midplane of the sample [Fig. 2(b)], which now contains
an energetically costly array of twist walls. The remain-
ing splay cancellation occurs only in boundary layers
which get thinner as field increases. As this happens, the
period begins to increase with field. One could imagine it
diverging continuously, but that possibility is apparently
cut off by the first-order transition back to the homogene-
ous state.
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