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Magneto-optical technique for detecting the biaxial nematic phase
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The existence of the elusive biaxial phase has been the subject of much discussion since it was predicted
by Freiser in 1970. More recently, there have been numerous attempts to find a thermotropic liquid crystal
that exhibits a biaxial phase and with this, conflicting reports about whether such a phase has been positively
identified in bent-core liquid crystals. One reason for the discrepancy is that there is currently no way to rule out
surface effects or anchoring transitions, both of which may give a false positive identification of a uniaxial-biaxial
nematic transition. We have developed a technique that uses a magnetic field to align the uniaxial director, thus
widening its application to any bent-core nematic material.
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I. INTRODUCTION

The theoretical possibility of a biaxial nematic (Nb) phase
[1] has motivated physicists to search for this state of
matter using various experimental methods in an attempt to
determine which, if any, materials exhibit this phase. Initial
experiments to test for an Nb phase were performed on
calamitic liquid crystals [2]. However, noncalamitic liquid
crystals are promising candidates to exhibit a biaxial nematic
phase because of their lower molecular symmetry [3] com-
pared to calamitics. Recently, liquid crystals with bent-core
mesogens have also been tested [4,5], as they might hold
possibilities for fast-switching optical devices [6,7]. With
this, there have been findings of biaxial order in bent-core
nematic liquid crystals [8–12]; however, there are recent
reports that call this into question [13–15]. Thus, the situation
is currently unresolved; one reason for this is the difficulty in
unambiguously identifying the biaxial nematic phase, because
surface effects and a possible anchoring transition [16] may
overshadow the nematic uniaxial-biaxial transition.

The uniaxial nematic phase (Nu) has a single symmetry
axis, defined by the optic axis, which is commonly denoted
by a unit vector field n. In contrast, the Nb phase has two
different directors, denoted as n and m, which correspond to
the different unique axes along which the molecule can align.
In the case of a bent-core molecule, n and m, correspond
to the axis across the “wingspan” and the axis perpendicular
to the wingspan’s plane, respectively. In the Nu phase, the
orientational ordering is in the direction of n, whereas in the Nb

phase, the liquid crystal phase can be aligned in two directions.
This corresponds to two axes along which a plane polarized
light beam can travel without any alteration to its state of
polarization [6]; the optic axes are not coincidental with the
directions n and m.

One straightforward way to identify the Nu phase is to
induce an alignment in n such that this direction is parallel to
the light rays traversing the material. If n is not strictly parallel
to the propagation direction, a nonzero phase difference will
result when the material is viewed between crossed polarizers.
In the latter case, it is particularly difficult to distinguish the
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difference between the Nu and the Nb states, because unless the
m director is also uniform, there is no way to tell whether the
observed optical phase difference is caused by a misalignment
of n compared to the propagation direction, or a nonzero
biaxiality. Specifically, in order to determine using purely
visual techniques whether a substance is biaxial is problematic:
First, one must be certain that n is aligned fully parallel to the
light propagation direction, as even a slight deviation could be
misidentified as an Nb phase. This is illustrated in Fig. 1.

As the magnitude of field-induced birefringence due to
nematic biaxiality was shown to be two orders of magnitude
smaller than that measured in the SmAB phase of other
bent-core materials [17], one must also consider the effect
of surface-induced biaxiality, which may occur, even in fully
uniaxial phases where no stable Nb phase or fluctuations exist.
Therefore, in order to rule out any possible surface-induced
biaxiality, one must be confident that n is fully uniform. For
materials with a positive dielectric anisotropy and in the limit
of infinite external electric field, n will align parallel to the
field. If one optically probes the material using a propagation
direction parallel to the field, the existence of a preferred
orientational direction in the plane perpendicular to the field
would constitute a definitively positive indicator of nonzero
biaxial order. Indeed, measuring the magnitude of the optical
phase difference for a light ray having a polarization vector
in this plane yields an upper bound on birefringence when
the direction of propagation is parallel to n. This technique is
developed in Ref. [13].

However, many liquid crystal materials, especially those
having a bent-core shape, exhibit negative dielectric anisotropy
in the frequency range of interest. It is for this reason we have
developed the present technique that uses an external magnetic
field to fully align the uniaxial director for any liquid crystal
with a positive diamagnetic anisotropy, which is by far the
most common case. In order to accurately extrapolate to an
infinitely large field, one needs as strong a magnetic field as
possible. For this reason, the experiments described in this
paper required a nonconventional Bitter magnet.

II. SAMPLE PREPARATION

We tested four materials that exhibit nematic phases, all
but one of which are bent-core nematics. The calamitic
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FIG. 1. (Color online) (a) Homeotropically aligned biaxial liquid
crystal; (b) tilted uniaxial liquid crystal. When light is propagated
parallel to the direction of the applied magnetic field (shown as the
black arrow), a slight deviation from complete alignment with the
field can cause a misidentification of an Nb phase.

4′-pentyl-4cyanobiphenyl (5CB) was tested as a control
material for our technique, as there is no question to its
uniaxial nature. Thus, our analysis with this technique must
also yield the same result as previous experiments. We
tested 4-chloro-1,3-phenylenebis[4-(4-n-decenyloxy) benzoy-
loxy benzoate], abbreviated to ClPbis10BB [18], 2-methyl-3-
[4-(4-octyl-benzoyloxy)-benzylidene]-amino-benzoic acid 4-
(4-dodecyl-phenylazo)-phenyl ester (A131) [11], and ODBP-
Ph-C7, abbreviated to C7 [9], which was independently
and previously reported to exhibit spontaneous biaxial order
[8–10].

Our samples of 5CB, ClPbis10BB, and A131 were con-
tained in standard glass sandwich EHC cells (EHC Company,
Japan), whereas our sample of C7 was contained in a
homemade sandwich cell with planar alignment. We measured
the temperature of isotropic-nematic transition, denoted as TIN,
at zero magnetic field by cooling the sample and monitoring
the amount of light transmitted when the sample is between
crossed polarizers. The transition temperature was taken to
be the temperature at which the transmittance signal became

significantly nonzero. The phase sequences for our samples
are reported as follows: ClPbis10BB: I—(76.1 ◦C)—N—
(65 ◦C)—Cr [19]; A131: I—(176.5 ◦C)—Nu—(149.0 ◦C)—
Nb—(118.5 ◦C)—SmC—(104.3 ◦C)—SmX—(93.4 ◦C)—
SmY—(82.8 ◦C)—Cr [11]; C7: I—(222 ◦C)—Nb—
(173 ◦C)—SmC—(166 ◦C)—SmX—(148 ◦C)—Cr [10].

III. EXPERIMENTAL DETAILS

The liquid crystal sample cell is inserted into a temperature-
controlled aluminum oven having holes drilled for optical
access. The oven was placed inside the 31-T solenoid at the
National High Magnetic Field Laboratory. A helium-neon
laser (λ = 632.8 nm) beam is aligned to travel directly up
the center of the solenoid bore. The laser beam is linearly
polarized at 45◦ to the axis of a Hinds photoelastic modulator.
The beam exiting the oven encounters an analyzer oriented at
–45◦. The optical setup is illustrated in Fig. 2. Additionally,
after the photoelastic modulator, we inserted a Soleil-Babinet
compensator that was adjusted to cancel out contributions
from residual birefringence in the glass substrates and/or
phase differences introduced by the mirror. All adjustments
of the compensator were done while the sample was in its
fully isotropic phase. The light intensity is measured by
a photodiode and analyzed using a lock-in amplifier. This
technique has the advantage that it directly measures the
phase difference between extraordinary and ordinary rays and
contains no contribution caused by Faraday rotation [20].

Our experimental protocol was to sweep the field from 0 T
to either 25 or 30 T (sweep rate 1 T/min) at fixed temperatures
above and below TIN. After sweeping the field at 1 T/min,
we waited at 30 T for ∼10 min in case any field-induced
effects occurred at a slower rate than the sweep rate. Data from
increasing field sweeps were compared with decreasing field
sweeps to check for hysteresis. Additionally, we heated the
sample at 30 T in order to observe if there was any temperature
dependence on the phase at high field.

We expect one of two situations to occur. If the material is
uniaxial, the effective optical phase difference ϕ, as a function
of field, should approach zero as the field tends towards infinity,

FIG. 2. (Color online) Optical
setup for magneto-optical tech-
nique. See text for detailed descrip-
tion.
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as this field will completely align with n. This results in an
optically isotropic signal, as n is completely parallel to the
propagation direction. However, if the material is biaxial, ϕ

will not reach zero, even at high values of magnetic field and
even after n is parallel to the propagation direction, which is
by definition perpendicular to m [13].

IV. RESULTS AND DISCUSSION

We used the Jones calculus [21] to model the way in
which light propagates through an anisotropic medium. In our
experimental geometry, we must consider that there may be
some Faraday rotation, in addition to induced optical phase
difference. Thus, one must introduce a matrix representing an
optically rotary element in the Jones calculus, along with the
representations for the other optical elements. Doing so and
expanding in terms of Bessel functions of the first and second
harmonic signals yields a final intensity of [22]

I (t) = 1
2 [1 − J0(A) cos(ϕ) sin(2α)

+ 2J1(A) sin(ϕ) sin(α) sin(ωt)

+ 2J2(A) cos(ϕ) sin(α) sin(2ωt) + · · ·], (1)

where α is the angle of optical rotation, ϕ = ϕe – ϕo is the
optical phase difference, A is the amplitude of photoelastic
modulation (in radians) and Jn(A) are the Bessel functions of
the first kind.

From this expression, we see that the optical signal can be
expressed as Fourier amplitudes at frequencies 0, ω, 2ω, etc.
If we denote such amplitudes as Vω, V2ω, etc., we can solve
for the tangent of the optical phase difference:

tan(ϕ) = V1w

V2w

J2(A)

J1(A)
(2)

and the optical rotation factors cancel out.
We plot ϕ versus B for all materials in order to determine the

behavior of the induced phase difference. We can see in Fig. 3
that the phase difference for 5CB at 30 ◦C extrapolates to zero
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FIG. 3. ϕ vs B for 5CB at 30 ◦C. The inset shows ϕ vs 1/B, where
ϕ extrapolates to zero at finite field. This is because of finite surface
anchoring strength [23].
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FIG. 4. ϕ vs B for ClPbis10BB at 73 ◦C, during the 0–30-T field
ramp and a 10-min waiting period. The vertical dotted line denotes
the point at which the field reached 30 T (450 s) and the wait period
began.

at finite field. The splay Freedericksz transition is also readily
apparent. For this material and this thickness, the maximum
field used, 30 T, is 30 times the threshold Freedericksz field,
1 T. Thus, the maximum diamagnetic torque is 900 times
larger than that needed to induce rotation, which provides a
dramatic demonstration of the value of using unconventional
magnets. This is an indication that the sample’s nematic phase
is purely uniaxial, as is expected. This can be more easily seen
in the inset of Fig. 3, where the extrapolation to high field is
accentuated.

The second material, ClPbis10BB, has a bent-core shape,
and is therefore less symmetric than 5CB; this shape lends
itself much more naturally to biaxial order. In Fig. 4, we see
the splay Freedericksz transition at 4 T, but the optical phase
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FIG. 5. (Color online) ϕ vs B for A131, where the inset shows ϕ

vs 1/B. This material has been reported to be biaxial at temperatures
below 149 ◦C [8].
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FIG. 6. ϕ vs B for C7. At 13 T, ϕ goes to zero, which is due to an
anchoring transition.

at 73 ◦C does not reach zero at 30 T. However, given that
ClPbis10BB is substantially more viscous (γ 1∼2.6 Pa s [24])
than 5CB, the time scale for the response to the field is long
[25]. As a result, we waited at 30 T for ten times that of the
orientational diffusion time after the field stopped increasing
in order to observe the behavior of the optical phase. Figure 4
shows the optical phase during the field ramp and the wait
period, where the waiting period at 30 T begins at 450 s. As
expected, the system was slow in responding to the applied
field due to its high viscosity. Nonetheless, we see that the
optical phase difference approaches zero, but it is necessary to
wait for some time after reaching very high field; this indicates
uniaxial order. This conclusion was also reached by dynamic
light scattering studies on the same material [26].

The third material, A131, also has a bent-core shape. For
this material, there have been publications using different
techniques that both report [11,12] and do not find [15]
biaxial order. We performed field sweeps at a variety of
temperatures throughout the entire nematic phase sequence,
including throughout any previously reported Nu and Nb

phases. These results are presented in Fig. 5, where the splay
Freedericksz transition appears at 2 T. Similar to ClPbis10BB,
we see the optical phase approaches zero at high field. This is
more clearly seen in the inset of Fig. 5, where the optical phase
is extrapolated to zero at high field. At fields above 28 T, we

observed increased noise in the phase difference measurement;
this was excluded from the extrapolation to infinite field. The
noise above 28 T appeared in other materials that we tested,
so it is likely due to power fluctuations in the magnet and not
a material-dependent property.

The final material we tested, C7, has previously been found
to be biaxial [13,16,17], but to our knowledge, this material has
not been tested using a technique similar to ours. We performed
a field sweep at 200 ◦C, which is in the region where biaxial
order was reported. We note in Fig. 6 that the optical phase
attains zero at <15 T, which indicates a lack of biaxial order.
The transition seen where the phase difference reaches zero
and remains there is most likely explained by an anchoring
transition so that the director can fully align with the field. The
Freedericksz transition field is <1 T for this sample thickness.

In all the materials, except for C7, the optical phase does
not reach zero below 30 T. Extrapolation demonstrates whether
the optical phase is approaching a positive value as the field
diverges, indicating biaxiality. However, this technique would
yield an incorrect conclusion if the trend of the optical phase’s
dependence on magnetic field were to change at fields above
30 T; however, we are unaware of any mechanism which would
cause such a change.

V. CONCLUSIONS

We report an experimental technique based on aligning
the uniaxial director along a magnetic field and searching for
birefringence perpendicular to that direction. This technique
supplies a yes-or-no determination of biaxial order and does
not rely heavily on theoretical interpretation to make this
determination. Another advantage of this technique is that
surface effects and possible anchoring transitions do not
overshadow the results. Within our experimental resolution,
we found that all four of the materials we tested with this
technique show a uniaxial nematic phase, two of which were
previously determined to be biaxial.
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