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We present a combined experimental and Monte Carlo study of a nematic phase in the presence of quenched
disorder. The turbidity of a nematic liquid crystal embedded in a porous polymer membrane is measured under
different applied field conditions for field-cooled and zero-field-cooled samples. We find that a significant
permanent alignment of the nematic can be induced by fields as low as 0.1 V/�m applied during the isotropic
to nematic transition. An analogous effect and dependence on sample history is found by studying the order
parameter of a sprinkled disorder Lebwohl-Lasher spin model, indicating that dilute quenched randomness is
sufficient to produce memory effects in nematics. The large memory induced by field cooling appears to be
written in the system during the transition as a result of the field action on freely oriented nematic nuclei. At
lower temperature the nuclei consolidate into permanent nematic textures developed from the interaction with
quenched disorder.
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I. INTRODUCTION

Nematics with quenched disorder represent technologi-
cally relevant soft materials showing a variety of novel prop-
erties accessible to experimental investigations �1–3�. Nem-
atic liquid crystals �NLC� embedded in disordering host
structures are typically very opaque and thus characterized
by large optical turbidity, �. This is a consequence of the
birefringence of liquid crystals �LC� and of the spatial fluc-
tuations of the optical axis induced by disorder �4,5�. The
application of an electric field �E� forces alignment and
hence decreases fluctuations, in turn reducing � �1�. Gener-
ally, after the removal of the field, nematics in cells with a
simple geometry recover the unperturbed state defined by
boundary conditions and elasticity. A peculiar feature of
nematics in complex geometries is instead their memory of
applied fields, consisting of a permanent change of � after the
removal of the field. Several examples of nematics mixed
with dispersions of particles or macromolecules have been
reported to have a memory of applied fields �6�. However,
the origin of multistability in these systems is typically as-
cribed to dynamic restructuring of the dispersions rather than
to the topology of the nematics. Phenomena of multiple sta-
bility of the ordering of LC have been found in systems with
specifically designed and highly controlled surface geometry
�7� and surface anchoring �8�, indicating that pure nematics
can actually be trapped in various topological states by
means of carefully designed boundary conditions. Memory
effects have also been observed in nematics disordered by
“quenched” hosting structures where the NLC is forced to
have random orientations of the director and chaotically en-
tangled defects. It has been shown that the orientational or-
der of NLC embedded in a fractal network of silica gel jams
into a kind of glassy state �9�. Long term memory and his-
tory dependence have been found by studying nematics in-
corporated in other randomly interconnected polymeric
structures �10,11�.

Because of the orientational character of their ordering,
nematics have often been compared with magnets despite
obvious differences in their nature, symmetry, and phase be-
havior. The polar magnetic ordering develops along the fer-
romagnetic axis through a second order transition, while the
appearance of the nonpolar nematic ordering breaks the con-
tinuous angular symmetry in a discontinuous transition. In
particular, since the first investigations of nematics in ran-
dom environment in the 1990s, it has been tempting to draw
analogies with the behavior of magnets in random field that
were widely studied and debated in the 1980s �12�. Concep-
tual tools were borrowed, such as the Imry-Ma argument,
whose correctness was finally established for random mag-
nets. The argument predictions are that the 3D Ising magnet
survives the presence of a random field, while continuous
symmetry systems, such as nematics, should lose their long
range ordering under any applied random field strength. Ex-
periments on both systems �12,13� indicate this is actually
the case. Even more intriguing is the fact that random mag-
nets, analogous to disordered nematics, show multistability
and history dependence, such that the ground state order is
attained when samples are zero field cooled, while field cool-
ing treatment leads to systems “trapped” in a metastable dis-
order �12�. The long term stability of the disordered state is
due to the pinning of domain walls by lattice vacancies �12�.
Indeed, an analogous role of defect pinning was proposed in
a recent investigation. The origin of memory effects in dis-
ordered nematics was examined by means of Monte Carlo
�MC� simulations on a random-field Lebwohl-Lasher spin
model, specifically the sprinkled silica spin �SSS� model
�14�. We found that the disordered nematic structure can be
ascribed to the spatial distribution of pinned defect lines and
that memory stems from the pinning of these strings �15�.

Here we present a study based on experiments and MC
simulations examining the effects of an external electric field
on nematics with quenched disorder. We show that the topo-
logical structure of the nematics strongly depends on the
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combined temperature and applied field histories. We char-
acterize the response of the experimental system to the ap-
plied field, and we monitor the memory after the removal of
the field. We show that a field applied while cooling through
the isotropic �I� to nematic �N� transition induces a much
more pronounced alignment than a similar field applied in
the nematic phase. We also performed extensive MC simu-
lations on a SSS model mimicking the experimental se-
quences of temperature changes and applied field. The ob-
served analogies between experimental and simulated
behaviors confirm the simple SSS model as a valid tool for
the study of the mechanism of memory in nematics with
quenched disorder. Specifically, the success of MC modeling
demonstrates that quenched disorder by itself is sufficient to
account for memory effects.

II. EXPERIMENT

The experimental investigation was carried out on a sys-
tem of mixed cellulose ester �MCE� membranes �MF milli-
pore membrane filters� soaked with 4-cyano-4�-
n-pentyl-biphenyl �5CB� liquid crystal. The membranes have
a mean pore size of 3 �m with 17% of the total volume
fraction occupied by the solid material having a refractive
index of nMCE=1.51. In order to obtain thin membrane
slices, the commercially available filter discs were embedded
in paraffin wax, sliced by means of a microtome, and thor-
oughly washed with xylene to remove the wax. The sliced
membranes were dried, spread with 5CB, and heated above
the N to I transition temperature �TNI=32.5 °C� in a vacuum
oven for three hours to eliminate the residual air. The
samples used in the experiments were sandwiched between
indium tin oxide �ITO� coated glass slides resulting in a
membrane thickness of about 16 �m, measured by means of
micrometer and optical microscopy. In order to prevent di-
electric breakdown, the ITO coatings of the cell were previ-
ously patterned to avoid an air gap through the electrodes.
The residual coating was removed by selectively etching
with hydrochloric acid. The applied voltage had a sinusoidal
wave form with 1 kHz frequency and amplitudes from 0 V
to 180 V. The samples were held in a thermally controlled
oven. We measured the intensity of a 4 mm diameter He
-Ne laser beam transmitted through the samples in the direc-
tion of the applied field. Transmitted light was selected by
spatially filtering the beam before and after the sample. The
sample turbidity was calculated as �=−ln�IT / I0� /d, where
IT / I0 represents the transmitted light �IT� referred to the in-
cident �I0�, and d is the thickness of the sample cell. We
produced several cells containing MCE+5CB samples and
for all samples we measured a value of turbidity at 25 °C of
0.37�±0.01� �m−1. In order to allow an easy comparison be-
tween different sets of data, we present results obtained from
one representative sample.

The disordered nematic samples were prepared by two
different methods: in the zero-field-cooling �ZFC� procedure
�Fig. 1� the sample was cooled down from the isotropic
phase with no field applied. In the field-cooling �FC� proce-
dure �Fig. 2�, an electric field was applied to the sample in
the isotropic phase at 36 °C and kept on while the tempera-

ture was decreased to 25 °C, when the field was then turned
off.

The turbidity of the sample in the I phase is independent
of the applied field strength and is ascribed to the mismatch
of the refractive index between the isotropic LC and the
MCE matrix. The sample prepared by the ZFC procedure
�Fig. 1� showed a high turbidity ��=0.375 �m−1� in the N
phase in the absence of an applied field, since the disordering
MCE structure induces pronounced orientational fluctuations
of the optical axis of the nematic.

The detailed behavior of the turbidity as a function of
temperature has been shown to depend on the average size of
the nematic domains �5�. Upon the application of an external
electric field, the turbidity of the system rapidly decreases
with a relaxation time of a few milliseconds �16� affecting
about 90% of the total turbidity change. Only the remaining
10% of the turbidity is characterized by a much slower set-
tling time. The field was removed after 6 min, when the sys-
tem was fully equilibrated. In this case too, the system un-
dergoes a fast relaxation and a slower recovery with smaller
amplitude. Repeated application of similar field pulses with
the same amplitude did not show any significant dependence
of the turbidity on the number of pulses. The turbidity at
equilibrium, after the removal of the field, was lower than
the turbidity measured in the N phase before the application
of the field. The difference between those values, ��p, rep-

FIG. 1. Experimental ZFC procedure and response to the elec-
tric field. �a� The temperature was decreased linearly from the I
phase to the N phase, and then held constant. �b� The electric field
applied to the sample was turned on after the equilibration in the N
phase and removed after 6 min. �c� The turbidity of the sample
increases as the temperature decreases in the N phase. The applica-
tion of an electric field in the N phase induces a pronounced de-
crease of the turbidity which is partially ���r� recovered after the
removal of the field. The unrecovered part ���p� is ascribed to
permanent reconfiguration of the system. The vertical dotted lines
are drawn as a guide to the eye in correspondence of temperature
gradient changes and field transitions.
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resents a measure of the remnant order induced by the field
and thus provides a quantitative representation of the in-
duced memory. The residual order can be wiped out by
means of a N to I phase transition, and the procedure de-
scribed in Fig. 1 can be repeated indefinitely.

The same sample was used to show the effect of the FC
procedure �Fig. 2�. In this case an identical electric field was
applied in the I phase, and then the temperature was de-
creased. Different from the ZFC case, the turbidity decreases
entering the N phase and stabilizes to a very low value at
25 °C. Upon removal of the field, the sample undergoes a
faster visco-elastic relaxation followed by a slower glassy
equilibration, as also found in other disordered nematic sys-
tems �11�. The asymptotic value of the turbidity is much
lower than the one measured in the unperturbed system at the
same temperature, and it is also lower than the value of tur-
bidity measured in the ZFC procedure after the removal of
the field. Consequently, the remnant order ��p induced by
the field in the FC procedure is significantly higher than the
one measured on the same sample prepared with the ZFC
procedure. Moreover, the subsequent application of an elec-
tric field after the FC procedure induces a high level of trans-

parency, similar to the one observed before the removal of
the field in the FC preparation.

Following the experimental scheme reported in Figs. 1
and 2, two procedures were undertaken and are characterized
by sequences of electric field states: OFF1-ON-OFF2 and
ON1-OFF-ON2 for the ZFC and FC preparation, respec-
tively. Since the turbidity of the sample depends on the his-
tory of applied field and temperature, each of the resulting
six states is characterized by its own equilibrium turbidity.
We shall refer to those field states as ZFC:OFF1, ZFC:ON,
ZFC:OFF2, FC:ON1, FC:OFF, and FC:ON2.

Figure 3�a� reports the values of turbidity measured in the
ON states for both preparations as a function of the applied
field. The values measured in the ZFC:ON state are charac-
terized by a pronounced decrease for field strength of ap-
proximately 1 V/�m �IT / I0=1/2 for 1.35 V/�m�. The mea-

FIG. 2. Experimental FC procedure and response to the electric
field. �a� Similar to the ZFC procedure, the temperature of the
sample was decreased linearly to bring the sample from the I phase
to the N phase, and then held constant. �b� The electric field applied
to the sample was turned on in the I phase and maintained until the
sample was equilibrated in the N phase. The field was kept off for
5000 sec and then turned on again. �c� The turbidity of the sample
in the I phase is not influenced by the application of the electric
field. In the N phase the sample turbidity is low because of the
aligning effect of the applied field. Upon removal of the field the
high turbidity measured in the unperturbed ZFC state �dashed hori-
zontal line at �=0.375 �m−1� is partially recovered ���r�. The un-
recovered part ���p� is ascribed to permanent reconfiguration in-
duced by the field. The subsequent application of an electric field
induces a pronounced decrease of the turbidity. The vertical dotted
lines are drawn as a guide to the eye for temperature gradient
changes and field transitions.

FIG. 3. Turbidity measured at 25 °C as a function of the ampli-
tude of an external electric field E. �a� Turbidity measured in pres-
ence of the applied field. Full dots: ZFC:ON states. These data have
been taken by applying consecutive bursts of the electric field hav-
ing increasing amplitude. The burst duration is 6 min, with a time
interval of 6 min between two consecutive bursts. Open dots:
FC:ON1 states. Dotted line: FC:ON2 states. Each point refers to an
independent FC measure following the field E and temperature state
sequence ON1-OFF-ON2 as shown in Fig. 2. �b� Turbidity mea-
sured after the removal of the electric field. Full dots: ZFC:OFF2
states. These data have been taken after the application of consecu-
tive burst of duration 6 min. Each value of turbidity has been mea-
sured 6 min after the removal of the field. Open dots: FC:OFF
states. Each point refers to an independent FC measure following
the field and temperature state sequence ON1-OFF-ON2 as shown
in Fig. 2.
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sured turbidity becomes negligible for field values higher
than 3 V/�m. The high level of transparency at high field is
a consequence of the overall alignment of the nematic and of
the refractive index matching between the MCE membrane
and the ordinary axis of the LC. The effect of the applied
field is clearly more pronounced in the FC experiment. The
field threshold for transparency �IT / I0=1/2� for either
FC:ON1 or FC:ON2 is about 0.6 V/�m, and the saturation
level is reached at about 1.2 V/�m. The two FC states do
not differ consistently in terms of turbidity, but they are sig-
nificantly different from the ZFC state, showing that the field
applied during the FC procedure induces a more pronounced
alignment which permanently increases the system suscepti-
bility to applied fields.

Figure 3�b� shows the turbidity measured at equilibrium
after the removal of an applied electric field. The difference,
��p, between each point and the value at 0 V/�m represents
a measure of the sample memory after the removal of the
field �ZFC:OFF2 and FC:OFF�. Considering the ZFC:OFF2
state, the memory induced by the applied field is negligible
for field strengths lower than 1 V/�m. However, the
FC:OFF state is characterized by a high level of residual
transparency after the removal of fields as low as 0.1 V/�m.
This can be inferred by comparing the turbidity of the
FC:ON1 and FC:ON2 states �open dots in Fig. 3�a�� to the
turbidity of the FC:OFF state �open dots in Fig. 3�b��. After
the removal of high fields both the ZFC and FC samples
relax to a common saturation level for the remnant turbidity
close to 0.1 �m−1, which is significantly higher than the val-
ues measured in the ON states at high field.

III. SIMULATION MODEL

The dependence of the sample alignment on its tempera-
ture and applied field history was investigated by MC simu-
lations performed on the SSS model proposed in Ref. �14�.
This is a Lebwohl-Lasher lattice system �17�, where a frac-
tion of the spins, randomly chosen, has an orientation se-
lected at random and kept fixed to mimic the quenched dis-
order �13�. The SSS model has some connection with the
uniform random field Hamiltonian, where each spin is sub-
jected to a random perturbation �18–20�. However, it has, in
our opinion, some distinctive advantages for the present
problem, such as the possibility of varying the concentration
of impurities as well as the introduction of dopant localiza-
tion.

The system is thus composed of two sets of spins si: N
free to reorient spins describing the NLC, and S frozen spins
�FS� introducing quenched disorder in the system. The
amount of disorder is expressed by the concentration of fro-
zen spins p=S / �N+S�. The Hamiltonian of the system is

HSSS = − �� �
�i,j���N�S�

P2�si · sj� + � �
i�N

P2�si · z�	 , �1�

where si and z are unit vectors representing the ith spin ori-
entation and the direction of the applied field, respectively,
P2 is the second Legendre polynomial, and the indexes i , j
run on nearest neighbors i� j. The second term in Eq. �1�
represents the coupling to the applied field. The positive con-

stants � and � express scaling factor for the energy and the
field-spin coupling, respectively. The evolution of the system
has been studied, using a Monte Carlo–Metropolis algorithm
�21� on cubic lattice samples of linear size L=50 and with
p=0.14. The MC scheme adopted consists of standard single
spin rotational moves that can be assimilated to physical re-
orientations of the real particles. In this sense, even though
the MC dynamics are arbitrary, the chosen representation can
be related to a plausibly real one. The MC cycles can be
considered, to an arbitrary scaling factor, as time units. We
have followed the value of the nematic order parameter �P2�
computed on the free spins. In the absence of the external
field ��=0� the system order parameter is defined only by
the reduced temperature T*=kBT /�.

For the value of L and p considered in this work, the I to
N phase transition occurs at TNI

* =0.75�±0.1�. Each simula-
tion run starts from a randomly oriented spin configuration in
the I phase at TI

*=1.2. In order to mimic the ZFC and the FC
experiments, the simulated system is cooled down to the N
phase at TN

* =0.2 using different values for the field-spin cou-
pling parameter �. The temperature TN

* =0.2, very deep in the
N phase, is used to avoid effects of thermal fluctuations as
already done in previous works on similar systems
�11,13,21�, taking advantage of the absence of smectic
phases in the model.

The value of �P2� in the equilibrated N state is not found
to depend significantly on the cooling rate. We show results
obtained after at least 105 cycles, a MC time more than suf-
ficient to reach equilibrium for the N phase without disorder
�21�. The value of �P2� for these equilibrated states is gener-
ally overestimated because of finite-size effects and de-
creases with increasing lattice size �11�. Figure 4 shows the
behavior of �P2� as a function of the number of MC cycles
after the temperature change TI

*→TN
* using two different val-

ues of the field parameter, �=0 and �=0.01. After 1�105

and 2�105 cycles the values of the external field � are re-
versed and the simulations stop at 3�105 MC cycles. In
analogy to the experiments, three field states can be defined
at equilibrium either for the ZFC or for the FC procedure,
resulting in the same six field states introduced in the experi-
mental section �ZFC:OFF1, ZFC:ON, ZFC:OFF2, FC:ON1,
FC:OFF, FC:ON2�. The order parameter of the equilibrated
system after ZFC �ZFC:OFF1 state� is small but not negli-
gible because of the finite-size effect. In fact, the �P2� of this
system approaches zero with increasing lattice size as
reported in �11,13�. The application of the external field
�ZFC:ON state� induces an increase in the average order pa-
rameter and after the subsequent removal of the field �ZF-
C:OFF2 state�, the system does not recover completely to the
original value of �P2�, similarly to the experimental behavior.

The analogy with the experiments is also strong in the
case of the FC procedure. A certain value of the external field
� applied during the I to N transition �FC:ON1� induces a
higher alignment and after the removal of the field
�FC:OFF�, the system retains a relatively high level of align-
ment even after 105 cycles. Finally, a further application of
the field �FC:ON2� induces a value of �P2� similar to the one
found in the FC:ON1 state. The value of the order parameter
�P2� in the presence of an external field of strength � is
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shown in Fig. 5�a�. In general, �P2� increases as the field
increases. In the case of ZFC:ON state, the maximum slope
of the curve �P2� vs � is obtained for a field strength �
=0.03±0.01. Differently, the �P2� computed for the FC:ON1
and FC:ON2 states is characterized by a steeper slope for
small values of �, thus giving higher level of ordering for
low field strengths. Analogously, the residual order after the
removal of the field, increases with increasing field strength
�, and it is higher in the FC:OFF state than in the ZFC:OFF2
state, as shown in Fig. 5�b�. In the limit of large � the order
parameters �P2� of both states reach the same plateau value.

IV. DISCUSSION

The results reported in the experimental section show that
in the systems of nematics with quenched disorder investi-
gated in this work, an external electric field may induce per-
manent alignment. Given a certain temperature and applied
field, the value of the turbidity is not well defined. The sys-
tem assumes different stable configurations characterized by
different values of turbidity, depending on the thermal and
applied field history. Thus, the nematics disordered by the
MCE matrix shows multistability. Analogously, in the simu-
lation model the presence of the randomly oriented frozen

spins also leads to a history dependence of the order param-
eter �P2�. Both the turbidity measured in the experiments and
the order parameter computed from the model indicate the
degree of alignment of the systems. Indeed, by means of an
appropriate scattering model for the experimental system, the
measured turbidity can be converted into the corresponding
value of the nematic order parameter. We have developed
such a scattering model based on the observation that in
nematics with quenched disorder the nematic correlation
function is consistent with a short range nematic order �13�.
Thus, the system can be envisioned as a collection of nem-
atic domains with random orientation, and the turbidity can
be calculated from the scattering cross section of suitable
uniaxial spherical domains �5�. The orientational distribution
of the domains is modified by the external field through a
simple viscoelastic interaction, which has been shown to de-
scribe the nonlinear response of disordered nematics to ap-

FIG. 4. A schematic example of ZFC and FC procedure adopted
in the MC simulations of the SSS model as a function of the Monte
Carlo �MC� kcycles. �a� In the ZFC procedure the system was
brought from the I phase to the N phase with �=0, then the field
was turned on at 1�105 cycles and removed again at 2�105

cycles. �b� In the FC procedure the system was equilibrated in the N
phase with �=0.01, then the field was removed at 1�105 cycles
and turned on again at 2�105 cycles. �c� Nematic order parameter
�P2� versus MC cycles as obtained from the simulation using the
ZFC procedure �black points� and the FC procedure �gray points�
with p=0.14 at TN

* =0.2. The MC cycles are counted starting from
the temperature change TI

*→TN
* . The vertical dotted lines are drawn

as a guide to the eye for the field transitions.

FIG. 5. Order parameter �P2� obtained from MC simulations as
a function of an external field of strength �. �a� Order parameter
obtained in presence of the external field. Full dots joined by the
dashed line: ZFC:ON states. These data have been obtained by ap-
plying consecutive pulses of field of increasing amplitude � and
letting equilibrate after each field transition �see Fig. 4�. Open dots
joined by the dashed line: FC:ON1 states. Dotted line: FC:ON2
states calculated for ��0.1. Each points refers to an independent
FC simulation, following the field state sequence ON1-OFF-ON2 as
shown in Fig. 4. �b� Order parameter obtained after the removal of
the external field. Full dots: ZFC:OFF2 states. These data represent
the residual �P2� computed after the removal of a field of strength �
�see Fig. 4�. Open dots: FC:OFF states. Each point refers to an
independent FC simulation, following the field state sequence ON1-
OFF-ON2 as shown in Fig. 4.
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plied fields �16�. In this way, the computed values of turbid-
ity can be numerically converted in the equivalent value of
the average order parameter computed on the domain orien-
tations, �P2�d �11�. Considering different choices for the
physical parameters characterizing the NLC and the disor-
dering structure, the following relationship has been found to
empirically link the computed values of � and �P2�d �22�:

�P2�d = 1 −
�

�0
, �2�

where �0 is the value of turbidity corresponding to a uniform
distribution of the domain orientation and coincides with the
turbidity of the unperturbed disordered nematic. We found
that the linear relationship between � and �P2�d as in Eq. �2�
leads to significant errors only for very low values of �.
Equation �2� allows a direct comparison between the turbid-
ity measured in the experiments and the order parameter
computed in the simulations. Taking into account Eq. �2�, the
experimental behaviors shown in Fig. 3 exhibit strong analo-
gies with the computed �P2� reported in Fig. 5. In particular,
the alignment of the nematic domains, as given by Eq. 2,
induced by FC fields lower than 0.2 V/�m or ��0.06 is
almost completely maintained after the removal of the field,
as can be inferred comparing the FC:ON1 and FC:OFF tur-
bidities in Figs. 3 and 5. Moreover, the subsequent applica-
tion of a field of equal strength �FC:ON2 state in Figs. 3�a�
and 5�a��, restores almost the same level of alignment in-
duced by the initial FC field. Differently, the aligning effect
of a similar field applied on a ZFC sample is significantly
lower �ZFC:ON state in Figs. 3�a� and 5�a��.

In order to quantify the analogies between the experi-
ments and simulations, we have introduced an indicator for
the fraction of field induced alignment which is maintained
after the removal of the field, for both the FC and ZFC pro-
cedure. For the simulated system, this memory indicator
�msim� can be defined as

msim =
�P2�OFF − �P2�0

�P2�ON − �P2�0
, �3�

where �P2�0 is the order parameter of the unperturbed disor-
dered system �ZFC:OFF1 state�, �P2�ON is computed with
�	0, and �P2�OFF is the residual order parameter calculated
after the removal of the field. According to Eq. �2�, an analo-
gous memory coefficient can be coherently defined for the
measured experimental turbidity. The order parameter of the
simulated model in Eq. �3� can be replaced with the domain
order parameter �P2�d for the experimental system, leading to

mexp =
��p

��p + ��r
, �4�

where ��p and ��r are shown in Figs. 1 and 2. Both mea-
sured and simulated memory coefficients are equal to zero
when the system recovers completely after the removal of
the applied field and are instead close to one when it main-
tains the induced alignment. Figure 6 shows the values of
mexp computed for the data reported in Fig. 3 and the values
of msim for the data of Fig. 5. Comparison of experimental

and simulated memory coefficients reveals some basic simi-
larities. The fractional permanent alignment monotonically
increases if the field is applied after the ZFC sample prepa-
ration, and decreases after a low field maximum, if the field
is applied during the FC procedure. Additionally, both prepa-
rations lead to an asymptotic value of the memory coefficient
of about 0.64 for the simulations and 0.72 for the experi-
ments. These surprisingly good results confirm that the
simple SSS model captures at least the basic features of these
complex systems with sufficient accuracy to yield the same
memory effects found in nematics with quenched disorder.
However, the high value of the ZFC msim extrapolated to �
=0 �msim
0.5�, compared to the negligible value of the cor-
responding mexp, indicates a difference between experiments
and simulations. The simulated system seems permanently
slightly deformed by arbitrarily small fields, yielding an ap-
parent threshold-free mechanism for the corresponding
memory.

The actual role played by the specific properties of the
MCE surface and structure on the origin of memory in the
experimental system is still the object of study by several
groups. Other kinds of disordering structures have been

FIG. 6. Experimental �mexp� and simulated �msim� memory co-
efficient as a function of the external field. �a� mexp measured for
fields applied during ZFC �full dots� and FC �open dots� proce-
dures. Points at very low fields �below 0.25 V/�m for ZFC and
below 0.1 V/�m for FC� are not shown since the low values of ��p

and ��r lead to high experimental uncertainty in the extraction of
mexp. �b� msim calculated for fields � applied during ZFC �full dots�
and FC �open dots� procedures.
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found to induce multistability of the nematic ordering under
specific conditions. Dispersions of either hydrophilic or hy-
drophobic silica nanoparticles in a few percent of volume
fraction have also been reported to show permanent align-
ment induced by an electric field �23,24�. However, in those
systems, the robustness of the disordering silica structure can
be argued against and consequently local reordering of the
silica matrix under the effect of the field cannot be com-
pletely ruled out. For example, repeated cycling through the
I-N transition in the presence of large magnetic fields has
been reported to produce anisotropic disordering matrices
�25�. On the other hand, the more bulky arrangement of the
MCE matrix studied in the present work can hardly allow a
structural change under the weak electric forces employed
here. The origin of the memory might be ascribed to the
change of anchoring of the nematics on the MCE surface
under the effect of the field. However, the reported time scale
for the phenomena involving surface anchoring changes me-
diated by external fields �8� is typically longer than the du-
ration of the applied fields employed in this work. Moreover,
the surface LC alignment induced by field cooling proce-
dures on relatively strong anchoring substrates is reported to
be stable against N-I-N thermal cycles �8�. However, for both
the ZFC and FC experimental procedure, our MCE+NLC
samples are found to return to their spontaneous high turbid-
ity states after an arbitrarily short thermal cycle to the I
phase. This observation suggests that the presence of
memory does not imply multistability of the anchoring con-
ditions. The fact that memory is found in the simulations,
where neither spatial nor orientational rearrangement of fro-
zen spins is allowed, indicates that the origin of memory is
an effect of the frustration in the topology of random field
nematics. Additionally, we find that the energies computed
for all the equilibrated states at zero field �shown in Fig.
5�b�� differ from each other by less than 0.2%, which is
comparable to the computational uncertainty given by the
amplitude of the equilibrium fluctuations of the order param-
eter. When combined, these elements support the idea of a
system �both experimental and simulated� composed of an
ensemble of interacting nematic domains characterized by a
multitude of available topological states having similar free
energies but different orientational configurations. These de-
generate orientational configurations are likely to be sepa-
rated by energy barriers whose heights are significantly
larger than kBT, since even increasing the observation time
from hours to weeks the remnant order does not appear to
relax �11�.

The particular orientational distribution of the nematic do-
mains is somehow recorded in the system during the I to N
transition. This may be rationalized assuming that in the N
phase for temperature below close enough to TNI the system
is in the coexistence region: nematic nuclei are surrounded
by isotropic liquid and thus they should be rather insensitive
to each other and to the disordering matrix. The existence of
an extended temperature range of coexistence has been re-
cently reported for systems of NLC disordered by disper-
sions of hydrophilic silica nanoparticles �4�. When the elec-
tric field is applied in such a temperature range, the nematic
nuclei orient parallel to the field with virtually no constraints.

As the temperature is decreased, the nematic fraction grows
and the ordered clusters interact with each other and with the
disordering matrix. The specific continuous texture connect-
ing domains and solid interfaces determines the topology
“written” in the sample by the cooling procedure. The tem-
perature at which such topological texture is set has been
described as the conversion from a random dilution to a ran-
dom field regime and is marked, in the aerosil-disordered
LC, with a second specific heat peak at temperature below
TNI �4�. According to this description, this behavior is a pe-
culiarity of first order phase transitions in the presence of
quenched disorder, suggesting that in the comparison be-
tween disordered nematics and other seemingly analogous
systems, like random magnets, the discontinuous character of
the NI transition must be taken into account.

The existence of a temperature range below TNI in which
free nematic domains coexist with the isotropic phase, is
manifested by the remarkable difference in the FC vs ZFC
memory coefficients mexp and msim in Fig. 6, indicating that
at low fields the ZFC response is fully elastic while the FC
response is predominantly plastic with no apparent strain
threshold. Apparently, the largest nematic nuclei, i.e., those
most susceptible to respond to small fields and providing
large FC mexp, are also the least constrained by the disorder-
ing structure at the onset of the random field regime. The key
role of the nematic texture connecting domains to each other
and to the disordering structure has been analyzed in terms
of the topology of defect lines �15�. It has been found that the
different equilibrated states in systems evolving from differ-
ent initial conditions can be entirely ascribed to different
populations of the long defect lines surrounding the nematic
domains.

V. CONCLUSIONS

We have shown that an external electric field may induce
permanent alignment in nematic LC embedded in a disorder-
ing MCE structure. The turbidity of the sample strongly de-
pends on the history of temperature and applied field. An
external field applied during the I to N phase transition typi-
cally has a much stronger aligning power than the same field
applied to the sample in the unperturbed N state. By means
of the FC procedure, the sample is permanently aligned us-
ing a field strength lower than 0.1 V/�m. The resulting sys-
tem can be repeatedly switched between a transparent and an
opaque state with field strengths much lower than the one
needed to orient the unperturbed nematic. We have shown
that memory effects is induced by an external field applied to
the simple SSS model, in good agreement with the experi-
mental results. The behavior of the computed order param-
eter versus the field strength qualitatively resembles the es-
timated nematic order parameter of the experimental system,
showing the same difference between ZFC and FC. These
results confirm that the simple SSS model embodies suffi-
cient ingredients to account for the mechanism behind the
memory in nematics with quenched disorder. We interpret
the large FC memory to be due to the alignment of nematic
domains in the coexistence region, consolidated by the nem-
atic texture developed at lower temperatures. Such a texture
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encloses topological defect lines whose paths are specific for
each given state. Accordingly, the multitude of stable con-
figurations in nematics with quenched disorder may arise
from the variety of topological configurations stabilized by
the pinning of the defect lines to the disordering structure.
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