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A critical end point above which an isotropic phase continuously evolves into a polar (ferroelectric)
nematic phase with an increasing electric field is found in a ferroelectric nematic liquid crystalline material.
The critical end point is approximately 30 K above the zero-field transition temperature from the isotropic
to nematic phase and at an electric field of the order of 10 V=μm. Such systems are interesting from the
application point of view because a strong birefringence can be induced in a broad temperature range in an
optically isotropic phase.
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The discovery of ferroelectricity in the least ordered
liquid crystalline phase, the nematic phase, [1–7] immedi-
ately attracted considerable attention, because ferroelec-
tricity and fluidity were thought of as being mutually
exclusive properties as the long-range ordering of dipole
moments could easily be suppressed by thermal fluctua-
tions in the liquid state. A polar liquid is an interesting
subject of fundamental studies but ferroelectricity and
flexibility are also attractive from the point of view of
future applications. In most of the systems studied so far,
the ferroelectric nematic phase (NF) appears below an
apolar nematic phase. The transition between these phases
is weakly first or second order; a polar structure gradually
develops in the higher temperature nematic phase as
evidenced by a strong dielectric response that critically
slows down on approaching the polar phase [8]. To date, the
NF phase has been reported for a limited number of
materials, but it seems that all of these bear some general
features—they have a strong longitudinal dipole moment
and bulky lateral substituents. While it is obvious why a
strong dipole moment is necessary, the role of lateral
substituents is still under debate. On one hand, they might
introduce a wedgelike molecular shape which results in a
lower splay elastic constant and an increase of the splay
flexoelectric coefficient in such materials. On the other
hand, lateral substituents may prevent antiparallel correla-
tions of molecular pairs in the transverse direction, which is
necessary to obtain a long-range parallel orientation of
dipole moments. Recently, the first examples of systems in
which the NF phase appears directly below the isotropic
liquid phase were reported [5,9–11]. Systematic studies

showed that the Iso-N phase transition temperature
decreases more quickly than the NF-N phase transition
temperature when the size of lateral substituents increases,
and as a result, an Iso-NF transition was found for some
materials or a sequence Iso-N-NF inwhich theN phase exists
in a very short temperature range [11]. In both types of
systems, the NF phase develops by a first-order transition.
The availability of ferroelectric liquid crystal compounds
showing a first-order N-NF or Iso-NF phase transition
enables an investigation of an electric-field-induced critical
point, which we report in this study. We show that the first-
order transition that is characterized by a discontinuity of the
order parameter (electric polarization) remains first-order at
moderate electric field strengths and vanishes at higher
fields, implying the existence of a critical end point in the
temperature-electric field phase diagram.
Several compounds showing either a short temperature

range of a paraelectric nematic phase preceding a ferro-
electric NF or a direct NF-Iso transition were investigated.
They all show either a strongly first-order transition
between both nematic phases evidenced by a large jump
in birefringence at this transition or the first-order direct
NF-Iso phase transition. It should be mentioned that in
all the materials studied so far, the NF phase is monotropic
but the accessible temperature range over which the
properties of the system could be studied differ signifi-
cantly for each compound because some of the studied
compounds readily crystallized. Therefore, although the
overall behavior of the systems studied was similar, for
detailed studies we chose a chiral material I-4�, see Fig. S1
in Supplemental Material [12,13] with a short paraelectric
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nematic (cholesteric) phase (∼1 K) and an NF phase that
could easily be supercooled to room temperature.
Importantly, this material showed the lowest tendency
towards cold crystallization when heated above the clear-
ing point. To exclude a possible influence of the molecular
chirality on the polar properties of the studied system we
have compared the phase transition temperatures of a pure
enantiomer and racemic mixture. The polar nematic phase
exists in both and the transition temperatures differ by less
than 0.2 K (see Supplemental Material [12]).
For electro-optic studies, the material was filled into a

glass cell with transparent ITO electrodes covered with an
aligning polymer layer. In the NF phase under the appli-
cation of ac voltage, a single repolarization current peak per
half of a cycle was registered, characteristic of the ferro-
electric phase, but as temperature increased and an apolar
nematic or isotropic liquid phase was entered, the current
peak doubled and the voltage of the onset of the current
peaks increased (Figs. 1 and S2 and S3 in Supplemental
Material [12]). The polarization calculated from a single
current peak in the NF phase and from a double current
peak just above the NF-Iso phase was very similar and
diminished on further heating. Optical measurements show
that the electric field induces a birefringence in the isotropic
liquid phase, which increases slightly with the applied
voltage (low field part of isotherms). At a field correspond-
ing to the current peak onset (threshold field, Eth) a steplike
increase of optical birefringence is observed, marked by an

increase of the light transmission through the sample
between crossed polarizers (Fig. 1). Thus, the electric field
induces a polar order in an isotropic liquid, which is
coupled to the orientational order of the molecules. By
decreasing the electric field, the birefringence changes are
reversed with a small hysteresis.
As the system approaches the critical end point in the

temperature-electric field phase diagram, the steplike
increase in the birefringence at the threshold field
becomes smaller and the hysteresis width diminishes.
Above the critical temperature, Tc, the phase transition
vanishes and the evolution of the birefringence in the
electric field becomes continuous (Fig. 2). The threshold
field—temperature dependence is nearly linear, and the
critical point is located at Tc nearly 30 K above the zero-
field transition temperature and at a critical electric field
Ec ∼ 15 V=μm (Fig. 3). On the critical isotherm, at the
electric field corresponding to the inflection point, the
retardation is approximately half of that measured in
the NF phase at the same experimental conditions, which
shows that the critical nematic order parameter is
Sc ∼ 0.45 (in theNF phase far from transition temperature,
S ∼ 0.9 has been previously determined [9]).
To exclude the possibility that the birefringence induced

by the electric field is due to the Kerr effect (thus due to a
quadratic coupling of the electric field to the dielectric
anisotropy), we also studied the second harmonic gener-
ation (SHG) to evidence a non-centrosymmetric (polar)
structure of the induced phase. In the NF phase, a strong
SHG signal is registered. In a cell with comb-like electro-
des in which the electric field and thus polarization in the
neighboring areas is antiparallel, the diffraction of the
SHG signal is observed at an angle corresponding to
double the distance between the electrodes (see Fig. S4

FIG. 1. (a) A single repolarization current peak recorded as a
function of time (t) in the NF phase and (b) a double current peak
recorded in the isotropic liquid, under application of a triangular
voltage (black line, right scales). (c) The light transmission (T)
through a sample placed between crossed polarizers, taken in the
temperature range of the isotropic phase. The sample was tilted
with respect to the beam propagation direction by ∼20°. The data
presented in (b) and (c) were taken simultaneously, at a temper-
ature 20 K above the N-Iso phase transition. Note that the
threshold electric field inducing a nonzero light transmission
coincides with the field at which the current peak is registered.

FIG. 2. The optical retardation (black, open symbols) and SGH
signal intensity (green, solid symbols) measured at several
temperatures above T1, the N-Iso phase transition as a function
of a dc electric field applied to the sample. The critical isotherm
for retardation is marked in red. A dashed curve represents a
bimodal line.
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in Supplemental Material [12]). The SHG signal intensity is
only weakly dependent on temperature. In the isotropic
liquid phase, the diffraction SHG signal could also be
induced by the application of an electric field, but in order
to compare the threshold for induction of the SHG signal
and for induction of a birefringence, exactly the same thin
ITO cells with electrodes on glass surfaces were used in
both experiments and the sample was placed at an oblique
angle to the incident light. The SHG signal intensity
measured as a function of the temperature and applied
dc electric field generally follows the same dependence as
the induced birefringence (Fig. 2). At each temperature the
offset of the SHG signal coincides with the threshold
electric field at which the birefringence is induced; as the
temperature increases the electric field necessary to induce
the steplike growth of the SHG signal intensity increases.
To analyze the Iso-N-NF phase transitions, we use a

phenomenological Landau model, which can describe these
phase transitions in a unified way. Characteristics of the
nematic phase is the orientation of the long molecular axes
along some common director n (n2 ¼ 1). The degree of
this orientational order is described by the order parameter
S, where 0 < S < 1. A polar nematic phase additionally
possesses a polar order of the longitudinal component of
dipole moments, which is described by an additional order
parameter, spontaneous polarization P. We assume that the
polarization direction is along the director and thus con-
sider P as a simple scalar order parameter, which, however,
is coupled to the nematic order, because ordering of the
dipoles also essentially introduces an ordering of long
molecular axes. For the materials studied so far, the polar
nematic phase exhibits a strong orientational order of
molecules (e.g., for RM734, the NF phase appears when
the order parameter S reaches ∼0.75 [9]), thus we assume
that the polar ordering is not critical and it becomes

energetically favored when the nematic order is sufficiently
high (S ¼ S0). To analyze the influence of an electric
field (E), we assume a linear coupling between the polari-
zation and the electric field. Therefore, the free energy (G)
is expressed as

G ¼ 1

2
aSðT − T0ÞS2 þ

1

3
bSS3 þ

1

4
cSS4

þ 1

2
apðS0 − SÞp2 þ 1

4
bpS2p4 − EP0p; ð1Þ

where p ¼ P=P0 is a polarization order parameter and P0 is
the maximum value of polarization (all longitudinal dipole
moments in the same direction), thus p < 1. The para-
meters aS, bS, cS, ap, and bp are material parameters and
are assumed to be temperature (T) independent. The Iso-N
transition is first order if bS < 0, the rest of the parameters
are positive. The term with bp > 0 stabilizes a finite
polarization value at S > S0. Chiral terms were omitted
in the free energy expression, Eq. (1), because for the
studied system they do not to have much influence on the
phase behavior, as discussed above. By analyzing the free
energy G for stability limits of the phases in the absence of
an applied electric field, the model predicts that the
isotropic phase becomes unstable on cooling at T ¼ T0,
while the nematic phase remains (meta)stable until
T1 ¼ T0 þ b2s=ð4aScSÞ.
We are interested in the (meta)stability of the polar

isotropic phase and polar nematic phase induced by the
application of an external electric field at temperatures
above T1. For this purpose, we minimize the free energy
G over S and p at a given temperature (T) and external
field E. From the conditions ∂G=∂S ¼ 0 and ∂G=∂p ¼ 0
we find a set of coupled equations for the equilibrium
values of p and S:

p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ap −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2p − 8bpS2ðaSΔT þ cSS2 þ bSSÞ
q

2bpS

v

u

u

t ð2Þ

and

EP0 ¼ bpp3S2 þ appðS0 − SÞ: ð3Þ

The dependence of S on E at some ΔT is best presented
by plotting SðEÞ for a set of ΔT at a chosen set of
parameters, for which we choose, cS=aS ¼ 60 K,
ap=aS ¼ 30 K, bp=aS ¼ 30 K and S0 ¼ 0.5. For this set
of parameters T1 − T0 ¼ 1.67 K. The parameters were
chosen such that the critical temperature is approximately
20 K above T1, the bistability region of the Iso and N
phases in the absence of an external field is of the order of
1 K and the width of hysteresis at temperatures above but
close to T1 is of the order of 0.1 Ec. From Fig. 4 we see that

FIG. 3. Temperature (T)-threshold field (Eth) phase diagram for
the NF and Iso phases. The critical end point (CEP) is located
approximately 30 K above the zero-field transition temperature
and at critical electric field ∼15 V=micron.
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the curves SðEÞ are S shape, which implies a discontinuous
Iso-NF transition with a hysteresis loop. The hysteresis
loop is defined by stability limits of two minima in the free
energy vs S. The first-order transition vanishes at a critical
temperature Tc, where the SðEÞ curve exhibits a vertical
inflection point. Above Tc no transition is detected, only a
smooth increase of the orientational order parameter (and
p) with increasing electric field is observed. By solving a
set of equations ∂E=∂S ¼ 0 and ∂

2E=∂S2 ¼ 0, we find the
critical temperature and field to be Tc − T0 ¼ 19.3 and
EcP0=aS ¼ 4.64 K.
With a chosen set of parameters a temperature-electric

field phase diagram for the N, NF, and Iso phases (Fig. 5)
was obtained that can mimic the behavior of the exper-
imental system. In the phase diagram, we included the
stability limits for the isotropic, nematic and polar nematic
phases vs electric field and temperature. The lines for the
field-induced Iso-NF and NF-Iso phase transitions, show-
ing the width of hysteresis, join at the critical end point. The
dependence of the threshold field Eth for the onset of the
NF phase vs temperature is nearly linear, as observed
experimentally. The phase diagram also foresees the
induction of the N phase at temperatures close to T1,
which was not observed experimentally, most probably due
to the fact that the studied material had a very narrow
temperature range of bistability of the Iso and N phase at
zero field as well as a very narrow temperature window of

the stability of the N phase. To observe the induction of the
NF phase from theN phase one would need a system with a
larger temperature range of the N phase but still a strong
first-order N-NF phase transition.
In conclusion, we have investigated the influence of an

electric field on the transition between the isotropic and
ferroelectric nematic phase at temperatures above the
stability of the nematic phase at zero field. The phase
transition is first-order for the system studied. The overall
experimental data show that the behavior of the ferroelec-
tric nematic phase is very similar to that of a liquid near the
liquid-gas critical point [14] above which a continuous
evolution is observed between these two states of matter, a
polar order and electric field strength corresponding to
density and pressure, respectively. It should also be pointed
out that the observed behavior is similar to the behavior of
systems with the SmA-SmC� [15] or SmA-Iso [16] phase
transitions, in materials in which these transitions are first
order in nature. However, in smectic systems, the critical
end point was located less than 1 K above the zero-field
transition temperature, while in the NF system, it is located
approximately 30 K above. This makes such systems
interesting from the application point of view because a
strong birefringence can be induced in a broad temperature
range in an optically isotropic phase.
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FIG. 4. The order parameter S vs electric field E obtained from
Eq. (3) at few degrees above T0. For the chosen set of parameters,
the stability limit of the N phase is at T1 ¼ T0 þ 1.67 K and the
critical temperature for the Iso-NF transition at Tc ¼ T0 þ
19.3 K. At T ¼ T0 þ 2 K the electric field induces a transition
from the Iso to the N phase and at a sufficiently high field to the
NF phase. At higher temperatures, a direct Iso-NF phase
transition is induced by the electric field, with a diminishing
hysteresis as Tc is approached; the critical isotherm is marked in
red. Above Tc a continuous evolution of the order parameter is
observed under the electric field.

FIG. 5. A theoretical E vs T phase diagram showing the
stability limits of the Iso (red area), N (green area), and NF
(black area) phases. In the areas marked with two colors,
coexistence of two phases is possible due to the presence of
two minima in the free energy G vs S dependence under electric
field. The black dot shows the critical end point for the induced
Iso-NF phase transition.
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