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Significance

A persistent theme that has 
emerged from the century-long 
experimental and theoretical study 
of ferroelectric crystals and liquid 
crystals is that ferroelectricity and 
antiferroelectricity go  
hand-in-hand, such that if one is 
found, the other will also be in the 
same or closely related families of 
materials. At the root of this 
behavior is the frustration inherent 
in steric and electrostatic dipolar 
interactions, exemplified by the 
latter, for which dipole pairs 
arranged end-to-end prefer to be 
parallel, while dipole side-by-side 
pairs prefer to be antiparallel. Here, 
we show that the unexpected 
recent discovery of the ferroelectric 
nematic phase and its nearly 
perfect ferroelectric polar order, is 
a pathway to antiferroelectricity in 
fluids, realized in a lamellar smectic 
array of fluid sheets of alternating 
polarity.
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The smectic ZA phase: Antiferroelectric smectic order as a 
prelude to the ferroelectric nematic
Xi Chena , Vikina Martineza, Eva Korblovab , Guillaume Freychetc , Mikhail Zhernenkovc , Matthew A. Glasera , Cheng Wangd, Chenhui Zhud , 
Leo Radzihovskya, Joseph E. Maclennana , David M. Walbab , and Noel A. Clarka,1

Contributed by Noel A. Clark; received October 10, 2022; accepted December 19, 2022; reviewed by Oleg D. Lavrentovich and Pawel Pieranski

We have structurally characterized the liquid crystal (LC) phase that can appear as an 
intermediate state when a dielectric nematic, having polar disorder of its molecular 
dipoles, transitions to the almost perfectly polar-ordered ferroelectric nematic. This inter-
mediate phase, which fills a 100-y-old void in the taxonomy of smectic LCs and which 
we term the “smectic ZA,” is antiferroelectric, with the nematic director and polarization 
oriented parallel to smectic layer planes, and the polarization alternating in sign from 
layer to layer with a 180 Å period. A Landau free energy, originally derived from the Ising 
model of ferromagnetic ordering of spins in the presence of dipole–dipole interactions, 
and applied to model incommensurate antiferroelectricity in crystals, describes the key 
features of the nematic–SmZA–ferroelectric nematic phase sequence.

liquid crystal | smectic | antiferroelectric | ferroelectric nematic

Proper ferroelectricity in liquids was predicted in the 1910s by P. Debye (1) and M. Born 
(2), who applied the Langevin–Weiss model of ferromagnetism to propose a liquid-state 
phase change in which the ordering transition is a spontaneous polar orientation of molec-
ular electric dipoles. A century later, in 2017, two groups independently reported novel 
nematic phases in the polar molecules of Fig. 1A, the “splay nematic” in the molecule 
RM734 (3–5) and a “ferroelectric-like nematic” phase in the molecule DIO (6). These 
nematic phases were subsequently demonstrated to be ferroelectric in RM734 (7) and in 
DIO (8, 9), and a study of their binary mixtures (Fig. 1B) showed that these are the same 
phase, termed NF here, a uniaxially symmetric, spatially homogeneous, ferroelectric 
nematic liquid having >90% polar ordering of its longitudinal molecular dipoles (7, 9) 
(Fig. 1D). These mixtures also exhibit, at higher temperatures, a nonpolar, paraelectric 
nematic (N) phase (Fig. 1C). The separate molecular families which RM734 and DIO 
represent are based on distinctly different molecular structural themes. In the course of 
the remarkable developments around nematic ferroelectricity, homologous molecules with 
a variety of substitutions around these themes have been studied, and many of these have 
also been found to exhibit the NF phase (8, 10).

The initial study of DIO reported the “M2” phase, a second, unidentified liquid 
crystal (LC) phase in a ΔT = 15 °C temperature range between the N and NF phases 
(Fig. 1B) (6). Here, we report that this phase exhibits an equilibrium, sinusoidal elec-
tron-density modulation of 8.8-nm periodicity. The M2 is, remarkably, a density-mod-
ulated, antiferroelectric phase, exhibiting lamellar (LAM) order with ~17.5-nm 
periodicity, comprising pairs of 8.8-nm-thick layers of opposite ferroelectric polarization 
(Fig. 1D), related by a reflection plane normal to the director. As in other layered LC 
phases, these two-dimensional (2D) layers tile three-dimensional (3D) space with fluid 
spatial periodicity, a structure that largely controls the optic and electrooptic (EO) 
behavior of bulk samples.

In one of the stunning achievements of condensed matter physics, Georges Friedel 
combined his optical microscopic observation of elliptical and hyperbolic focal conic 
defect lines in LCs with knowledge of the Dupin cyclides (complex, equally spaced, 
3D-curved surfaces that envelop certain single-parameter families of spheres) to infer the 
existence of the fluid molecular layer ordering of smectic LCs, without the benefit of X-ray 
scattering (11). He termed such phases “smectic,” following the Greek, as similar structures 
were found in concentrated solutions of neat soaps (12). Friedel’s samples also exhibited 
what he termed “homeotropy,” where the preferred orientation in the smectic of its uniaxial 
optic axis, the local average long molecular axis, given by the director n, is normal to the 
inferred planes. In time, as understanding of the polymorphism of LCs advanced, it became 
necessary to subdivide the class of smectic-like phases by structure, and Friedel’s specific 
smectic geometry, the one having θ = 0°, where θ is the angle between the layer normal 
z and optic axis n, was appropriately named the “smectic A” (13). Here, following a path 
of textural analysis inspired by Friedel, and aided by synchrotron-based   small and wide 
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angle x-ray scattering (SAXS & WAXS), we report a fluid, layered 
smectic phase with θ = 90°, the structural antipode to Friedel’s 
smectic A, which we classify as the “smectic Z” (14).

Results

X-Ray Scattering. DIO was synthesized using standard synthetic 
schemes (SI Appendix, Fig. S1). SAXS (Fig.  2) and WAXS   
images (SI Appendix, Figs. S2 and S3), obtained upon cooling 
DIO from the Iso phase with qz along the magnetically aligned 
nematic director, show the previously observed (3, 6), intense, 
diffuse scattering features at qz ~ 0.25 Å−1 and qy ~ 1.4 Å−1 
from end-to-end and side-by-side molecular positional pair 
correlations, respectively. In the N phase, at small q there is only 
low-intensity scattering that varies smoothly with qz. However, 
upon cooling to the M2 phase, a pair of diffraction spots appear 
on this background, visible between T ≈ 83 °C and T ≈ 68 °C 
and with the integrated peak intensity a maximum at T ~ 76 °C.  
Scans of intensity through these peaks are shown in Fig.  2D 
and SI Appendix, Figs. S4 and S5. Simultaneously observed is a 
continuous reorientation, without change of shape, of the entire 
WAXS/SAXS scattering pattern, through an angle δ(T), starting 
at T ≈ 83 °C and reaching δ = 12° ± 1° at T = 75°, as seen in 
Fig. 2B. The diffraction peaks at T = 75 °C are at wavevector qM = 
0.071Å−1 (Fig. 2D), indicating an electron-density modulation of 
wavelength wM = 8.8 nm, with qM along y, normal to the nematic 
director, the local mean molecular long-axis orientation, n, along z.  
The WAXS peak at qy ~ 1.4 Å−1 corresponds to a side-by-side 

molecular spacing in DIO of ~0.42 nm in the direction of the 
modulation, so the period of this modulation is supermolecular, 
~20 molecules wide. The growth of such a periodic structure in 
a uniaxial, field-aligned nematic should give powder scattering in 
the (qx,qy) plane normal to n. That only a single pair of diffraction 
spots appear indicates that there is only a single diffraction ring in 
this plane intersecting the Ewald sphere (approximately the (x,z) 
plane), indicating that this ordering could be either 1D lamellar 
smectic-like, or 2D hexagonal columnar. The textural studies and 
electro-optic experiments presented below show definitively that 
this is a lamellar phase. Macroscopically, this phase is a fluid, as 
confirmed by its diffuse scattering features in the WAXS, which 
differ very little from those of the fluid nematic phase (SI Appendix, 
Fig. S2). This observed phase sequence is consistent with that of 
earlier reported DIO studies (6, 9, 15), indicating that it is the 
trans form of DIO that is being studied [SI Appendix, (15)].

As indicated above, the diffraction pattern rotates on cooling, 
with the lateral diffraction spots remaining in the equatorial plane 
of the SAXS/WAXS patterns. This implies that the entire sample 
volume probed by the beam (a 1-mm × 2-µm × 20-µm cylinder), 
the director n, and the layering wavevector qM, have all uniformly 
reoriented together through δ(T), a rotation of n away from the 
orientation preferred by the magnetic field. This kind of temper-
ature-dependent director/layer reorientation accompanying layer 
formation upon cooling of smectic LCs has been observed in 
magnetically aligned (16) and surface-aligned (17) samples 
undergoing nematic to smectic A (SmA) to smectic C (SmC) 
(18–20) or N to SmC phase transitions upon cooling (21), in 
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C
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Fig. 1. (A) Representative members DIO [(2,3',4',5'-tetrafluoro-[1,1'-biphenyl]-4-yl 2,6-difluoro-4-(5-propyl-1,3-dioxane-2-yl) benzoate] and RM734 [4-[(4-nitrophenoxy) 
carbonyl]phenyl2,4-dimethoxybenzoate ] of nitro- and fluoro-based molecular families of molecules that exhibit the ferroelectric nematic phase. This behavior is 
attributable in part to their rod-like molecular shape, large longitudinal dipole moment, and a common tendency for head-to-tail molecular association. (B) Phase 
diagram of DIO and RM734 and their binary mixtures exhibiting: (C) Paraelectric nematic (N) phase, in which the molecular long axes are aligned in a common 
direction but with no net polarity, making a nonpolar phase with a large dielectric response. (D) Ferroelectric nematic (NF) phase, in which the polar orientation 
of dipoles is unidirectional and long-ranged, with a large polar order parameter (~0.9). The NF phase is uniaxial and spatially homogeneous, with a macroscopic 
polarization/director field P(r), shown here for antiparallel polar orienting surface alignment layers on the plates (9). The phase diagram shows that the transition 
temperature into the NF depends nearly linearly on concentration c, indicating that these molecules exhibit near ideal mixing behavior of the transition into 
the ferroelectric nematic (NF) phase. This transition is weakly first-order, with entropy ΔS ≈ 0.06R. (E) Intermediate phase observed in neat DIO and in DIO-rich 
mixtures. Originally called the M2 (6), we find this phase to be electron density-modulated into ~9-nm thick, polar layers, in which the director and polarization 
are parallel to the layer plane and alternate in direction from layer to layer, as sketched. We have termed this lamellar, antiferroelectric phase the smectic ZA 
(SmZA). The SmZA can be prepared with the layers either normal to the plates (bookshelf geometry) or parallel to the plates, or with the chevron texture shown 
in Figs. 2 and  and SI Appendix Figs. 6-8.
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the context of the study of surface-stabilized ferroelectric LCs 
(22). This behavior is understood to be a result of fluid smectic 
layers contracting everywhere upon cooling, in the SmC case due 
to an increasing tilt of the molecular long axes away from the 
smectic layer normal with decreasing temperature. The result of 
layers of thickness wM(T1) = 2π/qM(T1) growing into a bulk sam-
ple at temperature T1 with an aligned director and then homo-
geneously shrinking in thickness upon cooling to T2 is sketched 
in Fig. 2B. A local reorientation of the layers through the angle 
δ(T) = cos−1[wM(T2)/wM(T1)], under conditions of low compres-
sive stress of the layering, preserves the original pitch, wM(T1) of 
the layering as it was initially formed. In a large (1-mm diameter) 
X-ray capillary, the pattern of such reorientation is complex, and 
different on each cooling run. On a larger scale, defects, such as 
parabolic focal conics (23) or the planar breaks of a chevron struc-
ture sketched in Fig. 2C, mediate changes in the sign of δ(T). In 
the experiment shown in Fig. 2, the scattering volume was fortu-
itously filled with a single such reorienting domain. In thin cells 
with alignment layers, layer shrinkage is typically accommodated 
by the chevron layer structure and its characteristic defects, dis-
cussed below.

These observations and, in particular, the simple appearance of 
the scattering pattern in Fig. 2B, make it clear that the M2 is a 
form of fluid, lamellar phase with layer planes normal to a density 
modulation wavevector qM, which is, in turn, normal to the mean 
molecular long-axis n, constraining n to be parallel to the (x,z) 
plane of the layers. Such a structure is orthorhombic biaxial, with 
a principal symmetry/optic axis triad (l, qM, n), where l is the 
auxiliary unit vector normal to the qM, n plane. Related biaxial 
lamellar phases have been achieved only in amphiphilic systems, 
such as the “LAMN” phase in bola-amphiphiles (24), and the 
hybrid DNA/cationic liposome lamellar phases (25), which 
employ strong nanophase segregation to isolate anisotropic 2D 
nematic-like molecular monolayers within a lamellar phase. We 
will show that in the M2 phase each layer is structurally and 
electrically polar, with alternating polarity from layer to layer, an 
antiferroelectric condition shared by some biaxial phases of bent-
core molecules (26).

Finding similar behavior in a molecule as simple as DIO is truly 
remarkable, so we classify this phase to be among the thermotropic 
smectics of rod-shaped mesogens, as sketched in Fig. 2F, naming 
it the smectic Z, such that the smectic A, the phase having qM 

A B C G
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Fig. 2. SAXS scattering from the N and SmZA phases of DIO. These diffractograms are from a sample in a 1 mm-diameter capillaries in which the director, n, 
is aligned along the magnetic field B (red), studied on the SMI microbeam line at NSLS II. (A and B) Non-resonant diffractograms obtained on cooling show a 
diffuse scattering arc at qz = 0.25Å−1 from head-to-tail stacking of the molecules in the N and SmZA phases. In the SmZA phase, equatorial Bragg spots appear, 
indicating the presence of an electron density wave of wM = 8.8-nm periodicity, with wavevector qM normal to n. These peaks disappear upon transitioning to the 
NF phase (G, SI Appendix, Figs. S4 and S5). (C) The scattering pattern rotates from (A) to (B) because of layer reorientations caused by a small reduction in layer 
thickness upon cooling in the SmZA phase (see text). (D) Line scan through the non-resonant scattering peaks. The central part of the beam is blocked by the 
beam stop. (E) Since the sample is a powder in orientation about the B field, the observed scattering pattern could be indicative of either lamellar or hexagonal 
columnar positional ordering. Since non-resonant scattering is sensitive only to electron density, the layers (of thickness wM) of opposite polarization scatter 
identically. Layer boundaries (white stripes) have different electron density than the layer centers (gray stripes), making wM the period observed in nonresonant 
scattering. However, as shown in (H) and SI Appendix, Fig. S5, carbon-edge resonant scattering exhibits the half-order peak at qR = qM/2, showing conclusively 
that the SmZA is lamellar and bilayer with period 2wM. The DTOM experiments show that it is lamellar and antiferroelectric, with layers of alternating polarization 
P(y), sketched in (E1) for low polarization (ξP > w), and in (E2) for high polarization (ξP << w), the case relevant to the SmZA (see text). The tilt modulation θ(y) is 
suppressed at large P by the self-electric field due to the polarization charge, ρ = −∇·P, indicated in red. Other smectic structures (e.g., the SmC, sketched in E3) 
have spontaneous antiferroelectric polarization in the tilt plane as well as splay modulation SI Appendix, Section 8), but in different geometries. (F) X-ray scattering 
peaks from various smectics with the director aligned by the magnetic field B. (G–I) Dependence on T of the Bragg peak parameters from data as in SI Appendix, 
Figs. S4 and S5 [non-resonant peak intensity (Ip), non-resonant peak position (qM = 2π/wM), resonant peak position (qR = 2π/2wM), and non-resonant half-width 
at half-maximum (HWHMM)]. (H) Layers of opposite P have different carbon K-edge resonant scattering cross-sections, and therefore Bragg scatter at the full 
antiferroelectric period 2wM. (I) The HWHMM values of the mid-range peaks (T ~ 75 °C) are SAXS-resolution limited.
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parallel to n (θ = 0°), and the smectic Z, the phase having qM 
normal to n (θ = 90°) represent the lower and upper limits of tilt 
angles, θ. We may also consider that the M2 could be classified as 
a kind of nematic, in analogy with the twist-bend nematic (NTB) 
phase. The NTB phase is characterized by a spontaneous, helicon-
ical precession of the nematic director, a periodic modulation that 
is helically (C∞) glide symmetric and therefore has no accompa-
nying electron density variation or nonresonant X-ray scattering: 
different positions along the helix are relatively rotated but oth-
erwise physically equivalent, making the NTB a kind of nematic, 
with a modulation that requires the use of resonant scattering in 
order to be observable with X-rays. However, in the case of a 
finite-amplitude, periodic modulation of the director orientation 
involving splay and/or bend, as we report below and sketch in 
Fig. 2E, for example, there is no equivalent translational symmetry, 
as planes with maximum and zero director distortion, or with a 
particular polarization magnitude, are inequivalent and therefore 
have different electron density. Such structures are therefore smec-
tic. In the literature, there are many proposals for, and examples 
of, polar-modulated nematic director fields based on structures 
that have director splay and bend (27), including the splay nematic 
model proposed for the NF phase of RM734 (4, 5), but all such 
model systems will have corresponding modulation in density. 
Those with 1D modulation are smectic, as is directly demonstrated 
here by the non-resonant SAXS in Fig. 2 and SI Appendix, Figs. 
S4 and S5, exhibiting the ~9-nm periodic density modulation. 
Additionally, resonant SAXS results in Fig. 2 and SI Appendix, 
Fig. S6 show that the SmZA is antiferroelectric, with adjacent 
9-nm layers exhibiting opposite polarization along n, and delin-
eated by planes of zero average polarization parallel to n.

The observation of a single pair of diffraction spots (no harmon-
ics) for both the nonresonant (Fig. 2 and SI Appendix, Fig. S4) 
and resonant (SI Appendix, Fig. S5) scattering suggests that the 
density modulation of the layering at qM, and the polarization 
modulation at qM/2 may be nearly sinusoidal. However, this 
notion should be considered with caution, as the scattering peaks 
appear with substantial background noise, so that lower intensity 
harmonics may be present but not visible in these experiments.

Optical Textures and EOs. The X-ray scattering suggests that the 
SmZ phase should be optically biaxial, with the principal axes 
(x,y,z) of its optical dielectric tensor (x ∥ l, y ∥ qM, z ∥ n, as in 
Figs. 3 and 4). Textures visualized using depolarized transmission 
optical microscopy (DTOM) in Fig. 3 show the planar alignment 
achieved on cooling a d = 3.5-µm antiparallel-rubbed cell with a 
3° angle between the buffing direction and the in-plane electrode 
edges. In absence of applied field, the N–SmZA transition is 
difficult to observe optically, although there is a small increase 
in birefringence δΔnyz ≈ 0.008 across the phase transition 
(compare Fig. 3 A–D). Excellent extinction is obtained for optical 
polarization along the buffing direction in both the N and SmZA 
phases (compare Fig. 3 B–E). The subsequent transition to the NF , 
on the other hand, is quite dramatic, with no extinction observed 
for any sample orientation in the twisted NF state (28) (Fig. 3 G 
and H). Fig. 3 C–F show the same ~1.5 mm long section of this 
cell as in Fig. 3B but with a very slowly time-varying, effectively 
DC, field applied, at 30 V/mm. In the N phase (Fig. 3B), this 
field generates a twist Freedericksz transition, shown for E = 30 
V/mm in the center of the electrode gap, whereas in the slowly 
growing-in SmZA phase (Fig. 3C), this transition is suppressed.

The in-plane electric field can induce a dielectric twist 
Freedericksz transition in the N phase at a threshold field as small 
as ~10 V/mm. The 3° bias of the buffing direction means that the 
director n initially makes an angle of 87° with the field E, so that 

the initial dielectric field-induced twist reorientation of n is every-
where in the same azimuthal direction (the direction that reduces 
the angle between the director and the applied field). The initially 
uniform cell shows good extinction at E = 0, but the applied 
electric field causes a twist distortion of the director field that 
results in transmission of light that increases with field strength, 
as illustrated by the white-light DTOM intensity profiles plotted 
in Fig. 3I. Under the same field conditions in the SmZA phase, 
however, there is no discernable optical response, as is evident 
from Fig. 3J, indicating that the director reorientation is sup-
pressed in the SmZA phase, either by elimination of nematic die-
lectric torques, or by structure that strongly limits reorientation. 
The former possibility can be ruled out because the nematic die-
lectric torques are proportional only to the dielectric anisotropy 
Δε, which does not change substantially at the N–SmZ transition 
in DIO (4, 5). However, the latter phenomenon is quite familiar 
in smectic A phases. For example, the splay-bend Freedericksz 
reorientation observed when an in-plane electric field is applied 
to a homeotropically oriented cell of a nematic with Δε > 0 is 
eliminated at the N–SmA phase transition by the appearance of 
a local potential energy that keeps n along the smectic layer normal 
(29, 30). The restoring torque maintaining n normal to the plates 
in the SmA phase is not that of Frank elasticity over a micron-scale 
cell gap, d, but rather that of a local potential energy well [Friedel 
homeotropy (11)] that is typically stronger than the Frank elas-
ticity by a large factor ~(d/l)2, where l is the nanometer-scale smec-
tic layer thickness. This, combined with the condition that the 
smectic layering is essentially immovable at typical nematic 
Freedericksz threshold fields, suppresses molecular reorientation 
except under conditions of catastrophic layer reorganization at 
very high fields. In the SmZ phase, similar considerations explain 
why rotation of n out of the layer plane is suppressed.

The EO response to applied field can provide definitive infor-
mation on how the SmZA layers organize upon cooling from the 
N phase. With n planar-aligned along the buffing direction, the 
layers will tend to order spontaneously either parallel to the plates 
(PA), or in “bookshelf” geometry (BK), as depicted in Fig. 1E, with 
the layers normal to the plates or nearly so. In the parallel geometry, 
an in-plane field readily induces in-plane reorientation of n, with, 
since E is normal to n, dielectric-like linear induced polarization 
response of the antiferroelectric structure driving twist deformation 
opposed by Frank elasticity. In the bookshelf geometry, on the other 
hand, molecular reorientation in the plane of the cell would force 
molecules out of the plane of the SmZ layers, a locally resisted, high 
energy deformation (28, 29). Suppression of the twist Freedericksz 
response in a particular cell therefore indicates that the layer normal 
y ∥ qM is essentially parallel to the plates.

Bookshelf and Chevron Layer Structures. Further DTOM 
observations of the grown-by-cooling SmZA cell textures show 
that the layers typically adopt bookshelf (BK) geometry at the N–
SmZA transition, with the layers normal to the plates. However, as 
illustrated in Fig. 2C, the layers contract slightly with decreasing 
temperature, and the layers respond by buckling (Fig. 2C), leading 
to the “chevron” (CH) variant of the lamellar bookshelf geometry 
(Fig. 4D and SI Appendix, Figs. S6–S10), in which the layer normal 
exhibits a step reorientation at the chevron interface (18–21), a 
planar surface parallel to the plates where the layer tilt δ changes 
sign. This structure maintains the locations of the contact lines of the 
layers at the surfaces and the uniform |δ| maintains the bulk layering 
pitch along y (in the plane of the cell), p = 2π/qM(TNZ), that was 
established on the surfaces and in the bulk at the N-SmZA transition.

The chevron structure and the associated zig-zag walls stand 
on the same footing as Friedel’s focal conics as being fundamental 

http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials


PNAS  2023  Vol. 120  No. 8  e2217150120 https://doi.org/10.1073/pnas.2217150120   5 of 11

layering defects of smectics: focal conics result from step orien-
tational discontinuities along lines, whereas chevrons result from 
step orientational discontinuities on sheets. Zig-zags are higher 
energy defects that appear when the requirement in buffed cells 
to satisfy the constraint of uniform orientation at the surfaces 
does not permit focal conics. Zig-zag walls have been extensively 
studied in systems undergoing the N–SmA–SmC (18) and N–
SmC (20) transitions, where the layer shrinkage is due to tilt of 

the molecular long-axis away from the layer normal in the SmC 
phase. Typical SmC zig-zag wall textures are shown in SI Appendix, 
Figs. S6 and S7–S10. An analogous texture of zig-zag walls 
obtained on cooling DIO from the N to the SmZA phase is shown 
in Fig. 4. In this case, a small, in-plane square-wave electric field 
was applied along qM to alternate the direction of the nascent 
chevrons as they formed, giving a texture having an array of zig-zag 
walls.

DA

B

C F

E H

G

I J

Fig. 3. Textures of DIO in a d = 3.5-µm cell with in-plane electrodes spaced by 1 mm and antiparallel buffing parallel to the electrode edges, cooled at −1 °C/
min and viewed in DTOM with polarizer and analyzer as indicated. (A–C) Planar-aligned nematic monodomain with n parallel to the plates and to the electrode 
edges, showing (A) a birefringence color corresponding to d = 3.5 and Δn = 0.18, (B) excellent extinction with n parallel to the polarizer, and (C) the transmission 
due to twist of n during a field-induced twist Freedericksz transition. (D and E) Bookshelf-aligned (BK) smectic ZA monodomain formed on cooling. The smectic 
layers are parallel to n and normal to the cell plates. The birefringence is slightly larger than in the nematic phase and excellent extinction is again obtained 
with n parallel to the polarizer. (F) Optical response of coexisting nematic and SmZA phases to an applied 200-Hz square wave field of peak amplitude, E. The 
nematic region undergoes a twist Freedericksz transition but in the smectic ZA phase, rotation of the director is suppressed by the layering. (G and H) NF phase 
growing into the SmZA upon further cooling. The antiparallel buffing stabilizes a π-twist state in the polarization/director field of the NF, which does not extinguish 
between crossed polarizer and analyzer at any cell orientation. (I and J) Optical intensity scans along the magenta dashed lines across the bottom of the images 
in (C and F), probing the electric field-induced in-plane twist Freedericksz reorientation in the NF phase and showing that there is no observable electro-optic 
effect in the SmZA phase. In this geometry, where the layers have bookshelf (BK) alignment, an in-plane field would tend to rotate the director out of the smectic 
layer planes, a deformation that is locally resisted by the SmZA structure.
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We probed the polar characteristics of the as-grown chevron 
domains by applying small, in-plane electric fields both parallel 
to the layers (along n) and perpendicular to them (along qM), 
the latter achieved using fringing fields near the upper edge of 
one of the rectangular electrodes, as shown in Fig. 4 B and C. 
As can be seen, the field generated parallel to n by the upper 
electrode edge induces a difference in hue between the chevron 
domains on opposite sides of zig-zag walls, indicating field-in-
duced director rotation that is uniform over the domain, but 
in opposite directions in domains with opposite chevron direc-
tion. This implies a polarization of the chevron domains as 
indicated by the white arrows in Fig. 4 B–D, leading to field-in-
duced director reorientation near the chevron interface. Such 
polarity, arising from the layer structure, is consistent with the 
directionality of the chevron. On the other hand, where the 
applied field is normal to n (at the right electrode edge), there 
is no observable director reorientation, indicating that as the 
SmZA is grown, it has no net component of polarization parallel 
to n (cyan, magenta arrows), evidence for antiferroelectricity 
(AF).

Observation of AF of the SmZ A Phase. Increasing the field to 
~10X, the Freedericksz threshold in SI Appendix, Fig. S9F reorients 
the director toward being normal to the plates. If a field in this 
range is applied to the sandwich cell filled with zig-zags as in  
SI Appendix, Fig. S9 B and C or if bookshelf alignment is obtained 
by cooling from the N phase with a comparable field applied, 
the chevron layering defects, which rarely disappear on their 
own, can be forced out, and monodomain bookshelf alignment 
with the layers uniformly oriented normal to the plates achieved  
(SI Appendix, Fig. S9E). These monodomains also exhibit the splay-
bend Freedericksz transition at low applied fields (SI Appendix, 
Fig. S9F), but at higher fields, they provide key evidence for the 
antiferroelectric nature of the SmZA phase. The I-V characteristics 
of a d = 100 µm, bookshelf indium-tin oxide (ITO)-sandwich cell 
with a 5 Hz, 50 V/100-µm amplitude triangle wave electric field 
applied along n during an N–SmZA–NF cooling scan are shown 
in Fig. 5A. At high temperatures, in the N phase (T > 84 °C), the 
current shows the usual cell capacitance step and an ion bump. 
In the SmZA phase (84 °C > T > 68 °C), new polarization peaks 
appear at the highest voltages, growing in area and with their peak 

A

B

D

C

Fig. 4. Zig-zag defects in a SmZA cell with chevron layering confirm the lamellar structure of the SmZA. Zig-zag walls appear in smectic cells originally with the 
layers substantially normal to the cell plates (bookshelf geometry) when the layers are caused to shrink in thickness. A common response to accommodate 
layer shrinkage in thin cells where there is surface pinning is for the layers to tilt, forming the chevron variation (CH) in bookshelf alignment, and zig-zag walls 
are the layering defects which mediate binary change in the pointing direction of the chevron tip. (A–C) Zig-zags generated in the SmZA phase as it is grown by 
cooling in a weak electric field (1 Hz square-wave, ~10 V/mm). Zig-zag walls are of two types, sketched in (C): “diamond” walls [⟨⟨⟨⟨⟩⟩⟩⟩], detailed in (D), where 
the chevrons point out from the wall center, and which run nearly along qM, i.e., nearly normal to the layers; and “broad” walls [⟩⟩⟩⟩⟨⟨⟨⟨], where the chevrons 
point in toward the defect wall, which run parallel to the layers and to the director, n. These zig-zag walls are analogous to those found in planar-aligned SmC 
and SmC* cells (SI Appendix, Fig. S7). (D) Detailed structure of a diamond wall in which the normal to the diamond-shaped layer elements is rotated to make an 
angle with the cell normal that is larger than the layer tilt angle, δ, of the chevrons, enabling the wall to space out the chevron tips in opposite directions (21). 
The orientation and birefringence of the diamonds walls causes them to transmit light when the overall chevron structure is at or near extinction, as in (A–C). 
The orientation of the diamond elements can be determined from their extinction angle (SI Appendix, Fig. S8C). The broad wall structure is less visible in the 
SmZA than in the SmC cells shown in SI Appendix, Fig. S6 because in the SmZA the rotations of layer elements in the wall do not result in reorientation of n. The 
presence of fringing fields near the electrodes [marked with white dashed lines in (B and C)] enables E fields to be applied either parallel or and normal to n 
in separate regions of the cell. The difference in optical saturation observed in these regions for different signs of field applied parallel to n (B and C) reveals 
that the polarity of the chevron structure generates an interfacial polarization that is indicated by the white arrows: the chevron areas are polar along y, with 
the white arrows rotating in opposite directions on opposite sides of a zig-zag wall, indicating a polar rotation of the director near the chevron interface when 
a field Ez is applied. In contrast, with the field along y there is no polar reorientational response of the director to change of field sign (B and C), indicating that 
the AF cancels the net polarization in the bulk (magenta, cyan arrows). The red twist and splay schematics are the possible director modulations considered in 
calculating the biaxial birefringence Δnbiax ≡ nq – nl = ΔnPA – ΔnBK (see text) of the SmZA. Measurement shows that Δnbiax > 0, indicating a splay modulation of n.
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center voltages VFA moving to lower magnitudes as T decreases. 
This is typical antiferroelectric behavior, the peaks marking the 
transition at finite voltage between the field induced ferroelectric 
(F) state at high fields, and the low-field antiferroelectric (A) state. 
The time integral of this current, Q = ∫i(t)dt gives the magnitude 
of polarization reversal in the antiferroelectic–ferroelectric 
transition, PFA(T) = Q(T)/A, where A is the electrode area. Both 
the polarization P(T) and the transition voltage, VFA(T) are 
plotted in Fig. 5B. The open squares give the first-order SmZA–
NF phase boundary EFA(T) = VFA(T)/100µm in the (Ez–T) plane, 
and the open circles the polarization change PFA at this transition  
(SI Appendix, Fig. S13). The transition entropy ΔS decreases along 
this line to zero at the maximum Ez, according to the Clausius–
Clapyron equation. Also shown is the product PFA(T) × VFA(T), 
proportional to the stabilization energy of the antiferroelectric 
state, which is maximum in the middle of the SmZA temperature 
range. These observations clearly establish that the SmZA phase 
is antiferroelectric. The SmZA to NF transition occurs between 
69 °C and 68 °C, with the current transitioning to a single peak 
near V = 0, as seen in Fig. 5A, corresponding to the field-induced, 
Goldstone-mode reorientation of a macroscopic polarization, PF. 
The measured polarization in the NF phase is comparable to values 
previously obtained for DIO (7). Recently, Brown et  al. have 

reported evidence for “local antiferroelectric” behavior in the M2 
phase of DIO (31), and Nacke et al. have observed antiferroelectric 
polarization behavior in an intermediate phase between N and NF 
in a different fluorinated material (32).

Bookshelf to-Parallel Layering Transformation. If a low-
frequency (20 mHz) in-plane triangle electric field is applied 
to the bookshelf SmZA cell and its amplitude increased above 
about 80 V/mm, ferroelectrohydrodynamic flow is generated 
(7), which disrupts the SmZA layering. The field-induced 
polarization tends to orient along the field direction, and in 
doing so restructures the layers in some areas, switching them 
from the bookshelf (BK) orientation to be parallel to the plates 
(PA), a process shown in SI Appendix, Figs. S11 and S15. When 
the field is reduced, the PA areas anneal into highly ordered 
monodomains filling the thickness of the cell with the SmZA 
layers parallel to the plates as sketched for the PA geometry in 
Fig. 1D. The director n remains along the buffing direction, so 
that the layers have effectively been rotated by 90° about n from 
the original bookshelf geometry. Near the N–SmZA transition, 
a typical cell treated in this way can simultaneously exhibit 
N, SmZA bookshelf, and SmZA parallel domains, as seen in  
SI Appendix, Figs. S11 and S15 B–D.

A

B

Fig. 5. (A) Measured I(t)-V(t) characteristics of DIO as a function of temperature, revealing a large field-induced shift in the SmZA–NF phase transition temperature 
for electric field Ez = V(t)/100µm, applied along n. The plot shows the current response I(t) of DIO in a d = 100 µm sandwich cell with bare ITO electrodes generating 
bookshelf layering, to a 5 Hz, 50 V amplitude triangle wave [V(t), white curve] applied during an N–SmZA–NF cooling scan. In the N phase (T > 84 °C), the current 
shows the expected cell capacitance step and an ion bump. In the SmZA phase (84 °C > T > 68 °C), new polarization peaks appear at the highest voltages, 
growing in area, with their peak center voltages VFA becoming smaller on cooling. This is typical antiferroelectric behavior, the peaks marking the transition 
at finite voltage between the field-induced ferroelectric (F) state and the equilibrium antiferroelectric (A) state. (B) Polarization values PFA(T) [open circles] and 
ferroelectric-to-antiferroelectric depolarization voltage VFA(T) [open squares] obtained from the depolarization current response (in the time range t < 0), where 
there is the least interference from ion flow). The corresponding field EFA(T) = VFA(T)/100µm. The open squares give the first order SmZA–NF phase boundary in 
the (Ez–T) plane, and the open circles the polarization change PFA at this transition. According to the Clausius–Clapyron equation, the transition entropy, ΔS, also 
decreases with increasing Ez along this line, to zero at the maximum Ez. The blue curve is proportional to the product PFA(T)VFA(T), and therefore proportional 
to the stabilization energy of the antiferroelectric state, which is maximum at T = 73 °C. The SmZA to NF transition occurs between T = 69 °C and 68 °C, with the 
current transforming to a single peak centered around V = 0, typical of field-induced, Goldstone-mode reorientation of macroscopic polarization, PF [red solid 
circles]. This peak area corresponds to a net polarization comparable to that measured in the NF phase of RM734 (7).
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As in the N phase, the SmZA parallel domains respond to 
in-plane applied fields by exhibiting a field-induced azimuthal 
reorientation of n(x) about x, the normal to the cell plates. EO 
observations discussed in SI Appendix, sectionS8 with in-plane 
fields normal to n, are summarized in SI Appendix, Fig. S15 show-
ing this orientational response to be a strictly dielectric-driven, 
twist Freedericksz transition as in the N phase. This confirms that 
the bulk polarization density along n is zero, i.e., that, at fields 
well below those required to induce the AF to F transition, the 
field-free SmZA phase has zero net ferroelectric polarization, and 
its linear response at small field is purely dielectric.

Biaxiality and the Modulation Structure of the SmZA Phase. 
The simultaneous presence of bookshelf and parallel domains 
in planar aligned cells enables a measurement of features of the 
optical biaxiality of the SmZA phase, as detailed in SI Appendix, 
section S9 and Fig. S16.

Discussion: Modeling The N–SmZA–NF Phase 
Diagram

A persistent theme that has emerged from the century-long exper-
imental and theoretical study of ferroelectric materials, both crys-
tals and LCs, is that ferroelectricity (F) and AF go hand-in-hand, 
such that if one is found, the other will be in related materials, 
and even phase coexistence of the two in equilibrium in a given 
material is a common phenomenon. At the root of this behavior 
is the inherent frustration of dipole–dipole steric and electrostatic 
interactions, e.g., for the latter, dipole pairs arranged head-to-tail 
prefer relative parallel orientation, whereas side-by-side dipole 
pairs prefer relative antiparallel orientation. This frustration is 
almost a recipe for generating modulated AF phases of the SmZA 
type, having ferroelectric stripes of uniform P in the end-to-end 
direction, and antiferroelectric ordering of adjacent stripes in the 
side-by-side direction. Thus, in trying to understand the first AF 
phase of the ferroelectric nematic realm, we are moved to explore 
the basic physics of this F/AF relationship in pursuit of theoretical 
modeling of the SmZA.

Our observations identify the SmZA to be a kind of spontane-
ously modulated phase, of which there are many examples in soft 
materials (33, 34), LCs (26, 33–36), and ferroelectric (or ferro-
magnetic) solids (37–41). Such modulated phases have been 
explored by theory and simulation of equilibrium states in systems 
of molecular-scale (e.g., spin) variables, as well as with coarse-
grained and Landau theoretical modeling of their mesoscopic 
averages as fields. The observation of both the N–NF and N–
SmZA–NF phase sequences in the RM734/DIO binary phase 
diagram of Fig. 1 presents a new paraelectric–antiferroelectric–
ferroelectric experimental landscape, one that ideally is viewed 
theoretically as a feature of some common ordering process. 
Among modulated states found in ferroelectric or ferromagnetic 
materials are the antipolar-ordered stripe phases, which appear in 
a wide variety of theoretical and experimental systems exhibiting 
the above-mentioned frustration arising from competing ferroe-
lectric short- and antiferroelectric-long-range (power law) inter-
actions in 2D and 3D (35, 36, 40–44). These modulated phases 
exhibit various periodic patterns of alternating polarity (44), and 
at finite temperature they are observed to order in patterns that 
can be either multi-unit-cellular or incommensurate, the latter 
having periods that are not rational fractions of the unit cell period 
of an underlying crystal lattice (42, 45).

An important theoretical approach to understanding the phys-
ics of such modulated systems are models where macroscopic 
polarization Pz (r) = n⟨pzi⟩ is calculated as a local average of 

molecular-scale dipoles pzi of number density n, interacting with 
a Ising Hamiltonian,
H =

∑�
Jij +Dij

�
pzipzj, typically employing variables of 

binary sign, pzj, having local ferro-like interactions Jij, and long-
range dipole–dipole interactions Dij (40, 41, 44–47). The frustra-
tion introduced by the anisotropy of the dipolar interaction, can 
stabilize transverse periodic modulation of the macroscopic polar-
ization Pz(y), while at the same time suppressing spatial variations 
Pz(z) that separate opposite signs of polarization space charge  
ρP = ∇·P(r) and increase Coulomb energy.

We have found that a promising Landau-based direction for 
modeling the N–SmZA–NF system is the simple free energy shown 
in Eq. 1, proposed by Shiba and Ishibashi (48, 49), and applied 
to describe incommensurate AF in thiourea (SC(NH2)2) (50) and 
sodium nitrite (NaNO2) (51, 52):

 [1]
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Here (� > 0, �,η > 0), (B < 0, C > 0), and the polarization inverse 
susceptibility is χP(T)−1 = A(T) = a(T−ToF). This free-energy 
functional can be obtained as a mean-field approximation to 
the ferroelectric Ising Hamiltonian with dipolar interactions, 
with the key feature that the—α(∂Pz/∂y)2 term is negative, 
which arises from the above mentioned F/AF frustration (53). 
FIS has been used extensively in the analysis of soft matter 
modulation instabilities (36) and a variety of structural and 
dynamic experiments on modulated antiferroelectric phases 
(54–62).

Of particular relevance here is its successful application to the 
paraelectric–incommensurate modulated antiferroelectric–ferro-
electric (P–A–F) phase sequences in SC(NH2)2 (63–65) and 
NaNO2 (60, 61), as these exhibit key features similar to those of 
our observations of the binary N–NF /N–SmZA–NF phase behav-
ior of Fig. 1, and of the SmZA phase. Applied to the RM734/DIO 
system, the dipolar Ising system and its FIS mean field appear to 
contain the essential physics as described below, with the transition 
a phenomenon of fluctuations in Pz, acting under competition 
between isotropic local ferroelectric ordering, and conditions of 
strong anisotropy and frustration introduced by dipole–dipole 
interactions.

Although the FIS model is limited to treating the 1D behavior 
of the single polarization component Pz(y), there is good reason 
to believe that it can be usefully applied to the SmZA. The exper-
iments show that the SmZA is lamellar and antiferroelectric, with 
layers of alternating polarization P(y), as sketched in Fig. 2E(1,2). 
Some flexoelectrically induced tilt (splay) modulation θ(y) must 
be present in such a modulated phase by symmetry [as drawn in 
Fig. 2E(1)], and the coupling of splay and P has been invoked as 
a potential driving force for the transition to a modulated state 
(5, 66–69) However, as also indicated in Fig. 2E(1), and not con-
sidered in previous theory in the ferroelectric nematic realm, splay 
of P(r) generates polarization charge

ρ(r) = −∇·P(r), making the gray stripes in Fig. 2E(1) negatively 
charged and the white stripes positively charged, which, in turn, 
generates a field (in red), which acts to reduce θ(y) and the splay 
deformation. The strength of this effect is parameterized by the 
length ξP = √(εLCK/P2), which in the characteristic distance from 
defects or surfaces within which splay deformation of n can remain 
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(69). At the lower temperatures in the SmZA range, with Frank 
elastic constant K ~ 2 pN, polarization within the SmZA layers  
P > 3 µC/cm2 (Fig. 5), and εLC ~ 5, we find ξP < 0.3 nm. The 
resulting condition, ξP << w, means that electrostatic interactions 
dominate the texture of the phase, overwhelming flexoelectricity 
and effectively forcing Py to zero, as in Fig. 2E(2). The only charge-
free variations in the resulting Pz are ∂Pz/∂x and ∂Pz/∂y, the latter 
stabilized by the leading gradient term in the FIS, which enables 
the modulated antiferroelectric SmZA phase as an ordered state of 
a paraelectric free energy well, as follows:

(i) The RM734/DIO binary phase diagram vs. concentration— 
Applied to the N–SmZA–NF system, FIS describes the first-order 
mean-field transition into the NF phase as one from a paraelectric 
free energy minimum at Pz = 0 to a ferroelectric nematic minimum 
at finite Pz. This transition is controlled primarily by the  
A(T,c) = a(c)[T−ToF (c)], B(c), C(c) terms of FIS which, because it 
is first-order, have B(c) < 0 and C(c) > 0, and ToF is the temperature 
at which the paraelectric minimum of FIS disappears. The transi-
tion to the NF phase exhibits ideal mixing behavior (9), such that 
ToF(c) extrapolates linearly between the DIO and RM734 values, 
and the transition entropy ΔS = a(c)B(c)/C(c) and polarization in 
the NF phase at T = To Pz (c) =

√
− B(c)∕C (c) are nearly con-

stant, indicating that a, B, and C change little across the phase 
diagram (9). The divergence of the small-signal dielectric constant 
approaching the NF transition in the paraelectric minimum given 
by FIS is Δε ≈ ε|| ∝ χP(T) ∝ 1/ a(T−ToF). Both RM734 and DIO 
exhibit this behavior, as seen in SI Appendix, Fig. S14. In RM734 
this divergence takes place in the paraelectric N phase, while in 
DIO it occurs entirely within the SmZA phase, manifest in Fig. 5 
as the decreasing VFA required to induce the NF as it is approached. 
The first-order transition to the NF occurs where the paraelectric 
and ferroelectric minima of have the same energy, at TZF = ToF + 
B2/4aC = ToF + ~2 °C.

(ii) The NF is a single unmodulated phase across the binary phase 
diagram—This weak dependence of A, B, and C on c is consistent 
with NF being the same phase across the RM734/DIO phase 
diagram (9). Our observations indicate this to be the case, showing 
the NF being a homogeneous (unmodulated) fluid ferroelectric 
nematic having: a) a nematic director, n(r), which is locally free 
to reorient in any direction, subject only to the mutual, field-in-
duced, and surface interactions (no underlying lattice as in sol-
id-state ferroelectrics); b) polarization P(r), locally parallel to n(r), 
forming a coupled n(r)-P(r) orientation variable. P(r) does not 
differ observably in direction from n(r) in the NF phase, but is 
observed to vary spatially in magnitude, for example in pure polar-
ization-reversal walls (7); c) Frank elastic behavior with the addi-
tion of polarization-generated space–charge interactions.

(iii) Modulation—The paraelectric Pz = 0 minimum of FIS 
exhibits a transition from the N to the SmZA phase where the 
spatially modulated Pz(y) = PqcosqMy about 〈Pz〉 = 0 appears, as 
in Fig. 2E(1,2). This modulation is driven by the energy-reducing –� 
(∂Pz/∂y)2 term of FIS, its negative sign arising from the anisotropy 
of the dipole–dipole interaction in H. The finite-Pz free energy 
minimum of FIS describes the NF ferroelectric, low-temperature 
state, which in principle could have the magnitude Pz spatially 
modulated about ⟨Pz⟩∼

√
− B ∕C . However, with Pz minimized 

at Pz ∼
√

− B∕C , FIS predicts that neither ferroelectric or anti-
ferroelectric modulation of Pz(y) is possible in the NF for param-
eters that give the other features of the phase diagram, i.e., FIS 
predicts that the SmZA modulation will disappear in the NF, as 
observed (60, 66). Additionally, director orientational modulation 
has been proposed to appear in the NF phase, driven by the cou-
pling between Pz and director splay (4, 5), such that where Pz is 

nonzero it induces preferred local splay, |∇·n|= ∂ny/∂y ∝Pz, which 
can stabilize polarization/splay modulated states. However, as in 
Fig. 2E(2), space charge expels splay and in the NF minimum, 
where the positive coeffiecient (∂Pz/∂y)2 term dominates, the uni-
form ferroelectric is the ground state.

(iv) Role of long-range dipolar interaction (Polarization space 
charge self energy)—Longitudinal polarization variations, ∂Pz/∂z, 
are also strongly opposed by polarization space charge, leading, as 
previously pointed out (7), to the polarization correlation fluctu-
ations in nematic RM734 that are extremely extended in the z 
direction, and become more so upon approaching the transition 
(SI Appendix, Fig. S12). This is an important feature of the parane-
matic pretransitional behavior of RM734, that provides evidence 
for a combination of short-range ferroelectric interactions and 
long-range (dipole–dipole) electrostatic interactions establishing 
the correlations. The observation of the SmZA provides further 
evidence for this view. Aharony, in the detailed renormalization 
group analysis of polar ordering systems with Ising/dipolar inter-
actions undergoing a paraelectric/ferroelectric phase transition, 
derived the polarization pair correlation function 〈Pz(0)Pz(r)〉 of 
the paraelectric N phase and its static structure factor, χP(q) = 
〈Pz(q)Pz(q)*〉, shown in SI Appendix, Fig. S12 (70). This form was 
also obtained from a mean-field model (71). χP(q) is written in  
SI Appendix, Eq. S1 and plotted as a contour in SI Appendix, Fig. 
S12, showing that its principal feature is the energetic stretching 
of longitudinal fluctuations of Pz(r) (those in which ρP = ∂Pz/∂z 
is nonzero), in order to expel polarization space-charge ρP. These 
effects are evident in the polarization fluctuations of paranematic 
RM734, as shown in SI Appendix, Fig. S12, which also points out 
the additional important Aharony findings that the resulting ani-
sotropy also makes the transition mean-field-like, rather than 
fluctuation-dominated with 3D Ising universality, and that the 
growth of correlation in y is the principal soft mode of the tran-
sition (72–74). The corresponding Landau mean field free energy 
description of the transition can be derived from the Ising/dipolar 
Hamiltonian (55, 75), and applying it to the SmZA phase results 
in the FIS model of Eq. 1: a) the SmZA is the extreme limit of 
polarization space-charge expulsion where the ordering of the Pz(r) 
into stripe or layer arrays having both 〈Pz(r)〉 = 0 and ∂Pz/∂z = 0 
induces the complete expulsion of longitudinal space charge from 
the paraelectric minimum state. The FIS model, by treating Pz(y) 
as a function only of y, is by construction an embodiment of this 
limit. b) The Aharony polarization correlation function and the 
corresponding negative gradient term, —� (∂Pz/∂y)2, in the 
Landau free energies like FIS, express the frustration arising from 
the tendencies for head-to-tail (side-by-side) dipoles to be parallel 
(antiparallel), and make possible the periodic modulation of Pz(y). 
This is predominately a Pz effect. A useful generalization of FIS 
would be explicit treatment of the z dependence of P.

(v) The SmZA is an ordered antiferroelectric state of the paraelectric 
minimum—Experimentally, the linearity vs. c of the NF upper 
phase boundary, and its transition entropy that is weakly varying 
across the phase diagram and large compared with that of the 
N–SmZA transition, suggests that the N and SmZA phases are 
both features of the paraelectric minimum and that the N–SmZA 
phase change is a transition within the paraelectric minimum. 
This is the FIS prediction: a paraelectric phase with a susceptibility 
for polarization diverging at the transition to the NF in which the 
typical pretransition scenario approaching the transition to a fer-
roelectric phase is interrupted by an instability to an ordered 
(modulated antiferroelectric) state, in our case the SmZA. This 
instability occurs because of the decreasing energy cost of finite 
Pz as the transition to the NF is approached.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217150120#supplementary-materials
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The free energy of Eq.1 thus gives either an N–(TNF)–NF or an 
N–(TNZ)–SmZA–(TZF)–NF phase sequence, depending on param-
eters, where the transition to the NF phase is first-order, and the 
N – SmZA second-order or weakly first-order, as confirmed exper-
imentally by the optical observations in Fig. 3F and by DSC (6) 
in DIO. An important feature of the N–SmZA transition is the 
temperature independence of qM, having a value qM ~ 0.07Å−1 even 
as a small pretransitional scattering bump in the N phase, and as 
scattering from a few remnant domains (Fig. 2H and SI Appendix, 
Figs. S4 and S5). In the FIS energy, the antiferroelectric incommen-
surate (SmZA) phase is produced by frustration between the term 
forcing slope (� < 0) and that resisting curvature (� > 0) of Pz(y), 
producing a nearly temperature-independent modulation wavevec-
tor qM. Upon cooling, near T ~ TNZ the initially weak modulation 
of Pz(y) is sinusoidal with wavevector qM ≈

√
− �∕2�,  

determined mainly by � and �, and independent of the magnitude 
of Pz. Eq.1 correctly predicts the temperature dependence of qM, 
which comprises the 5% decrease in qM with T through the SmZA 
range (Fig. 2H) contributed by the higher order η term. 
Specifically worth noting is the lack of a qM ∝

√
TNZ − T  anom-

aly at high temperatures in the SmZA, a feature of Landau models 
in which qM is controlled directly by the coefficient of the P2 term 
(4, 5, 76).

The weak variation in qM(T) over the entire SmZA range in 
Fig. 2H is rather remarkable, given a) the decrease with T of the 
antiferroelectric–ferroelectric transition threshold field EFA(T) 
(Fig. 5B); b) the increase in the induced polarization PFA (Fig. 5B); 
and (iii) the strong variation in scattering intensity (Fig. 2G), 
which combined indicate a significant change in layer structure 
over the same range. The SAXS scans exhibit only the fundamental 
peak of the scattering electron density modulation, which would 
generally be interpreted in smectics to indicate a sinusoidal elec-
tron density modulation. However, although the peak intensity 
Ip(T) decreases for both large and small T (Fig. 2G), the layer 
structures must be very different near the two limits, in a way not 
describable by simply varying a sine-wave amplitude. If higher 
sinusoidal harmonics of Pz(y) are included in the FIS model, then 
Pz(y) evolves on cooling from sinusoidal to approaching a solitonic 
or square waveform for T ~ TZF, in which alternating +/− plateaus 
of maximum |Pz(y)| and high electron-density [based on the higher 
mass density of the NF relative to the N (77) are separated by narrow 
solitonic domain walls of width d(T) where the sign of Pz(y) changes 
and electron density is lower (56–59). The decrease in the non-res-
onant SAXS peak intensity as T approaches TZF in Fig. 2G will 
depend on d(T) approximately as Ip(T) ∝ Ipmaxsin

2(π d(T)/wM). The 
question of the constancy of qM(T) has also been considered by 
Kats, who perceptively speculated that the M2 phase could be a 
modulated antiferroelectric (78) and suggested that the N to M2 
transition would then be a “weak-crystallization” phenomenon, with 
qM(T) constrained as in weak-crystallization theory (79).

(vi) The temperature–electric field (T, Ez) phase diagram—Fig. 5A 
shows that the transition to the NF phase can be induced by an 
electric field applied along the director, with Ez(T)ZF, the field 

required to induce the transition, shown as a function of temper-
ature in Fig. 5B. A similar field-induced shift in the transition to 
the ferroelectric phase has been observed in thiourea and sodium 
nitrite, and is a prominent feature of the P–A–F experimental 
phase diagrams obtained by Shiba and Ishibashi and the theoret-
ical fits calculated from Eq.1 (60, 61) and shown in SI Appendix, 
Fig. S13. The (T, E) thiourea phase diagram (61), obtained using 
Eq.1 with B > 0 and C = 0, matches the optical (4) and neutron 
scattering (66) data for thiourea, and describes well the DIO (T, 
Ez) phase behavior with appropriate temperature and field scaling. 
A remarkable feature of both the IC data in NaNO2 and the 
predictions of Eq.1 is that in the entire IC area of the (T, E) phase 
diagram, the modulation wavevector is nearly constant at 
qM =

√
− �∕2�, changing by only 20% over the entire (T, Ez) 

range (60, 61). Application of the FIS model to the SmZA case 
would therefore suggest that in the NF – SmZA phase coexistence 
condition obtained upon reducing the field in Fig. 5, the SmZA 
domains have a nearly field-independent periodicity qM ~ 2π/(9 
nm). This has not yet been tested experimentally.

(vii) Concentration dependence of the SmZA phase—� (c) and � (c) 
also determine the temperature range of the SmZA according to 
TNZ – TZF = � 2/2a �, (60, 61) suggesting that � (c) changes sign 
at the SmZA endpoint at c ~ 40%, and that measurement of 
qM (c) =

√
− �(c)∕2�(c) will be a key experiment for determining 

the dependence of these parameters on c. In any case, given that 
non-zero ∂Pz/∂y is favored in DIO, it may be that ∂Pz/∂y will 
generally at least not be strongly suppressed in the paranematic 
phase of ferroelectric nematic materials. Such a tendency is already 
evident in RM734, in the dominance of ∂Pz/∂y fluctuations in its 
paranematic phase (SI Appendix, Fig. S12).

Data, Materials, and Software Availability. Data and videos data have been 
deposited in an Open Science Framework repository named “Smectic ZA”. The 
link is https://osf.io/9fev2/ and the DOI is DOI: 10.17065/OSF.IO/9fev2/. (80)
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