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can undergo an abrupt jump which is 
a typical hallmark of first-order transi-
tion between different phases or states 
and the reported transitions have been 
mostly binary.[5] Memory devices built 
from these materials are being proposed 
as new approaches to nonvolatile random-
access memory, in which arrays of ferro-
electric cells store binary information that 
can be altered in response to an external 
electric field. Any improvement of the 
storage capacity thereupon would involve 
increasing the number of units. Given 
the quantum limit which foretells the 
impending curtailment of such growth, 
exploring the possibility of storing mul-
tiple bits per unit is considered as an alter-
native. Recent nonmaterial innovations 

have demonstrated multibit data storage units with the conven-
tional binary ferroelectricity, by combining translational ferro-
electric domain strips[6] or many ferroelectric nanoparticles.[7] 
Recently, ternary metal oxide semiconductor technology based 
on tunneling appeared.[8] These approaches improve the ratio 
of read-and-write heads to storage units.

Exploration of ferroelectric properties of organic poly-
mers has been made by evoking microscopic processes such 
as charge transfer.[9] Ferroelectric superdomain dynamics in 
ferroelectric–ferroelastic films along with switching has been 
reviewed.[10] Meanwhile, the phenomenological and macro-
scopic Landau–Ginzburg theory (LGT)[5] continues to be used 
for general ferroelectric materials.[11] For instance, the Landau 
double-well energy landscape in a binary ferroelectric layer was 
recently revealed.[12] In LGT, the free energy F is built upon 
a dipole density field P r( )

� �
 describing the polarization in a 

ferroelectric material. The system must settle into one of the 
minima of F, thus yielding a specific polarization and breaking 
the symmetry spontaneously. The minima and the energy bar-
rier between them evolve with the external electric field extE

�
. A 

transition of polarization states happens when the system over-
comes the energy barrier to choose another minimum of F. Of 
interest in this work are supra-binary ferroelectric properties in 
a ferroelectric nanowire (FNW), for which LGT is extended.

2. Results and Discussion

Here, we show that the free energy terms due to radial and 
vertical depolarizations in a FNW compete with each other 
depending on P r( )

� �
 and domains. This competition, along with 

the interaction between P
�
 and extE

�
, may induce new transi-

tions between four polarization configurations in the FNW’s 

The prediction and observation of supra-binary polarization in a ferroelectric 
nanowire (FNW) covered with a semicylindrical gate that provides an aniso-
tropic electric field in the FNW are reported. There are gate-voltage-driven 
transitions between four polarization states in the FNW’s cross-section, 
dubbed vertical-up, vertical-down, radial-in, and radial-out. They are deter-
mined by the interplay between the spatial depolarization energy and the free 
energy induced by an anisotropic external electric field, in clear distinction 
from the conventional film-based binary ferroelectricity. When the FNW is 
mounted on a biased graphene nanoribbon (GNR), these transitions induce 
exotic current–voltage hysteresis in the FNW–GNR transistor. This discovery 
suggests new operating mechanisms of ferroelectric devices. In particular, it 
enables intrinsic quaternary-digit information manipulation in parallel to the 
bit manipulation employed in conventional data storage.

1. Introduction

A ferroelectric material exhibits persistent polarization when 
exposed to a weak external electric field.[1–4] The polarization 
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cross-section, dubbed vertical-up, vertical-down, radial-in, and 
radial-out, that provide candidates for a multiary digit per unit.

To test this possibility, we deposited a straight array elec-
trospun FNWs on a large area with individual control over 
positioning and alignment, perpendicular to an underlying 
graphene nanoribbon (GNR). Next, semicylindrical metallic 
electrodes on top of the FNW and two contact pads under the 
FNW’s rims were self-aligned. A field-effect transistor (FET) 
was then built, combining a top-gated FNW and a pre-etched 
biased GNR underneath it. We chose the poly(vinylidene flu-
oride-trifluoroethylene) organic copolymer P(VDF0.7-TrFE0.3) as 
the printed material.[3] Its nonlinear nature and easy process-
ability provide great potential for ferroelectricity.[13,14]

The devices were fabricated using all-nanowire (NW)-tem-
plated lithography and self-alignment approaches (Figure 1). 
To avoid additional contaminants that complicate electrical 
characteristics, the process did not use traditional lithography. 
A graphene sheet was synthesized by chemical vapor deposi-
tion on Cu foil,[15] and then transferred to a highly doped silicon 
wafer coated with a 300 nm SiO2 layer.[16] An array of parallel 
poly(vinyl carbazole) (PVK) NWs with a pitch of 50 μm was 
printed on the graphene sheet to provide protective masks.[17,18] 
Elecrohydrodynamic NW printing produces NWs with nearly 
perfect circular cross-section.[16] O2 plasma was used to etch 
away the unprotected regions to leave GNRs beneath the 
narrow contact between cylindrical NWs and graphene. PVK 
masks were removed by brief sonication in chloroform to leave 
GNRs with individual width of ≈30 nm. A second series of PVK 

NWs was then printed in parallel but with staggered GNRs, 
which later served as separators of the metal pads. Constant-
pitched P(VDF-TrFE) FNWs with diameter ≈250 nm in β-phase 
(Figures S1–S4, Supporting Information) were printed on 
the same plane but vertically to the longitudinal directions of 
GNRs. A thin metal layer (3 nm Ti/35 nm Au) was then depos-
ited by thermal evaporation, and the layer was directly sepa-
rated into several regions (Figures S5,S6), in which four pads 
are in direct contact with the substrate, with two metallic lines 
on PVK NWs, and with one metallic line on P(VDF-TrFE) FNW. 
Thus, the FNW is covered with a semicircular cross-sectioned 
electrode. Consequently, the source, drain, and gate electrodes 
were formed in one step. Two of the pads in contact with two 
ends of GNRs functioned as source and drain electrodes.

Most existing studies used P(VDF-TrFE) as thin films. 
Attempts to explore its ferroelectric switching mechanisms and 
electronic applications in NWs are rare, due to the lack of both 
theoretical foundations and appropriate fabrication techniques. 
Since the macromolecular direction of P(VDF-TrFE) chains 
lies along the FNW itself, the polarization in the longitudinal 
direction is averaged out to zero despite the presence of skew 
linkages.[19–21] Thus, we will assume translational symmetry 
and confine our discussion to FNW’s cross-section. A recent 
molecular dynamics simulation of the stretched P(VDF-TrFE) 
nanofiber with diameters of a few nanometers suggested that 
multiple ferroelectric domains will form in the cross-section 
when the diameter increases.[22] Inside a cross-section, the 
alignment of those domains after relaxation tends to yield an 
overall rotary vertex which stems from the circular surface 
boundary. For comparison, the domain size in polymer films is 
no more than 40 nm with the domain wall width of ≈7 nm.[23]

As the diameter increases, more domains asymptotically 
tend to form and align more randomly (even before reaching 
the size of 250 nm used in our case), and the line integral of 
the boundary restriction becomes dominated by the volume 
integral of other free energy terms, which results in blurred 
domain boundaries.[24] This implies that our material hosts an 
effective multidomain ferroelectricity.[25] In the present study, 
we have deployed electrospinning to stretch and then print 
P(VDF-TrFE) NWs (Methods S1–S6, Supporting Information). 
We observed exotic current–voltage (I–V) responses on GNR, 
which are attributed to novel transitions among four states by 
both radial and vertical alignments of the dipole density field in 
the FNW (Videos S1 and S2, Supporting Information). In what 
follows, we propose a theoretical model that explains well the 
observed phenomenon.

The metallic gate line provides the FNW with an anisotropic 
electric field (Methods S7 and S8, Supporting Information) 
which is approximately radial toward the upper half circle (part 
1) and approximately vertical in the lower half circle (part 2), as 
shown in Figure  1c. These two topologies of the electric field 
each induce corresponding spontaneous polarizations that can 
be in two opposite directions. Numerical results predict spon-
taneous radial polarization in the FNW[26] with P

�
 = 0 at r

�
 = 0 

(center) and then show that the polarization will switch between 
radial-in and radial-out in the FNW when the radial external 
field extE

�
 varies.[27,28] The radial polarization was confirmed in 

experiment[29] using an electron beam to create a radial external 
field. We recall that the vertical and lateral of piezoresponse 
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Figure 1.  a) Schematic of the one-step self-aligned GNR FET using FNWs 
with semicircular top-gate. Prealigned GNRs were patterned from chemi
cal vapor deposition-grown graphene by using organic NW lithography. 
P(VDF-TrFE) FNW is used as the ferroelectric gate insulator on which a 
continuous gate was formed. PVK NW is used as a separator. A 40 nm 
Au layer was self-aligned in one step during evaporation into source (S), 
drain (D), and gate (G) electrodes. b) Four polarization configurations in 
FNW’s cross-section (vertical-in/out and radial-in/out). c) External elec-
trical field configuration in the cross-section of the FNW, simulated by the 
finite element method.
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force microscopy signals in P(VDF-TrFE) collagen revealed 
polar anisotropy of the electromechanical properties along the 
axes of the fibrils.[30] We point out that the vertical and radial 
polarizations may compete when two orientations of the elec-
tric field coexist and supra-binary transition/switching may 
occur among vertical-up–down and radial-in–out states when 
the external field sweeps within certain ranges. The depolariza-
tion field DE

�
 in the FNW is induced by two sources. The first 

source is the charge on the inner surface resulting from the 
dipole-surface projection ˆ·S P

�
(r = R) where Ŝ is the unit normal 

vector at a surface point r = R (Method S8, Supporting Informa-
tion). The radial polarization in a circular cross-section is the 
uncommon case in which this term is switched off without any 
surface charge compensation. Another such case is with a rota-
tional dipole field, but does not apply to our system as there is 
no rotational external field applied. The second source is the 
divergence of P

�
, ( ·P∇
� �

). It vanishes for a vertical polarization 
configuration but exists as � /b r FNWρ ( )� ε  for a radial polarization 
configuration. Putting these two sources together, the depolari-
zation field has very distinct forms depending on the topology 
of polarization (Table S1, Supporting Information). The free 
energy penalty due to depolarization in a radial polarization 
configuration is much weaker compared with that in a vertical 
configuration (Method S8, Supporting Information). While DE

�
 

is more rigidly controlled by the magnitude P0 of spontaneous 
polarization, extE

�
 is sensitive to the gate voltage VG. There-

fore, the two fields give competing contributions to the free 
energy. As a result, the FNW shows four states of polarization 
in the cross-section of the FNW during sweeps of VG: radial-
in, radial-out, vertical-up, and vertical-down. Depending on 
the sweeping range and manner, it undergoes type I: no state 
transition (−2 to 2  V, Figure 2a); type II: transition between 
two states (−5 to 6 V, Figure 2b); type III: transition among all 
states (−6 to 6 V, Figure 2c). Different transitions are found as 
a function of the applied voltage: i) type I: |VG| < 3.5 V, ii) type 
II: 4.5 V  <  |VG|  <  5.5 V,  and iii) type III: 6 V  <  |VG| (i.e., the 
transition voltages for types I and II: |VG| ≈ 4 V and the transi-
tion voltages for types II and III: |VG| ≈ 5.5–6.0 V). The resist-
ance on/off switching ratio between different polar states is 
≈40% (Figure 2c, from V8 to V1 state at VG ≈ 5.5 V), more than 
≈10% which is feasible for reading/writing, but smaller than 
the largest on/off ratios of the binary states (100–1000%).[31,32] 
The value of 40% for the quaternary states is still impressive, 
since the value is much more than ≈10% which is feasible for 
reading/writing. The relatively smaller ratio is attributed to the 
irregular electric field distribution in the transverse direction 
of the GNR (see simulated Figure S8 in the Supporting Infor-
mation). Namely, the complete resistance blockage is hard to 
achieve, but the ratio could be improved (e.g., the theoretical 
resistance on/off ratio for the 8-zigzag graphene nanoribbon 
shows more than 106% with near zero off-resistance from the 
forbidden current transfer by imposing band structure sym-
metry, i.e., orbital symmetry as well as spin symmetry[33,34]).

The relatively smaller ratio is attributed to the irregular elec-
tric filed distribution in the transverse direction of the GNR (see 
simulated Figure S8 in the Supporting Information). Namely, 
the complete resistance blockage is hard to achieve. The ratio 
could be improved if the width of the GNR narrows and the 
diameter of FNW becomes small enough to impose band struc-
ture symmetry as a single crystal.[33,34]

The GNR’s I–V response is affected delicately by the state 
transitions in the FNW (Video S1, Supporting Information). 
As refs. [35,36] demonstrate, such response is determined by the 
charge carrier concentration in the graphene which in turn is 
controlled by the Fermi level and the doping. First, the electric 
field on the GNR consists of i) surface field that is created by 
the domain’s surface charge ˆ· sS P rα ( )−

� �
) which resides on the 

domain’s outer surface and is simplified as a partially com-
pensating charge to the depolarization field[11,37] with a factor 
0 < α < 1 and ii) gate field that is generated by the electrode. The 
surface field is determined by the polarization switching in the 
FNW, and the gate field is also affected indirectly by a switching 
of surface-charge screening (Figure S7, Supporting Informa-
tion). Band diagrams (Figure 3) illustrate the influence of the 
electric field on the GNR under the FNW (see also Video S2 
in the Supporting Information). The Fermi-level (FL) line con-
nects the FL in each segment of the GNR approaching the con-
tinuum limit. The FL line is drawn in a simplified manner by 
connecting the FLs of its middle point γ and end points δ and η. 
Similarly, the Dirac-point (DP) line connects every DP located at 
zero for each segment of the GNR approaching the continuum 
limit. Positively shifted Dirac voltage suggests that the GNR is 
subject to a strong p-doping which is expected when graphene 
is exposed to moisture and oxygen in air on SiO2 substrate[38–41] 
(Figures S6 and S12, Supporting Information).

The doping-level (DL which is related to FL in the presence 
of chemical doping) line, which connects DLs for each seg-
ment of the GNR approaching the continuum limit, becomes 
a horizontal line below the DP line when doping is p-type; 
the DL line is the reference line from which the FL line is 
affected by the electric field. When the dipole field is radial, 
the surface charge is uniform (Figure 3: V2). The gate field is 
almost entirely screened (Figure S8: V2, Supporting Informa-
tion). Thus, the FL line is flat except for points d and η which 
are slightly lifted or lowered according to the polarity of VG. In 
turn, the FL bends slightly by an amount related to the mag-
nitude of VG. However, when the dipole field is vertical, the 
surface charge density decays rapidly with increasing distance 
from point γ (Figure  3: V3). Thus, although the point γ of a 
FL line is still determined by the surface charge, points d and 
η of a FL line are much affected by the unscreened gate field 
within the FNW’s rim (Figure S8: V3, Supporting Information). 
Hence, there is a sharp decrease in the FL line from the center. 
The combination of two directions of gate field and four orien-
tations of dipole field yields eight distinct distributions of elec-
tric field longitudinally along GNR; together with the chemical 
doping, such field distributions determine eight distinct FL 
lines of GNR. By contrast, the electron–hole symmetry in the 
conductivity gives a unimodal mapping from FL to conductivity, 
and thereby yields a hysteresis loop, that has up to eight vertices 
and has switching chirality, in GNR’s I–V response. The loop 
has a butterfly shape with four vertices (v1–v4 in Figure  2b,c 
and Figure S9 (Supporting Information)) when involving two 
states,[42] but a more complicated “fan-blade” shape with eight 
vertices (V1–V8 in Figure  2c) when involving four states. A 
detailed walkthrough of both the butterfly and “fan-blade” 
hysteresis loops is presented in Method S9 (see also Figures S7, 
S10–S15 and Videos S1 and S2 in the Supporting Information).

Qualitative features in the I–V hysteresis arise directly from 
two events. First, whenever the FL and DP lines cross, the 
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resistance increases quickly, as if a blockage occurs in the cor-
responding GNR segment to dominate the total resistance but 
not to completely block the circuit due to the intrinsic conduc-
tivity at a finite temperature.[43,44] Second, the doping type deter-
mines the overall orientation of the hysteresis loop because 
it will determine whether the lifting/lowering of the FL will 
increase/decrease the conductivity.

Here, the domain wall effect in the FNW of diameter 250 nm 
(big enough to form numerous domain walls in our system, 
which will be discussed below) was not considered in our sim-
plistic key model. One could analyze the quaternary polariza-
tion switching in terms of the Landau free energy based on the 
long-range elastic and electrostatic interactions, i.e., in view 
of domain elasticity and electric polarization including 90° 
polarization.[26,27,29,45–51] However, our key aims in this work 
are: 1) the first experimental demonstration of the quaternary 
polarization switching which could be useful for quaternary-bit 
manipulation and 2) a simplistic qualitative model to explain 
such phenomena. We simplified the FNW with multidomains 
as homogeneous medium with a uniform dielectric constant. 
Even though the domain wall effect significantly affects the 
nonuniform distribution of dipole density in a radial polari-
zation state of the FNW, its contribution to the free energy is 

less significant than that of depolarization effect in a vertical 
polarization state (see Method S7 in the Supporting Informa-
tion). Though the domain wall effect cannot be neglected, the 
system with a large number of domains due to a big enough 
NW diameter is roughly treated like a homogeneous dielectric 
medium, as a simple modeling study. However, for a system 
with a small number of domains, the domain’s formation sig-
nificantly affects the free energy of system due to inhomoge-
neity. In such a case, the domain wall effect should be care-
fully taken into account. We believe that our simple model in 
the present system is useful in explaining the experimental key 
phenomenon.

3. Conclusion

We have observed and explain new transitions among four 
states of the polarization in a semicircular top-gated FNW which 
forms a unique FNW–GNR–FET together with an underlying 
biased GNR. The state transitions are explained within LGT. 
The consequent exotic hysteresis of GNR’s I–V response is 
explained graphically by the interplay of FL, DP, and DL lines. 
These new ferroelectric state transitions may stimulate a new 
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Figure 2.  Characteristics of electronic device in top-gated architectures and electrical responses to the gate voltage sweep. a) No state transition exists 
for the low voltage sweep range between 2 and −2 V (type I). b) Drain current (upper) and gate current (lower) for the moderate gate voltage swept 
between +6 and −5 V (type II). Two state transitions occur, one in each of stages 2 and 4. c) Drain resistance (upper solid hysteresis 2 in red) and gate 
current (lower) for the large gate voltage swept between +6 and −6 V (type III). Four-state transitions occur, one in each of stages 2, 4, 6, and 8. Black 
dashed hysteresis 1 refers to type II sweep for reference. See also Video S2 (Supporting Information).
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Figure 3.  Band diagrams, including the Fermi level (FL), Dirac point (DP), and doping level (DL) lines, explain GNR resistance in various polarization 
states of the FNW. Solid arrow inside of FNW: dipole moment. Solid arrow on GNR: nonscreened gate field. Dashed arrow on GNR: almost-screened 
gate field. +/− symbol: the surface charge. The coordinate frame: the x-axis is the DP line, while the y-axis is the energy level. Green dashed line: the DL 
line below the DP line for p-doping. The FL line in orange is determined by distinct combinations of the gate field and polarization states of FNW. The 
enclosed area between FL and DP lines determines the conductivity on GNR, giving vortices of the GNR’s I–V hysteresis shown in Figure 2: v1–v4 for 
moderate VG sweep (type II), while V1–V8 for the large sweep (type III). In a vertical state (e.g., V8), the gate field below the rim of FNW’s diameter is 
nonscreened. Dispersions show that the FLs at the two end points δ and η are in the conducting band, while that at the middle point γ is in valence 
band. FL and DP lines must cross at point λ. But in a radial state (e.g., V1(v1)), the surface charge is uniform, screening the gate field onto GNR. In 
result, the FL line is almost flat with the similar dispersions at the ends and in the middle of GNR. See also Video S2 (Supporting Information).
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field of ferroelectric research. For instance, the four polariza-
tion states in FNW provide intrinsic quaternary digit in a non-
volatile memory and the switching of the hysteresis chirality in 
a FNW–GNR–FET has potential in algebraic operation of qua-
ternary-digit information.[52] The easy all-NW-based and self-
aligned fabrication approach used to make FET is an important 
step toward low-cost commercialization of highly sophisticated 
nanoelectronics. Given the boost in the storage capacity by the 
intrinsic quaternary-digit information storage with supra-binary 
ferroelectricity, our findings represent a major step forward in 
device miniaturization which includes a reduction of read-and-
write heads as well as the physical size of the storage media.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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