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Polarization in ferroelectrics can be switched in the direction of an applied electric field by dipole reori-
entation, enabling numerous applications and fundamental phenomena. Here, we demonstrate that, in the
van der Waals (vdW) layered ferrielectric CuInP2S6, a unique mechanism exists where polarization aligns
against the direction of the applied electric field, seemingly in violation of the fundamental properties of a
dipolar solid. The mechanism is the result of the electric field driving the Cu atoms unidirectionally across
the vdW gaps, which is distinctively different from dipole reorientation. The crossing of Cu atoms is the
fundamental process of ionic conductivity, yet it is compatible with the existence of polarization. These
phenomena are confirmed by nanoscale imaging and spectroscopy of ferroelectric capacitors, coupled
with dynamic density-functional-theory simulations. The symbiotic relationship of ferroelectric and ionic
phenomena enables alternative approaches to control polarization and necessitates a change in perspec-
tive on nucleation, domain-wall dynamics, and other ferroelectric and electromechanical characteristics in
material systems where ionic and ferroelectric phenomena manifest.

DOI: 10.1103/PhysRevApplied.13.064063

I. INTRODUCTION

In a canonical ferroelectric, spontaneous symmetry
breaking below the Curie temperature creates at least two
equivalent atomic configurations with opposite orienta-
tions of spontaneous polarization. An external electric field
preferentially lowers the energy of one of these configura-
tions, switching polarization in the direction of the field. In
some ferroelectrics, applied electric fields can also induce
ionic transport, which is believed to be incompatible with
the ferroelectric state or, at least, is a limiting factor for
ferroelectric switching, if both properties are mediated by
the same ionic species [1,2]. This notion is based on the
fact that ionic conductivity is promoted by, and can itself
generate, atomic disorder, whereas the ferroelectric state is
ordered [3–5]. Indeed, ionic processes, so far, are mainly
discussed in the extrinsic context of defects and interfaces,
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such as ionic screening of spontaneous polarization [6–8]
and leakage conductivity [9]. In ferroelectric ion conduc-
tors, such as Ag26I18W4O16 [10] and CsH2PO4 [11], both
properties are typically discussed in different temperature
ranges, but it has been proposed by Scott that adequately
large voltages may enable a transition from ferroelectric
switching to ion conduction [12].

Layered ferroelectric CuInP2S6 exhibits both ferroelec-
tricity [13–16] and ionic conductivity [17,18] at tempera-
tures below the Curie temperature, providing an excellent
platform where possible cooperative effects of both prop-
erties can be explored. The van der Waals (vdW) crystals
comprise a P2S6 anion sublattice [13,19] and a cation
Cu sublattice with remarkably large, Å-scale sponta-
neous polar displacements, including a recently discovered
high-polarization phase, with even larger displacements
into the vdW gap [20,21]. The presence of two intercon-
nected polar phases results in an unusual quadruple-well
potential for Cu displacements [21]. The quadruple well
has a very small energy barrier between the low- and
high-polarization phases, but is tunable by strain, which
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can stabilize either of the two phases. The quadruple well
also enables a range of other unique properties, includ-
ing a large negative electrostriction [20–22]. It is still
unknown if there is an underlying connection between
ionic conductivity and ferroelectricity.

Here, we report a fundamentally distinct physical mech-
anism for controlling the polarization states in CuInP2S6,
enabling polarization to be aligned against the direction
of the electric field. This feature is not caused by dipole
reorientation, as in conventional ferroelectric switching,
but can be understood once Cu displacements across
the vdW gaps are considered. To elucidate the com-
plex ferroelectric characteristics of CuInP2S6, we combine
piezoresponse force microscopy (PFM) measurements on
capacitor structures incorporating CuInP2S6 as the active
dielectric with density-functional-theory (DFT) calcula-
tions and quantum-molecular-dynamics (QMD) simula-
tions of field-driven Cu displacements. By using voltage
pulses of different durations, PFM measurements track
Cu displacements through successive polarization states,
which are identified by comparing measured and calcu-
lated piezoelectric coefficients. The observed polarization
alignment against the electric field can be explained by
moving Cu ions across the vdW gaps, which is also the fun-
damental step for ionic conductivity. DFT calculations and
QMD simulations indicate that this mechanism is facili-
tated if excess Cu atoms or Cu vacancies are present in the
lattice. This mechanism enables alternative approaches to
control polarization, for instance, by sequential transitions
among all four polarization states with electric fields of
the same direction, which is impossible in a conventional
dipolar solid. Moreover, the nature of this mechanism
necessitates a different outlook on the physics of domain
nucleation and domain-wall dynamics in the presence of
ionic motion.

II. METHODS

A. Experiments

CuInP2S6 crystals are grown through a solid-state reac-
tion. Powders of the four elements with the same stoi-
chiometric ratio are mixed and placed in an ampoule and
annealed under vacuum at 600 °C for 2 weeks. CuInP2S6
flakes are transferred to the Ni(20 nm)/SiO2(90 nm)/p + Si
substrate by Scotch tape–based mechanical exfoliation.
The top electrode, of 20 nm nickel, is fabricated using
an electron-beam lithography, electron-beam evaporation,
and lift-off process. The detailed device fabrication process
can be found in Si et al. [23].

Polarization switching is studied by single Vdc pulse
switching. The local evolution of polarization states is
tracked on a Ni/CuInP2S6/Ni capacitor structure upon
varying the duration of −6 V pulses in 10 steps between
100 ms and 1 s applied via an atomic-force-microscope
probe placed at the center of the electrode. Before and

between these −6 V pulses, a reset pulse of +6 V is applied
for 2 s. Switching experiments are conducted on a Bruker
Icon atomic force microscope in an Ar-filled glove box.
A Nanosensors PPP-EFM tip with a nominal force con-
stant of 2.8 N/m and resonance frequency of 75 kHz is
used. To obtain quantitative d values, the sensitivity of
the cantilever is calibrated using the force-distance method
and instrumental phase offsets are taken into account. PFM
imaging of the CuInP2S6 surface through the Ni top elec-
trode is performed in band-excitation mode, and the pulses
applied to the middle of the top electrode are generated
using a function generator (Stanford Research Systems,
DS345).

B. Theory

The DFT calculations and molecular dynamics simula-
tions of copper paths are performed using the Vienna ab
initio simulation package (VASP) [24] with core-valence
electron interactions described via the projected aug-
mented wave (PAW) method [25,26]. Wave functions are
expanded in a plane-wave basis using a 400 eV energy
cutoff. Exchange and correlation effects are described
using the Perdew-Burke-Ernzerhof [27] generalized gra-
dient approximation, including van der Waals corrections
via Grimme’s DFT-D3 method with Becke-Johnson damp-
ing [28,29]. The process of a Cu atom jumping across
the van der Waals gap is simulated using a structural
model containing four layers of the CuInP2S6 structure,
with four formula units per layer and a vacuum separa-
tion layer of 25 Å. All atomic positions are relaxed until
the forces are smaller than 0.02 V/Å. The energy barri-
ers are calculated using the climbing-image nudged-elastic
band (CI NEB) method [30,31]. An external electric field
(−1.0 V/Å) along the z direction is applied using the meth-
ods of Neugebauer and Scheffler [32] and Makov and
Payne [33]. The Brillouin zone is sampled using only the
� point.

For quantum-molecular-dynamics simulations, a canon-
ical (NVT) ensemble is employed [34,35], along with an
external electric field (−1.0 V/Å) along the z direction (the
NVT ensemble is a good approximation to nonequilibrium
simulations because maintaining a constant temperature is
achieved by rescaling the velocities of all atoms, so that
the Cu ions are still allowed to accelerate under the elec-
tric field.) The time interval between MD steps is 10 fs.
The ferroelectric process from initialization to 70 ps is sim-
ulated at 250 K. From 75 to 150 ps, the temperature is
increased to 500 K to speed up the simulation.

III. RESULTS AND DISCUSSION

A. Polarization switching

Owing to large polar displacements of the Cu+ ions and
the recently discovered tunable quadruple potential well,
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CuInP2S6 exhibits a unique polarization structure, com-
prising two polar phases (hereafter LP and HP, indicating
low and high polarization of ∼5 and ∼11 µC/cm2, respec-
tively), and, therefore, four distinct polarization states,
±LP and ±HP [21]. The structures of these states are
shown in Fig. 1(a). In the present work, polarization
switching is observed in Ni/CuInP2S6/Ni capacitors, by
applying a sequence of voltage pulses to the top capaci-
tor electrode and imaging the domain structure using PFM
[Fig. 1(b)]. First, the capacitor is preconditioned with +6 V
for 2 s, which orients the ferroelectric polarization pointing
toward the bottom electrode (negatively). Subsequently,
we apply negative pulses of −6 V with increasing dura-
tion between 0.1 and 1 s, with the goal of observing the
evolution of polarization during these time increments.

After each negative pulse, the remnant domain structure
of CuInP2S6 is imaged, and a reset pulse of +6 V is again
applied for 2 s to reset the polarization to the original state.
Overall, this procedure is similar to a first-order reversal
curve that is commonly used to study ferroelectric and
ferromagnetic material properties [36–40].

The changes in the measured piezoelectric coeffi-
cient, d, across the whole capacitor are visualized as a
three-dimensional histogram of the effective piezoelectric
coefficient, d, as extracted from PFM measurements for
different negative-pulse durations [Fig. 1(b)]. At the same
time, the d maps in Fig. 1(c) yield information on the spa-
tial distribution of the electromechanical response. After
preconditioning, the capacitor shows spatially uniform
large positive d values centered around 50 pm/V. With

(a) (b)

(c)

FIG. 1. Electromechanical response as a function of Vdc pulse duration. (a) Structural phases for each of the four polarization states in
CuInP2S6: two upward-oriented polarization states (+HP and +LP) and two downward-oriented polarization states (−LP and −HP).
(b) Three-dimensional topography image of Ni electrode on layered CuInP2S6 and schematic depiction of the experimental setup.
Sequence of applied voltage pulses; green arrows indicate when the PFM data are acquired. Three-dimensional histogram of measured
d values as a function of pulse duration time. Distribution of counts is indicated by the height. (c) PFM maps of the Ni/CuInP2S6/Ni
capacitor structure acquired after applying Vdc pulses, showing spatial variation in piezoresponse. Plot titles indicate duration of Vdc
pulses; a 0.1 s pulse is omitted, as it does not show any differences from that of 0 s.
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increasing negative-pulse duration (0.1–1 s), we observe
the appearance of spatial heterogeneity and two very dis-
tinct low d values, at around ±5 pm/V, and eventual
transition to a relatively spatially uniform state with a
piezoelectric constant of d ∼−40 pm/V. Although the
capacitor is repeatedly reset prior to each switching volt-
age pulse, the characteristic features in the PFM maps in
Fig. 1(c) appear reproducibly, allowing the domain growth
to be tracked. The spatial contrast of the electromechanical
response [Fig. 1(c)] can be attributed to inhomogeneities
in the Ni/CuInP2S6 interface, which alters the local elec-
tric field distribution and can serve as domain nucleation
centers [41,42].

The two polarization phases that are theoretically pre-
dicted and observed in CuInP2S6 have distinct piezoelec-
tric properties [21]. Strain-dependent DFT calculations
show that the piezoelectric response is opposite in sign
and varies in amplitude between the LP and HP phases,
with piezoelectric constants, d33, of −15.6 pm/V for the
LP and +2.5 pm/V for the HP phases. Experimental values
obtained by PFM on bare CuInP2S6 surfaces match the the-
oretical values closely [21], while values measured through
the top capacitor are higher and closer to those estimated
from x-ray diffraction for single crystals [22]. The differ-
ences can be attributed to the capacitor thin-film geometry,
resulting in partial clamping [43]. To compare the values
consistently to theory, we therefore rely on ratios of low
and high PFM response in both theory and experiment. The
ratio of d for +HP and +LP is −6.24 based on DFT values,
and −6 to −8.5 measured on bare surfaces [21]. For the
top capacitor, we observe similar average ratios of −8 and
−10, which enable us to identify and track the progression
of HP and LP states through the measured piezoelectric
response.

Based on the aforementioned ratios, we uniquely iden-
tify the four polarization states by the sign and amplitude
of d as follows: about 50 pm/V corresponds to −LP, about

−40 pm/V to +LP, about 5 pm/V to +HP, and about
−5 pm/V to −HP [Figs. 1(b) and 1(c)]. Although Fig. 1
identifies all four polarization states participating in the
switching process, their progression with pulse duration
is rather complicated. As in the case of the PFM mea-
surements on bare CuInP2S6 surfaces [21], we observe
four distinct polarization states, which suggests that the
diffusion of Ni is not likely to play a substantial role.

B. Switching paths

We visualize the evolution of the local response and
polarization transitions as a Sankey diagram in Fig. 2. The
diagram is constructed by plotting the number of pixels
of each polarization state within individual PFM images
along the y axis, while the x axis registers the voltage-pulse
duration. The thickness of the lines indicates the number of
pixels that undergo a certain polarization transition (heat
maps of these results are shown in Fig. S1 within the Sup-
plemental Material [44]). From the diagram, it is evident
that only a small fraction of pixels transition in one step
from −LP to +LP (yellow to blue transitions). Much more
common are transitions from −LP to (sometimes multi-
ple) +HP and −HP states before finally switching to +LP.
The most extraordinary feature in the Sankey diagram is
that some of the transitions appear to align the polarization
against the electric field, e.g., positive polarization states
transitioning to negative polarization states, such as from
+HP to −HP (red to green transitions).

In the following, we analyze one of the intricate polar-
ization switching pathways, as indicated by the white dot-
ted line in Fig. 2. The progression of assigned polarization
states along that trajectory is plotted in Fig. 3(a). During
short pulse durations (0.1–0.7 s), the polarization changes
from −LP to +LP and subsequently to +HP. Here, polar-
ization aligns from negative to positive with the applied
electric field, as expected for a dipolar solid. At a pulse

FIG. 2. Analysis of polarization-
state transitions. Sankey diagram of
polarization-state transitions depen-
dent on voltage pulse calculated from
transitions observed in the PFM maps
shown in Fig. 1(c). Widths of the lines
are proportional to the number of pixels
that transition between two particular
states for a given voltage step. White
dashed line indicates the switching path
discussed in detail in Fig. 3 and the text.
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duration of 0.8 s, however, a transition from +HP to −HP
states is observed, where the polarization vector aligns
against the electric field direction, which contradicts the
dipole reorientation mechanism in other ferroelectric mate-
rials. For 0.9 s pulses, the polarization transitions back to
+LP, where the polarization again aligns with the electric
field. When considering the structural phases of the polar-
ization transition sequence [Fig. 3(b)], it becomes evident
that the polarization pathway can be understood if we con-
sider ionic conduction of the material, i.e., the fact that Cu
can move in the direction of an applied electric field across
layers and vdW gaps. If one specific Cu ion is tracked
[red circle in Fig. 3(b)], the applied electric field moves
it upwards, resulting in a transition of polarization states,

depending on where the Cu ion stops after the voltage
pulse.

The unusual polarization sequence highlighted in
Fig. 3(a) can now be understood by considering the tra-
jectories and positions of Cu ions in the lattice and the
corresponding polarizations as per the quadruple well. The
trajectory of Cu atoms that is consistent with the dis-
cussed polarization sequence is shown in Fig. 3(c). The
arrows on the right side of Fig. 3(c) depict the polariza-
tion sequence, which is consistent with the quadruple well,
where the length of the arrow indicates the low- or high-
polarization phase. Other Cu trajectories, ranging from
a single layer to three layers and two vdW gaps which
account for other polarization sequences in the Sankey

(a)

(b)

(c)

FIG. 3. Trajectory of Cu during switching experiment. (a) Polarization as a function of pulse duration for the path outlined by the
dashed line in Fig. 2. Direction of the applied electric field is indicated by black arrow. (b) Structural phases involved in the switching
pathway shown in (a). The red circle indicates one specific atom in the structure, which can be moved by the applied electric field.
Direction of the applied electric field and individual polarization states are indicated by black arrows. (c) Relative Cu displacement as
function of pulse duration for the path outlined in (a).

064063-5



SABINE M. NEUMAYER et al. PHYS. REV. APPLIED 13, 064063 (2020)

(a)

(b) (c)

FIG. 4. Simulation of ferroelectric switching in CuInP2S6. (a) Trajectory of Cu ions in two individual layers with excess Cu under
application of an external electric field. Excess Cu is marked by dark blue. Two arrows indicate times when all Cu move across the
layer and one Cu atom moves across the vdW gap, respectively. (b) Configurations tracking Cu migration in the presence of an electric
field. Upper panel (outlined in black) in the presence of a vacancy identified by a dashed black circle, and lower panel (outlined in red)
in the presence of excess Cu identified by a dashed red circle: initial +HP state (a), intermediate –HP state (b), and final +HP state (c).
(c) Energy barriers for a Cu atom migrating from the +HP state of one layer to the −HP state of the adjacent layer corresponding to
(a). Solid black curve and solid red curve are the energy profiles with a vacancy and excess Cu, respectively. When an external electric
field (−1.0 V/Å) is applied along the z direction, energy profiles are shown as dashed curves. Solid blue curve is the pathway for a Cu
atom jumping across the vdW gap in stoichiometric four-layer CuInP2S6.

diagram, are discussed in detail in the Supplemental Mate-
rial (Fig. S2) [44].

Next, we explore if an alternative explanation of the
experimental data is possible, in terms of partial polar-
ization switching, i.e., low values of d do not depict the
HP polarization state as assigned in Fig. 1(b). The d val-
ues of the individual switching pathway shown in Fig. 3
are depicted in the Supplemental Material (Fig. S3) [44].
After the measurement of high positive and high negative d

values, we observe low d values, which is inconsistent with
the idea of partial switching.

C. Simulation of copper paths

To further understand the atomic-scale mechanisms
of the complex polarization transitions of Fig. 3 and
make a connection to ionic conduction, we perform
QMD simulations in supercells containing four CuInP2S6
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layers plus vacuum under an applied electric field of
−1.0 V/Å at 200 K. We adopt stoichiometric supercells
and supercells that contain a Cu vacancy or an extra Cu
atom because such point defects are known to facilitate
long-range migration [45]. Figure 4(a) shows the z trajec-
tories of Cu atoms in supercells containing an extra Cu
atom. At first, the Cu atoms oscillate randomly between
the −HP and −LP energy minima (the bottom of the lay-
ers), except for the extra Cu atom (marked in blue), which
stays at the top of the layer. After 51 ps, all four Cu
atoms in the “red” layer switch from the bottom of the
layer to the top, while in the “blue” layer, which con-
tains an excess Cu at the top of the layer, one Cu is left
at the bottom of the layer. In this process, the switching
pathway is from negative to positive polarization states
through the CuInP2S6 layer, following the direction of the
external electric field. Once the events described above are
observed, indicating normal ferroelectric switching within
individual layers, the temperature is increased to 500 K
(above the Curie temperature) to speed up the simula-
tion and observe interlayer jumps, which entail a higher
energy barrier. At 95 ps, the excess Cu atom moves across
the vdW gap and into the bottom of the adjacent layer.
In this process, the switching pathway is from a posi-
tive to negative polarization state, which is consistent with
the experimentally observed alignment against the external
electric field.

The QMD simulations demonstrate the key feature that
individual Cu atoms make their jumps between equilib-
rium sites within layers and across vdW gaps at different
times, i.e., at picosecond timescales. We further exam-
ine the static energy barriers that individual Cu atoms
face in crossing the vdW gap in stoichiometric CuInP2S6
and when the initial layer contains an extra Cu or the
final layer contains a vacancy, without and with an elec-
tric field. Figure 4(b) shows individual Cu jumps across
the vdW gap in the presence of a Cu vacancy (top) and
an excess Cu atom (bottom), as the structure transitions
through A-C with or without an applied electric field. The
calculated energy barriers for these transitions are shown
in Fig. 4(c). The energy barriers in Fig. 4(c) range from
0.6 to 0.8 eV for the different scenarios, which matches
experimentally observed activation barriers in the range
of 0.63–1.09 eV obtained through dielectric measurements
[1,18,46] and Cu particle formation [17]. We note that
defects, especially extra Cu atoms, and the electric field
lower the activation barrier. These energy barriers for indi-
vidual Cu atom jumps are related to, but are not necessarily
identical to, those appearing in the quadruple-well poten-
tial, because the latter is calculated by moving entire Cu
sheets simultaneously, which can be viewed as an average
on mesoscopic timescales. We finally note that the energy
cost for Frenkel-pair thermal creation is relatively small,
about 0.7 eV, whereby there is a plentiful supply of Cu
vacancies and interstitials to facilitate interlayer jumps. On

the other hand, the layers remain essentially stoichiometric
over macroscopic timescales.

In CuInP2S6, the presence of long-range ionic con-
duction of Cu ions is further supported by experimental
observations, which show measurable current during the
application of switching pulses, when the pulse duration
is longer than 0.5 s. In addition, we have previously
shown that Cu ions can be extracted from the crystal lat-
tice by applying negative voltages to the PFM tip, which
is used to extract the activation energy for ionic trans-
port [17,18]. In the case of the capacitor used here, it is
also observed that, after application of long negative Vdc
pulses of several seconds (Fig. S4 within the Supplemen-
tal Material [44]), the edges of the capacitor structures
start to show topographic features similar to those obtained
on a bare surface at higher temperature [17]. This obser-
vation further corroborates that we are able to move Cu
over length scales larger than the unit cell, even at room
temperature.

IV. CONCLUSIONS

We demonstrate a mechanism that allows transition-
ing between polarization states via field-driven motion of
ions through the crystal. The effect is demonstrated in
layered CuInP2S6, which is ferrielectric at room temper-
ature and a good ion conductor involving the same ionic
species (Cu). The process of Cu motion across the vdW
gap results in alignment of the polarization vector against
the applied electric field and is fundamentally different
from normal ferroelectric switching, i.e., permanent-dipole
reorientation, as well as prior reports of so-called anoma-
lous switching, such as back-switching events produced
by image charges [7,47–49] and switching via surface
chemistry [50] and stress [51–54]. The mechanism demon-
strated in this paper enables transitioning between all
polarization states with a unidirectional electric field, pro-
viding exciting opportunities for ferroelectric information
technology beyond binary limitations, for example, in fer-
roelectric memories [55–58] or solid-state synapses [59].
Moreover, by controlled switching from low- to high-
polarization states, not only electromechanical but also
other material properties are expected to change, unlock-
ing further potential applications in optics and electronics.
For many practical applications, a faster timescale of the
described process is required. Faster switching times can
be achieved by increasing the ion conductivity, which
can be tuned by sample composition, sample thickness,
electrode size, and electric field gradients, and is subject
to future studies. A fascinating fundamental question is
the structure of propagating domain fronts, coupled with
ionic motion and the degree to which the two processes
synchronize in space and time.
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