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Tunable quadruple-well ferroelectric vander
Waals crystals

John A. Brehm"?7, Sabine M. Neumayer®37, Lei Tao"*’, Andrew O'Hara®’, Marius Chyasnavichus3,
Michael A. Susner®, Michael A. McGuire?, Sergei V. Kalinin©®3, Stephen Jesse?,
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The family of layered thio- and seleno-phosphates has gained attention as potential control dielectrics for the rapidly growing
family of two-dimensional and quasi-two-dimensional electronic materials. Here we report a combination of density functional
theory calculations, quantum molecular dynamics simulations and variable-temperature, -pressure and -bias piezoresponse
force microscopy data to predict and verify the existence of an unusual ferroelectric property—a uniaxial quadruple poten-
tial well for Cu displacements—enabled by the van der Waals gap in copper indium thiophosphate (CulnP,S,). The calculated
potential energy landscape for Cu displacements is strongly influenced by strain, accounting for the origin of the negative
piezoelectric coefficient and rendering CulnP,S, a rare example of a uniaxial multi-well ferroelectric. Experimental data verify
the coexistence of four polarization states and explore the temperature-, pressure- and bias-dependent piezoelectric and fer-
roelectric properties, which are supported by bias-dependent molecular dynamics simulations. These phenomena offer new

opportunities for both fundamental studies and applications in data storage and electronics.

gained attention as potential control dielectrics for the rapidly

growing family of two-dimensional (2D) and quasi-2D elec-
tronic materials'. The relatively low oxidation states of metal ions
stabilized in thiophosphates lead to a panoply of desired properties,
including magnetic, dipolar and correlated electron orderings, pro-
viding new opportunities for functional van der Waals (vdW) heter-
ostructures?’, electric field-tunable interfaces and layered materials
with an intermediate optical band gap’. In particular, these mate-
rials open a straightforward path to ultra-thin ferroic structures
through exfoliation, while avoiding the dangling bonds inevitable in
materials with three-dimensional (3D) bonding. They enable elec-
tric field-tunable interfaces with 2D materials such as graphene and
transition-metal dichalcogenides (TMDs) towards beyond-Moore
electronic devices, including tunnel junctions and ferroelectric
field-effect transistors. Furthermore, they exhibit substantial ionic
conductivity* that could lead to unexplored coupling phenomena,
such as ferroionic states’. Common to all these perspectives is the
fundamental question of the role of the vdW gap in the formation of
the structurally, electronically and magnetically ordered states, and
whether the vdW gap enables new ways to control these behaviours,
complementary to or even unachievable in traditional materials
with rigid lattices.

Bulk CulnP,S (CIPS), in particular, is ferrielectric®-"> wherein the
Cu and In atoms displace in opposite directions within each layer’.
For simplification purposes we will refer to CIPS as ferroelectric.
Despite thelow polarization values of about 3.5 pC cm™ close to room
temperature”'?, CIPS has recently been revealed to possess negative
longitudinal piezoelectric coefficients®'*'“. Negative longitudinal

Recently, the family of layered thio- and seleno-phosphates has

piezoelectric coefficients are rare. Only one other material,
poly(vinylidene fluoride), is known to have such a property experi-
mentally demonstrated”. Theoretical studies of hexagonal ABC
ferroelectrics'®, other wurtzite and zinc-blende compounds'”'® and
twinned ferroelectric perovskites with directed domain walls' have
predicted such an effect, but it has not been realized experimentally.
At T> ~42°C, Cu atoms are very mobile and can occupy both intra-
and interlayer positions, leading to a disordered state®'!. This find-
ing was confirmed in a recent paper by You et al.", who described
two distinct phases with different polarization values. The piezo-
electric or ferroelectric properties of the second, high-polarization,
phase were not investigated.

Here, we report the discovery of an unusual ferroelectric prop-
erty enabled by the vdW gap in CIPS, namely a uniaxial quadru-
ple-potential well for Cu displacements. We theoretically and
experimentally demonstrate the implications of this unusual prop-
erty for fundamental properties such as polarization and piezo-
electricity. We first report density functional theory (DFT)-based
total-energy calculations as a function of continuous Cu displace-
ments, revealing the existence of two energy minima in each polar-
ization direction along the zaxis. The quadruple-well feature is
directly enabled by the layered structure, which leads to a second
stable Cu position within the vdW gap with only a small energy
barrier between them. The evolution of the quadruple-well poten-
tial and the mechanical stress in the system as functions of applied
strain are used to deduce the longitudinal piezoelectric constant of
each of the two polar phases. Spatially resolved variable-tempera-
ture piezoelectric-force-microscopy (PFM) measurements were
used to demonstrate gradual interconversion of the two phases as
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Fig. 1| Quadruple well for CIPS and piezoelectric constant for polarization states obtained by DFT. a, For a c-lattice parameter of 13.09 A, the relaxed
structure of CIPS corresponding to the first local energy minimum described in the text. b, The relaxed structure of CIPS corresponding to the second local
energy minimum (all structural images in this paper were created with the VESTA software package)”. Insets in a,b show the start of z-position shift for

Cu atoms. ¢,d, For lattice parameters of 13.09 A (c) and 13.62, 13.35, 12.83 and 12.57 A (d), change in energy versus the polarization extracted from the
displacement of Cu per formula unit (f.u.). Each curve is the result of a total-energy calculation at a fixed strain-lattice parameter. The curves are plotted as
functions of Cu displacement relative to zero displacement. e f, Linear fit of the theoretical polarization versus stress (Ts;) curves along the z direction around
the zero-stress state for the +LP (e) and the +HP state (f). The relative ratio of the x- and y-axis ranges was kept constant for visual comparison of slopes.

the Curie temperature is approached. Finally, we report the ability to
transform between polarization states through locally applied elec-
tric fields in experiment and theory. Overall, these findings estab-
lish the importance of chemical interactions across the vdW gap in
this and possibly other layered solids. They further point to a deter-
ministic pathway by which to increase spontaneous polarization in
this family of materials.

Potential energy calculations for Cu

To examine the ferroelectric properties of CIPS, we investigated
the potential energy surface of polar displacements, in this case
Cu displacements, by means of DFT (see Methods). The relaxed
monoclinic structure of CIPS is displayed in Fig. 1a. We performed
a series of calculations using the found equilibrium lattice constant
of 13.09 A, placing the Cu atoms at the mid-plane of each layer and
gradually displacing them to and beyond their equilibrium posi-
tions, as is standard practice in calculations for ferroelectrics, seek-
ing to establish the displacement pathways and energy barriers for
polarization switching. At each step of the calculations, Cu z dis-
placement was kept fixed relative to the centre line by freezing the
z coordinates of the Cu and one Patom per dipole, while all other

atoms were relaxed. Polarization values were then obtained via total
Berry-phase calculations. Based on crystal symmetry, the polariza-
tion value along y is zero. It was found that the polarization values
along x are one order of magnitude smaller compared to those along
the zaxis and can, therefore, be disregarded.

The potential energy drop (Fig. 1c) from the zero-displace-
ment Cu site is comparable to results obtained by Song et al. for
CulnP,Se, (ref. °). However, there is a second energy minimum
when the Cu atom is occupying a stable position within the vdW
gap forming interlayer bonds with S atoms from adjacent layers
(Fig. 1b). It follows that there exist four local energy minima along
the zaxis, two in each of the polarization directions along z. The
first local energy minimum is at a Cu-ion displacement of ~1.62 A,
which corresponds to polarization P;=+4.93pCcm, close to the
experimentally measured polarization>'”. The second energy mini-
mum is at a Cu-ion displacement of ~2.25 A, which corresponds
to P,=+11.26uCcm>, more than double the reported values
when Cu is displaced into the vdW gap. In the following, we will
refer to these states as low-polarization (LP) and high-polarization
(HP) phases, respectively. Furthermore, we shall use the notation
of a total of four polarization states, +LP and +HP, with the sign
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indicating their parallel or anti-parallel orientation with respect
to the zaxis. Based on terminology introduced by Stengel and
Inguez’', we describe CIPS as a ferroelectric material with a qua-
druple-well potential curve as a function of Cu displacements along
the caxis or polarization values, or simply quadruple-well ferro-
electric, reflecting this meaning.

We note that the total-energy curve shown in Fig. 1c is calcu-
lated at a fixed c-lattice parameter (fixed volume), the equilibrium
value of the LP phase, whereby the energy of the HP state would be
lowered following relaxation of the ¢ parameter. Indeed, as shown
in Supplementary Fig. 1a, the relaxed structure of the HP phase has
an equilibrium c-lattice parameter of 12.87 A. We confirmed the
existence of the quadruple-well potential for Cu displacement even
under relaxing lattice parameters (Supplementary Fig. 2).

Unlike materials with independent double-well ferroelectric
phases with different polarization axes that can be accessed by elec-
tric field (for example, BiFeO,)*, the two CIPS phases cannot be
described individually as normal double-well potential ferroelectric
phases due to the uniaxial polarization vector of the LP and HP
phases and the strong overlap of the total-energy curves. In particu-
lar, the pathway of Cu displacements between the +HP and —HP
state contains the stable Cu positions of the LP phase, which gener-
ate additional local minima in the potential energy curve. Therefore,
the terminology of a quadruple-well ferroelectric is more accurate
than describing CIPS as a material with two distinct ferroelectric
phases each characterized by a double-well potential.

Prediction of piezoelectric properties

Motivated by the above results, we performed total-energy calcula-
tions as a function of Cu displacements at various c-lattice parame-
ters. We changed the ¢ parameter by the corresponding amount, held
the other lattice parameters constant and allowed the atoms to move.
As estimated by Poisson ratios of other layered materials*** between
0.1 and 0.3, we found negligible structural, energy and polarization
changes. It was found that most of the compression manifests itself
in a reduction of the vdW gap, while the layer thickness changes
only slightly. From these structures, we calculate the energy curves,
ion-ion distances, polarization and mechanical stress.

It can be seen that the local energy minima of the +LP state
vanish for smaller c-lattice parameters whereas the local energy
minima of the +HP state vanish for larger c-lattice parameters, as
shown in Fig. 1d (see also Supplementary Fig. 3a,b), which shows
only the positive polarization states for symmetry reasons. This
result demonstrates that the quadruple well is tunable by strain and
can become a double well. As a result, the polarization values are
also dependent on c-lattice parameter (Supplementary Fig. 3¢c,d). A
key prediction of the theory, therefore, is the fact that, though the
energy barrier between the LP and HP phases is smaller than the
thermal energy, kT (the Boltzmann constant multiplied by tem-
perature) at room temperature, both phases can be stabilized by
varying c-lattice parameters.

In Fig. le,f, we show the polarization as a function of stress for
each of the positive polarization states for the two phases around
their respective equilibrium lattice constant, which is character-
ized by zero stress. From these data, we can extract the longitudinal
piezoelectric coefficients as follows.

The third-rank piezoelectric tensor, d;;, can be defined through
the displacement field vector D; = &yE; + P;, where E, is the electric
field vector, P, the polarization vector and &, is the vacuum permit-

tivity™:
dui — 9D\ | _ (9P«
W \ory )|, \oTy

where T, is the second-rank stress tensor. Thus, linear fits to

the calculated points in Fig. le can be used to obtain values for the

(1)
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Fig. 2 | Piezoelectric constant experimentally quantified from PFM.
a, Quantified piezoelectric constant map as measured by PFM at room
temperature. The colour scale depicts the magnitude and direction

of the measured piezoresponse. b, Histogram of the measured values
of the CIPS phase with Gaussian function fits around the four distinct
maxima. Dotted lines depict the theoretically predicted values of the
four polarization states.

longitudinal piezoelectric coefficients d,;, of the two positive polar-
ization states. We find that, near the equilibrium c-lattice parameter
value, the +LP state has a large negative piezoelectric coefficient,
dy33=—15.6+0.6pm V™', while the +HP state has a relatively small
positive piezoelectric constant, 2.5+ 0.7 pm V-'. The negative sign of
the piezoelectric coefficient for the +LP state agrees with previous
work®", where evidence for a negative piezoelectric coefficient was
found. The piezoelectric and ferroelectric properties of the high-
polarization state are reported in this study.

The atomistic origin of the negative sign of the piezoresponse
in the +LP state can be traced to the high degree of anharmonicity
in the quadruple-well potential as a function of Cu displacements,
which underlies the response of the potential minima to strain. In
particular, we find that compression of the lattice along the inter-
layer stacking direction leads to an increased displacement of Cu
away from the In site. As a result, the spontaneous polarization
increases with pressure, as reflected in Fig. le for small negative
stresses, resulting in net negative longitudinal piezoresponse. In
contrast, the +HP state behaves in the conventional way, exhibit-
ing decreased Cu displacement under compression of the lattice,
as reflected in Fig. 1f, and thus positive piezoresponse. The strain
dependence of the second minimum (+HP state) is relatively small,
however, leading to a small piezoelectric constant. We can attribute
this result to the fact that positive strain weakens the Cu-S interac-
tion across the vdW gap (longer bond length), which is expected
to lead to lower polarization, while the increased Cu-In distance
would be expected to result in larger moments and higher polariza-
tion. The net effect is a near-constant polarization magnitude for
this high-polarization regime.

Experimental verification of piezoelectric constants

In the following, we provide direct evidence for the existence of
all four polarization states using PFM, as described in detail in
Methods*”". The piezoelectric constant can be expressed through
the change in strain, S, as function of electric field (equation (2)).
PFM measures the dynamic surface displacement AL as function of
applied voltage, AV; typically along the normal of the surface (out-
of-plane). Extracting the piezoelectric tensor components from the
PFM signal is very complex, due to the capability to probe only sur-
face displacement but not 3D volume changes, and the signal can
be affected by strain, radial field distribution around the biased
tip or mechanical clamping””. PEM is often described as probing
the effective longitudinal piezoelectric constant, which is extracted
through d=AL/AV. It has been shown that in some systems this is
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Fig. 3 | Temperature-dependent polarization-state distribution as measured by PFM. a, Temperature-dependent PFM measurements between room
temperature and 70 °C across Curie temperature selected from a 10 X 10 pm? area (Supplementary Fig. 5). b, Histograms of measured piezoelectric
response analysed for CIPS only. ¢, Temperature-dependent piezoelectric constant extracted for four distinct states, with theoretical piezoelectric constant
for comparison. The data points are the position of the histogram peaks for each phase, and error bars correspond to peak widths.

closely aligned with the piezoelectric tensor component along the
30,31.

probed crystallographic axis’
aS;

5= ()

Here, PFM probes the effective longitudinal piezoelectric con-
stant, d, which is most closely aligned with d,; since the probed sur-
face displacement and the main component of the applied electric
field are aligned with the z direction of CIPS.

We performed PFM experiments between room temperature
and 70°C on phase-separated, CIPS and In,;P,S; (IPS) phases™.
IPS is Cu-free and non-ferroelectric, and allows us to account for
non-ferroelectric signal contribution to the local measurements
of piezoelectric response. The PFM responses from CIPS and IPS
were analysed separately after a masking procedure (Supplementary
Fig. 4). The PFM image at room temperature (Fig. 2a) shows strong
piezoresponse from ferroelectric CIPS and near-zero signal from
the non-ferroelectric IPS phase. Furthermore, the histogram of
the piezoresponse on the CIPS phase (Fig. 2b) shows four distinct
maxima that align well with the theoretically predicted values, and
are described by Gaussian functions (red areas). The positions of
the peaks represent the average values while the widths correspond
to error bars. The information provided by DFT about signage and
magnitude of the piezoelectric constants of the LP and HP phases is
used to uniquely assign all four polarization states to the observed
PFM contrast levels. We identify the pair 16.6+0.8pm V™ and
—11.8+1.3pm V™" as corresponding to the positive and negative
polarization states, respectively, of the LP phase, with a theoreti-
cal value of £15.6pm V. The pair 2.7+0.7 and 2.9+ 1.0pm V! is
assigned to the negative and positive polarization states of the HP
phase, respectively, in excellent agreement with the theoretical abso-
lute value of +2.5pm V™. Based on the very small energy barrier
between the HP and LP phases, which is below the thermal energy at
room temperature, the observation of spatially separated LP and HP
phases by PEM can be explained only by local strain stabilization—

(2)

T
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that is, local variations in c-lattice parameter—which confirms our
theoretical prediction based on Fig. 1d. The local strain distribution
is assumed to be dependent on sample history and synthesis condi-
tions, as well as the number of defects. Therefore, estimation of the
ratio of the LP and HP phases using a Maxwell-Boltzmann distribu-
tion is not appropriate.

Temperature-induced transition between polarization states
Having assigned the observed polarization states accordingly,
we are now able to observe the evolution of all polarization states
toward the Curie temperature, T, on the local scale using temper-
ature-dependent PFM measurements (Fig. 3a and Supplementary
Fig. 5). From a statistical analysis of the images (Fig. 3b), we derived
the temperature dependence of the dvalues of the four polariza-
tion states and plotted their trajectories (Fig. 3c). The IPS phase
is used as reference and changes little with temperature, con-
firming the absence of non-piezoelectric signal origins (see also
Supplementary Fig. 6a). From room temperature to 55°C, all four
polarization states exist. At 60°C, the number of polarization states
is reduced to three as the -LP state disappears. Further increase in
temperature to 65°C reduces the number of polarization states to
one, before the piezoelectric constant of CIPS is indistinguishable
from IPS above the Curie temperature. Interconversion of the states
prevents direct measurement of the Curie temperature for high-
polarization states, but interconversion per se could be useful in the
context of applications—for example, in utilizing pyroelectric or
electrocaloric responses. As predicted by DFT, ferroelectric proper-
ties are very strain sensitive as evident from PFM images acquired
under different mechanical pressure (see Extended data Fig. 1 and
Supplementary Fig. 7).

Field-induced transition between polarization states

Finally, we demonstrate polarization switching under electric
fields using switching spectroscopy?”. For the experimental study,
we selected two areas based on the map of piezoelectric constant
(Fig. 4a) and performed 3 X 3-point grids in the large negative-
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Fig. 4 | Bias-induced polarization switching. a, Map of piezoelectric constant in a 3 x 3 um? area, with areas of interest highlighted. b, Piezoelectric
hysteresis loop as function of d.c. bias V,. averaged over a 3 x 3-point grid within the two domains (CIPS 1and CIPS 2) in the ferroelectric CIPS phase, as
measured by PFM. The data points are the mean of the response, the error bars correspond to s.d. ¢, Reversible Cu displacements obtained by quantum
molecular dynamics simulations. Displacements are shown for the four Cu atoms in each of the two middle layers of a four-layer CIPS sample initially
under a negative electric field, which is switched to positive at 250 ps. The Cu atoms in the top and bottom layers are coloured blue and red, respectively.

The structure of CIPS is shown in reference to the Cu position.

positive piezoelectric constant (CIPS 1, +LP) and small positive
piezoelectric constant (CIPS 2, +HP) regions, as indicated in Fig.
4a. The two distinct polarization domains show different switch-
ing pathways (Fig. 4b). In both domains the ferroelectric hysteresis
is reversibly changing between two polarization states, depicted
by small and large piezoelectric response levels of the same sign.
Based on relative amplitude and sign of the bias-dependent change
in piezoelectric response, we can assign the associated polariza-
tion phase. In the first area (CIPS 1), polarization switches from
the +HP to the -LP state under positive voltages applied to the tip
(negative fields). In contrast to this, the second area (CIPS 2) shows
stable switching from +LP to -HP under positive voltages. These
results demonstrate that polarization is reversible, and that bias can
be used to cross between the LP and HP phases. This means that
all four potential-energy minima can be accessed by electric field,
and that the ferroelectric switching of the HP state involves the LP
state. Therefore, the HP phase cannot be viewed as an independent
double-well potential ferroelectric phase, which makes CIPS a qua-
druple-well ferroelectric rather than two double-well ferroelectrics.
Symmetric polarization loops observed on capacitors of CIPS, and
in other PFM studies®'>", can be explained by switching involving
only LP or only HP states. The possibility of polarization switching
is further demonstrated by performing quantum molecular dynam-
ics simulations under electric field, and tracking the Cu positions
of two individual layers from the centre of a four-layer stack to
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avoid the influence of free surfaces (Fig. 4c). Each layer contains
four Cu atoms that are tracked. In the top layer (blue), one Cu atom
switches immediately to the other side of the layer followed by mul-
tiple switching events. At the point of field reversal at 250 ps, three
out of four Cu atoms have switched. In the bottom layer (red), all
four Cu atoms switch under negative electric fields. Following field
reversal, all Cu atoms switch back to the bottom side of the layer.
We note that the Cu atoms switch independently from each other
and even partially back-switch. Both experiment and theory sug-
gest that complex switching mechanisms are a subject suitable for
further studies.

Outlook

Through a combination of first-principles calculations and local
electromechanical material characterization, we have demon-
strated the existence of a quadruple-well potential for uniaxial
Cu-ion displacements in layered CulnP,S,. This feature is a direct
consequence of the ability of Cu atoms to move into the vdW gap
of the material, resulting in two distinct polarization phases. The
first phase features Cu atoms within the layer, has low polarization
and is very sensitive to strain, resulting in a negative longitudi-
nal piezoelectric coefficient. In the second phase, Cu atoms move
partially into the vdW gap and bond with Satoms across the gap,
doubling the polarization value and featuring a small positive lon-
gitudinal piezoelectric coefficient. The difference in piezoresponse
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enables the direct detection of the two phases at the local scale.
Indeed, we have experimentally observed the coexistence of all
four polarization states, as well as their individual temperature-
and pressure-dependent interconversions. Polarization switching
has been demonstrated both experimentally and in theory, and
shows complex, bias-induced transformations between the indi-
vidual polarization states. The rich spectrum of polarization states
in CIPS, as well as the ability to manipulate them with temperature,
pressure and bias, opens the pathway to controlling and utilizing
these states—for example, in the context of electrocaloric and pyro-
electric applications. The realization of uniaxial multi-well poten-
tial in the vdW solid, as presented here, is a different mechanism,
complementary to multi-axial ferroelectrics™** and triple-well fer-
roelectrics with one zero-polarization state’>*. In sum, CIPS can
be viewed as bridging the properties of ferroelectrics—distinct
polarization states, and those of ionic conductors—multiple poten-
tial minima for ionic displacements separated by relatively shal-
low potential barriers, enabled by the accommodating vdW gap
bonding between individual layers. The concomitantly more com-
plex ferroelectric properties suggest equally complex pyroelectric,
electrocaloric and thermal material behaviours for prospective
applications in computing and energy conversion. The impor-
tance of chemical interactions across the vdW gap, on the other
hand, necessitates reconsideration of the mechanisms behind size
effects in this material and related thiophosphates, and possibly
enables new approaches to the tuning and enhancing of proxi-
mate coupling between ferroelectric and electronic properties in a
vdW heterostructure.
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Calculations. Below the Curie temperature, CIPS has a monoclinic structure
(space group, Cc) consisting of four formula units per unit cell, with cell parameters
a=6.096 A, b=10.565A, c=13.187 A and f#=99.12° (note that Maisonneuve et al.”
use a non-standard but equivalent setting for this cell)***". We find that relaxation
calculations using the DFT-D3 (Becke-Johnson) vdW formulation, as developed
by Grimme and colleagues***, accurately reproduce these lattice parameters, with
the differences being 0.32, 0.22, —0.72 and —0.01% for a, b, ¢ and f, respectively.
The absolute lattice parameters are 6.12 A for a, 10.59 A for b and 13.09 A for c.

The DFT calculations in this study used both the ABINIT v.8.2.3
computational package* and the Vienna ab initio Simulation Package (VASP)*
with the projected-augmented wave (PAW) method***, and were carried out under
the Perdew-Burke-Ernzerhof generalized gradient approximation. We considered
two versions of vdW exchange-correlation functionals: the DFT-D2 method and
the DFT-D3 (Becke-Johnson (BJ)) method***"*, For the ABINIT calculations, the
atoms are modelled by norm-conserving optimized pseudo-potentials*’ generated
using OPIUM (http://opium.sourceforge.net), and all are further refined using
the designed non-local methodology*’. We pseudize the following orbitals: 3s, 3p
and 3d for S; 3s, 3p and 3d for P; 3d, 4s and 4p for Cu; and 4s, 4p, 4d, 5s and 5p for
In. VASP calculations use the as-supplied PAW potentials. All calculations use a
Monkhorst-Pack k-point grid* of 4 x4 x 4. For relaxation calculations, the system
is considered to be relaxed when successive self-consistent iterations yield total-
energy differences <5x 1077 eV per unit cell and atomic forces <5x 10-*eV AL,
Energy cut-offs for the pseudo-potentials and the structural and electronic
calculations are 680 eV. Polarization and phonon-frequency calculations are also
carried out using pertinent routines in ABINIT.

Using ABINIT, we find that the DFT-D3(BJ) vdW interaction reproduces the
experimentally determined cell parameters of CIPS*** better than the DFT-D2
method: parameters a, b, ¢ and f have errors of 0.32, 0.22, —0.72 and —0.01%,
respectively, for the DFT-D3(B]) method, while for DFT-D2 the corresponding
values are 0.57, 0.44, 1.23 and —0.51%. Comparison of the lattice constants
under the PAW method within VASP using the DFT-D3 and DFT-D3(BJ) vdW
interactions is discussed in the Supplementary information, again indicating the
favourability of the DFT-D3(BJ) vdW method.

The bias-induced ferroelectric switching process is simulated using quantum
molecular dynamics simulations and a (2 X 1) model containing four layers
of CulnP,S,, with a vacuum separation of 25 A in the z direction. Under these
boundary conditions, the layer spacing of CIPS is not fixed. There are fluctuations
in the interlayer distance, while the lattice parameters a and b do not change
during the switching process. The Brillouin zone is sampled only at the I" point.
For quantum molecular dynamics simulations, a canonical (NVT) ensemble was
used”*! within the VASP*, and a plane wave-basis cut-off energy of 400 eV. The
time interval between steps was 10fs. An external electric field was applied using
the methods of Neugebauer and Scheffler* and Makov and Payne®. Initially, the
system was simulated below the Curie temperature at —173.15°C (100K) for 25 ps
to obtain equilibration conditions. For ferroelectric switching, an electric field was
applied along the z direction (E=1.5eV A~') for 225 ps, and then the direction of
the electric field was reversed for 250 ps. The switching was simulated at the higher
temperature of —73.15°C (200 K) for switching events to occur within the observed
time frame. See also Supplementary Fig. 8 for more information.

Material synthesis. Details about the material synthesis can be found elsewhere'.
Measurements were performed on heterostructured crystals of several micrometres
in thickness, comprising CIPS and IPS phases™. The average composition of the
crystal was Cu, ,In, ,P,S,.

Experimental. Piezoresponse force microscopy was carried out using a Bruker
Icon atomic force microscope in air. A temperature-stage was used to perform
PFM as a function of temperature. For each temperature step, the sample was
equilibrated for 10 min before measurement. For each temperature the same area
was found based on topographic features, to account for drift. Pressure-dependent
PFM images were obtained in the controlled environment of an argon-filled
glovebox, with water and oxygen levels <0.1 ppm. All alternating current voltages
for PFM measurements were 1V,.. The cantilever used for all studies was a
Nanosensor PPP-EFM with a typical free resonance of 75kHz and a typical force
constant of 3N m™'. Samples mounted on a silver-paint support were cleaved
shortly before microscopy experiments. PFM imaging was performed using band
excitation techniques, and ferroelectric hysteresis was probed using switching
spectroscopy”’. All ferroelectric hystereses shown depict off-field hysteresis
probing the piezoelectric response after the switching pulses. PFM amplitude was
quantified using the cantilever sensitivity. We tested the requirement for additional
amplitude correction factors based on cantilever mode shapes, as described by
Balke et al.”, but the test revealed an error of <4% when using only the cantilever
sensitivity for quantification. The PFM phase was corrected for instrumental phase
offsets and correlation between measured electromechanical response and the sign
of piezoelectric coefficients. Measurement artefacts, such as electrostatic signal
contributions, were ruled out by confirming a near-zero PFM response on the non-
ferroelectric IPS phase of the sample. The PFM response was analysed separately
for the ferroelectric CIPS and non-ferroelectric IPS phases.
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Data availability
The experimental and theoretical data presented in this work are available from the
corresponding authors upon reasonable request.
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Extended Data Fig. 1| Pressure-induced polarization switching measured by PFM. (a.) Pressure-dependent PFM measurements from a 10x10 pm? area
(Supplementary Fig. 6). (b.) Histograms of measured piezoelectric response of CIPS only. (c.) Pressure-dependent piezoelectric constant extracted for
four distinct states and theoretical piezoelectric constant from theory for comparison. Data points are the position of the histogram peaks for each phase
and error bars correspond to the peak widths. The d-value is constant or decreasing for LP and increases for HP. The +HP state (light blue) transforms into
the -HP state (yellow) indicating a pressure-induced switching event. All changes are reversible. Response on the IPS phase changes little with contact

force (see also Supplementary Fig. 7b).
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