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ABSTRACT: CuInP2S6 (CIPS) is a van der Waals material that has attracted attention
because of its unusual properties. Recently, a combination of density functional theory
(DFT) calculations and piezoresponse force microscopy (PFM) showed that CIPS is a
uniaxial quadruple-well ferrielectric featuring two polar phases and a total of four
polarization states that can be controlled by external strain. Here, we combine DFT and
PFM to investigate the stress-dependent piezoelectric properties of CIPS, which have so
far remained unexplored. The two different polarization phases are predicted to differ in
their mechanical properties and the stress sensitivity of their piezoelectric constants. This
knowledge is applied to the interpretation of ferroelectric domain images, which enables
investigation of local strain and stress distributions. The interplay of theory and
experiment produces polarization maps and layer spacings which we compare to
macroscopic X-ray measurements. We found that the sample contains only the low-
polarization phase and that domains of one polarization orientation are strained, whereas
domains of the opposite polarization direction are fully relaxed. The described nanoscale
imaging methodology is applicable to any material for which the relationship between electromechanical and mechanical
characteristics is known, providing insight on structural, mechanical, and electromechanical properties down to ∼10 nm length
scales.

KEYWORDS: piezoresponse force microscopy, piezoelectric constant, van der Waals materials, stress mapping,
copper indium thiophosphate

1. INTRODUCTION

The family of metal thiophosphates is characterized by a
[P2S6]

4− framework stabilized by metal cations.1 The van der
Waals (vdW) layered structure of these materials allows easy
exfoliation of ultrathin flakes that exhibit a wide range of
intriguing electromechanical, optical, electronic, and magnetic
properties. Moreover, the absence of dangling bonds in metal-
thiophosphate surfaces enables the construction of ideal
interfaces to fabricate heterostructures with two-dimensional
materials such as graphene and MoS2.

2 A particularly
interesting metal-thiophosphate compound is CuInP2S6
(CIPS), which has a non-centrosymmetric monoclinic
structure in its ferrielectric state (space group Cc). The
interest in CIPS arises from its large and negative out-of-plane
electrostrictive coefficient Q33 = −3.2 m4/C2, a value that
allows for a strong piezoelectric response despite relatively low
polarization values.3 Experimentally reported polarization
values range between 2.6 and 5 μC/cm2, obtained in nonlocal
switching experiments where current peaks measured on
electrodes during voltage sweeps indicate the switched
polarization. Moreover, polarization switching has been
observed in ultrathin samples4,5 and remarkable electrocaloric
performance has been detected.6 In addition, high ionic
conductivity combined with lattice resilience to defects enables
reversible extraction of Cu from this remarkable material.7

Recently, we reported density functional theory (DFT)
calculations that predicted a uniaxial quadruple-well potential
in ferrielectric CIPS.8 As a result, CIPS features two stable
ferrielectric phases with strongly overlapping energy landscapes
and a total of four polarization states, in which the Cu atoms
are either located within the [P2S6]

4− lamellae or are displaced
into the vdW gaps (Figure 1a). The first phase with stable Cu
positions within the layers has a polarization value P3 ∼ 5 μC/
cm2 and a c-lattice parameter of 13.09 Å, whereas the second
phase with stable Cu positions in the vdW gap has a
polarization value P3 ∼ 11 μC/cm2 and a c lattice parameter
of 12.87 Å as determined by DFT.8 The two phases, therefore,
have been designated as low-polarization (LP) and high-
polarization (HP) phases. DFT calculations of polarization and
stress as function of c lattice parameter were used to predict the
piezoelectric constant d33 for each of the two phases around
their equilibrium zero-stress condition, finding −15.6 pm/V
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for the LP phase and 2.5 pm/V for the HP phase. These values
have been confirmed experimentally using local mapping and
bias-dependent quantification of the piezoelectric constants by
piezoresponse force microscopy (PFM) measurements.8 At the
same time, it was shown that the quadruple well is highly
sensitive to strain and that local strains are responsible for LP
or HP phase stabilization. Therefore, CIPS shows great
promise for the tuning of the functional properties of CIPS
by strain, provided the strain can be experimentally verified
and subsequently controlled. This result also introduces an
opportunity to image local strains, stresses, and polarizations
through measurement of the changes in the piezoelectric
constant these variables instroduce, as long as the relative
dependences are known. This technique would enable imaging
of these properties in a non-destructive way on length scales
from 10s of nm to 10 of mm which would be complimentary to
macroscopic strain and polarization mapping in ferroelectrics
using X-ray9−12 and I−V curves on capacitor structures,6,13−15

as well as atomic scale approaches using scanning transmission
electron microscopy.16−21

Here, we report the imaging of the mechanical properties of
the two polarization phases in CIPS as well as local
polarization, stress, and strain distribution by scanning probe
microscopy (SPM) on length scales of ∼10 s of nm. The
extraction of rich information from a single SPM image is
enabled by theoretically predicted relationships between stress,

strain, and polarization for the LP and HP phases in CIPS
using DFT. The theoretical methodology is described in8 and
was extended to cover a very large range of c lattice parameters
to span a large stress and strain range. The results are
predictions of the strain-dependent elastic modulus as well as
the stress-dependent piezoelectric constant d33. While Young’s
modulus is directly experimentally verified using contact-
resonance atomic force microscopy (AFM) approaches, the
piezoelectric constant is measured by PFM, which is a
commonly used SPM technique based on measuring the
electromechanical sample response to an AC voltage applied to
the cantilever tip by detecting its dynamic deflection.22−25

Furthermore, local strain maps are used to extract maps of
layer spacing which are then directly compared to published X-
ray data, resulting in good agreement and showing that some
strain relaxation occurs at the CIPS surface. The overall
procedure outlines a pathway to understanding material
functionality at a new level and allows us to gain insights
and subsequently tune material properties at length scales not
accessible otherwise.

2. RESULTS AND DISCUSSION

The two polar phases of CIPS, LP and HP, result in four
distinct polarization states shown in Figure 1a. The LP states
have stable Cu positions in the layer, whereas the HP states
have stable Cu positions within the vdW gap. DFT calculations
provided the polarization for each polarization state and also
described how these polarization values change as function of
stress T and strain S.8 Because of the uniaxial nature of CIPS as
a vdW material, we only considered the z-direction
components of the polarization, strain, and stress (P3, S33,
T33) which we shall refer to without their indices, that is, as P,
S, and T. We only show results for the two positive polarization
states of the LP and HP phases because of symmetry
considerations. We do not consider in-plane components of
polarization, strain, and stress because the polarization
components along x and y are negligible,8 and the material
has a near-zero Poisson’s ratio,26 which means out-of-plane
and in-plane strains and stresses do not influence each other.
First, we explore the mechanical properties, that is, the strain

S versus stress T curves for each individual phase as obtained
from theory. In Figure 1b, it can be clearly seen that the two
phases show different slopes in the stress−strain curves. For
the +LP state, small discontinuities in the stress−strain curve
were present. They can be explained by in-plane Cu motion
and have been corrected (Figure S1). The stress−strain curves
show a viscoelastic behavior that is best fitted using parabolic
curves. As a consequence, the elastic modulus E changes

Figure 1. (a) Structure of all four polarization states in CIPS. (b)
Calculated stress−strain curves for the +LP and +HP polarization
state. Red lines indicate quadratic fit functions. (c) Derivative of the
fitted stress−strain curves to obtain elastic-modulus values. (d).
Histogram of locally measured elastic modulus in a 3 × 3 μm2 area.
The red line is a guide to the eye to compare (c,d).

Figure 2. (a) Theoretical polarization as a function of stress for the +LP and +HP polarization states. Red lines indicate empirical fitting functions.
Numerical derivative of theoretical polarization−stress points to obtain values for the piezoelectric constant d for the (b) +LP state and (c) +HP
state. Red curves indicate the derivative of the fit functions in (a).
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linearly as a function of strain according to E = ∂T/∂S. It was
found that the HP phase has an elastic modulus almost twice
as high as that of the LP phase (Figure 1c).
We employed contact-resonance AFM to test the theoretical

predictions against experimental measurements. Here, the
cantilever is mechanically excited using a photothermal
method.27 To quantify the elastic modulus of CIPS, we
extracted the mechanical properties of the material by
analyzing the tip−sample contact interactions with mathemat-
ical models28−30 and in turn compared these results with the
HOPG elastic modulus (E = 18 GPa). We performed these
measurements across a 3 × 3 μm2 sample area, and the
histogram of the measured values is shown in Figure 1d. The
average measured elastic modulus is 27 GPa which matches
the predicted value for a strain of 0.03 for the LP phase. A
strained polarization phase is expected because local strain was
proposed as the mechanism that stabilizes the LP or HP phase
by eliminating the small energy barrier between them.8

The theoretical calculations also reveal a nonlinear relation
between polarization and stress (Figure 2a). The +LP state has
a smaller polarization which decreases with increasing positive
stress. Under negative stress (compression), the LP phase is
not stable. In contrast, the +HP state is stable over a wide
positive and negative stress range and shows a dependency that
is both non-monotonic and nonlinear. The theoretical data
points were fitted using empirical functions; we plot the
derivatives of these functions together with the numerical
derivatives of the theoretical data in Figure 2b for the +LP
state and in Figure 2c for the +HP state. The derivative of
P(T) is equivalent to the piezoelectric constant d according to
the relationship d = ∂P/∂T. The good match between the
calculated values and the values obtained from the empirical fit
of the calculated values supports the accuracy of the chosen fit
functions and reveals the presence of a highly strain-dependent
piezoelectric constant. For the +LP state, the piezoelectric
constant is negative and decreases in amplitude under positive
stress (Figure 2b). In contrast, the +HP state has a smaller
(and positive) piezoelectric constant which decreases from its
unstressed value if either positive or negative stress is applied.
If the positive stress is high enough (>1 GPa), the piezoelectric
constant of the +HP state becomes negative (Figure 2c). We
fit the theoretical data with empirical functions so that we can
match the theoretical curves to measured values of the
piezoelectric constant and derive values for the stress, strain,
and polarization.
We used spatially resolved PFM to measure the piezoelectric

constant. Steps toward quantification of d from PFM have
been reported using different approaches, including low-
frequency measurements far away from contact resonance
frequencies and the use of static sensitivity or background
removal,31 calibration on domain walls,32,33 specialized canti-
levers,34,35 and interferometric approaches that complement
PFM measurements on top electrodes.36−38 Other recent work
includes the modeling of the cantilever beam shape and the
introduction of a correction factor to compare cantilevers of
different stiffnesses for PFM performed near or at the contact
resonance frequency.39,40 It is not only important to quantify
the surface displacement but also to consider the non-
piezoelectric PFM contrast mechanism41 including cross-
talk,42,43 electrostatic forces between cantilever and sample,44

Joule heating,45,46 charge injection,47 and ionic motion.48

We performed PFM on a phase-separated sample containing
CIPS and the non-ferrielectric In4/3P2S6 (IPS) phase (Figure

3a). Separating the response from the CIPS and IPS areas
(Figure S2a,b) allowed us to use IPS as an internal reference to

estimate non-ferrielectric signal contributions such as electro-
statics. This procedure is warranted by the fact that the two
phases are not distinguishable in Kelvin probe force
microscopy after PFM imaging and that the non-hysteretic
bias-dependent contributions to measured PFM hysteresis
loops are identical for CIPS and IPS.3 We quantified the PFM
signal (pm/V) using cantilever contact dynamics as described
elsewhere.39 The values of d for +LP and −LP domains are
asymmetric and deviate from the theoretical prediction at zero
stress (Figure S2c).
Once the measured piezoelectric constant values were

quantified, each CIPS pixel in a 3 × 3 μm2 area was compared
to the theoretical curves of d(T). The corresponding value of T
was then used to calculate the polarization from the P(T)
dependency and in turn compared to the theoretical S(T)
curves to extract S (Figure S3). We calculated the lattice
constant and layer spacing from S using the knowledge of the
equilibrium lattice constants of the individual polar phases and
crystal symmetry of the LP and HP phases. Based on the
comparison between experimental and theoretical d values, we
found only unique solutions, that is, each d value can be
assigned unambiguously to one of the four polarization states
(Figure S4). We were able to assign the +LP and −LP
polarization states to the PFM image in Figure 3a. Depending
on the d value, the comparison between experimental and
theoretical values can yield more than one solution. In those
cases, extra conditions need to be applied, such as
minimization of overall stress or strain, elastically stored
energy, or c-lattice parameter variation. These options are not
discussed further here.
As a result of combining experiment and theory, we derived

local maps of stress, polarization, and strain with the help of
the empirical fit functions (Figure 3b−d). The polarization
shows positive and negative values corresponding to the +LP
and −LP polarization states at around ±5 μC/cm2 based on
the DFT calculations. This corresponds well with a measured
polarization of ±4.3 μC/cm2 on a stoichiometric CIPS sample
with macroscopic electrodes (Figure S5a,b). One observation
is that the strain and stress maps show different contrasts for
the two kinds of domains. The +LP domains evince stress/
strain values that are both low in magnitude and uniform in

Figure 3. (a) Map of piezoelectric constant obtained by PFM in a 3 ×
3 μm2 area. After comparison to theoretical curves, maps of (b) stress,
(c) polarization, and (d) strain can be derived.
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their distribution, whereas the −LP domains show larger values
for stress/strain together with a non-uniform texture. The
corresponding histograms are shown in Figure S5c,d,
respectively. This level of insight about local material
properties based on the comparison between experiment and
theory is very powerful because properties of polarization,
strain, and stress cannot be easily measured on such small
length scales. For example, polarization is normally obtained by
collecting current as a function of voltage measured on
micrometer-sized capacitors.
In order to verify the validity of the proposed method, we

extracted a map of the layer spacing dL by first constructing a c-
lattice parameter map from the strain map using the
theoretically calculated equilibrium c-lattice parameter of
13.09 Å for the LP phase. The layer spacing is defined as
the distance between the midplane of two adjacent layers,
equivalent to the sum of the thickness of one layer and one
vdW gap. The layer spacing dL is calculated according to dL =
0.5·c·sin(β) with β being the monoclinic angle, which is
assumed to be strain and stress independent. Here, we used β
= 99.1° as the theoretically calculated value, which is in good
agreement with experimental data published by Maisonneuve
et al. (note that they use a non-standard but equivalent setting
for the monoclinic unit cell).50 The corresponding layer
spacing for the theoretically calculated equilibrium c-lattice
parameter of 13.09 Å for the LP phase is 6.4626 Å. The layer
spacing map (Figure 4a) shows a bimodal distribution

representing the +LP and −LP domains (Figure 4b). The
+LP polarization state has a layer spacing of about 6.459 Å and
is represented by a sharp, narrow peak, further showing the
uniform strain state of this state. In contrast, the −LP
polarization state has a distribution around 6.463 Å that is (1)
quite wide and (2) skewed toward larger layer spacings.

The layer spacing map can be directly compared to
information obtained on the macroscopic scale from X-ray
data. As published by Susner et al.,49 the layer spacing of a
CIPS/IPS composite sample depends strongly on the Cu/In
ratio, which results in different strain and has been reported to
range between 6.5054 Å (for IPS) and 6.5146 Å (for fully
stoichiometric CIPS). Here, the layer spacing of CIPS along
the c-axis is strained due to the smaller layer spacing of the IPS
phase along the a-axis. The layer spacing dL shows a nearly
linear trend with Cu/In ratio (Figure 4c). It can be seen that
the experimental values are larger than shown in Figure 4a.
This is due to the fact that theoretically predicted c lattice
parameter of 13.09 Å is smaller than the experimentally
determined value of 13.187 Å (standardized crystallographic
data).50 Therefore, for comparison of combined SPM/theory
and X-ray data, we normalized the layer spacings by the
respective equilibrium layer spacing from experiment and
theory. More specifically, this is the layer spacing for the
unstrained case dL,relax, that is, Cu/In = 1 from experiment and
T = 0 GPa from theory (Figure 4d). The theoretical and
experimental values used for the normalization are therefore
6.4626 and 6.5146 Å, respectively. Based on Figure 4a, we can
estimate the composition of the CIPS and IPS phases to be
53.6 and 46.4%, respectively. Taking the chemical composition
of CIPS and IPS into account, we can estimate a Cu/In ratio of
0.46 for the area shown in Figure 4a, which is higher than the
nominal ratio of 0.33. From Figure 4c, we can estimate a
normalized layer spacing from the X-ray data for the ratio of
0.46 to be 0.9992, which matches the layer spacing distribution
of the +LP domain as shown in Figure 4d. Therefore, we can
conclude that the +LP domain with uniform stress distribution
matches the expected layer spacing from bulk X-ray measure-
ments, which further confirms the validity of our theoretical
description and experimental approach. The c lattice parameter
of the −LP domains are larger and match the bulk value from
X-ray for a Cu/In ratio of 1. This suggests that this particular
polarization orientation is relaxed and less strained by the
presence of the IPS. As there is little evidence of a bimodal
distribution of layer spacing in the X-ray data, we propose that
the relaxed domains only exist at the sample surface.
The asymmetry in strain relaxation at the surface can be

further explained by performing structural DFT relaxations on
an 8-layer CIPS stack with uniform polarization direction so
that the top surface represents a −LP domain, while the
bottom surface represents a +LP domain (Figure 5a). We find
that both CIPS surfaces induce expansion of the layer spacing
as defined by the In−In distance, but the strain relaxation is
asymmetric (Figure 5b). The −LP surface has a stronger
driving force to expand which is consistent with our
observation of a relaxed −LP domain. One reason for this
asymmetry is the inherent difference in the Cu atom positions
relative to the two surfaces and the strongly asymmetric
relaxation of the surface-layer Cu atoms, which undergo a large
shift toward the center of the layer on the bottom surface
(Figure 5c). Note that the theoretical calculation is simulating
an unstrained CIPS phase, whereas the experimental data was
obtained on a strained sample with different bulk layer spacing.
Therefore, when comparing Figures 4d and 5b, the bulk layer
spacing is the reference point. In that case, both experiment
and theory show that the −LP domain relaxes above its bulk
value which is for a Cu/In ratio of 0.46 in the experimental
data.

Figure 4. (a) Map of local layer spacing of the layered CIPS sample
extracted from SPM strain maps and the equilibrium c-lattice
parameter of 13.09 Å in a 3 × 3 μm2 area and (b) corresponding
histogram. (c) Layer spacing extracted from X-ray data as a function
of Cu/In ratio in absolute and relative units as published by Susner et
al.49 (d) Histogram of measured layer spacing by SPM in relative
units in comparison to X-ray values measured for a Cu/In ratios of 1
and 0.46. The relative layer spacing refers to the unstrained fully
stoichiometric CIPS phase with a layer spacing of dL,relax.
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We note that local changes in piezoelectric constant
measured by PFM and derivation from theoretically predicted
values can also be due to non-strain-related phenomena such
as (i) tip wear, (ii) locally varying mechanical clamping under
the SPM tip, (iii) differently oriented domains in the probed
volume, (iv) changes in cantilever mode shapes based on
variations of local tip−sample contact stiffness, and (v) the
presence of unwanted signal contributions such as electro-
statics and local variations thereof. We expect that (i−iii)
would affect +LP and −LP domains the same way and (iv) as
well as (v) were tested for according to published
procedures.44,51,52 Moreover, for more complex materials, the
effectively measured piezoelectric coefficient could contain
contributions from other tensor elements.53−55 In this case,
precise sample alignment is important and the measured
response may need additional theoretical processing to
reconstruct the specific piezoelectric tensor elements from
the response surface. In addition, samples with non-zero
Poisson’s ratio would be subject to additional mechanical
clamping under the biased PFM tip, which needs to be
considered before measured values can be compared with
theoretical predictions.56

3. CONCLUSIONS
CuInP2S6 is a very attractive layered ferrielectric featuring a
novel quadruple-well potential with four possible non-zero
polarization states enabled through the vdW gap and the
existence of two polar phases. The theoretical predictions of
the stress dependence of strain and polarization have allowed
us to derive functions describing mechanical and piezoelectric
properties that can be compared with experimental data. The
combination of theory and quantitative PFM allows for a direct
verification of local polarization states, maps of strain and
stress, as well as the c lattice parameter and layer spacing.
These results indicate that we enhance the information content

of a single PFM image manyfold. The properties can be
mapped with lateral resolution of 10s of nm, which allows for
insights into material properties on length scales not otherwise
easily accessible in a non-destructive way. We verified our
findings by comparing with X-ray measurements and
discovered that surface domains can relax to a zero-stress
state. The procedures we followed open a direct window into
the functionality of a complex material and, specifically for
CIPS, will enable establishing control over its four polarization
states that is crucial to realize new functionalities.

4. METHODS SECTION
4.1. Synthesis. Crystals of heterostructured CuInP2S6/In4/3P2S6

(overall composition Cu0.4In1.2P2S6) were fabricated using standard
vapor transport technique at 775 °C starting with pure (A.A.
Puratronic) Cu, S, P, and In2S3, the latter of which was synthesized
first to reduce the presence of parasitic phases in the final compound.
A detailed description of the CIPS synthesis can be found elsewhere.1

Measurements were performed on crystals of several μm thickness,
and the non-ferroelectric, vacancy-ordered In4/3P2S6 (IPS) phase
which forms through phase separation of the non-stoichiometric
sample49 was used as the reference point.

4.2. DFT Calculations. The calculations were performed in the
same manner as in ref 8, using the ABINIT computer code and norm-
conserving pseudopotentials. Here, we summarize the relevant details.
The theoretical stress versus strain and polarizations were calculated
using the ABINIT v8.2.3 package.57 Exchange−correlation effects
were treated within the Perdew−Burke−Ernzerhof generalized
gradient approximation58 with the long-range vdW interaction treated
by the DFT-D3 (Becke−Johnson) method.59,60 The core−valence
electron interactions were modeled by norm-conserving optimized
pseudo-potentials61 generated with OPIUM (http://opium.
sourceforge.net) and refined via the designed nonlocal method-
ology.62 A 680 eV plane-wave basis-set cutoff energy was used, and
the Brillouin zone was sampled using a 4 × 4×4 Monkhorst−Pack
grid.63 To ensure the numerical accuracy of the stress and polarization
values, the energy convergence threshold was <5 × 10−7 eV per unit
cell and atomic forces were optimized to be <5 × 10−4 eV Å−1. The 8-
layer surface slab structural relaxation was performed using the Vienna
Ab Initio Simulation Package (VASP).64 The as-supplied PAW
potentials65 were used with a 400 eV plane-wave basis-set cutoff
energy and the Brillouin zone sampled at the Γ-point. The same
treatment of the exchange−correlation and vdW interaction were
used. Forces for the slab were optimized to be less than 0.02 eV Å−1.

4.3. Piezoresponse Force Microscopy. The experiments were
performed on a Bruker Icon atomic force microscope in an Ar-filled
glovebox. The water and oxygen content in the glove box were below
0.1 ppm. All samples were cleaved inside the protective environment
before the measurement. PFM was performed with Pt-coated
Budgetsensor ElectriMulti75-G probes (nominal free resonance
frequency at 75 kHz; nominal force constant is 3 N/m). PFM was
performed using the band excitation technique66 which measures the
contact resonance peaks that were fitted using a simple harmonic
oscillator model to extract PFM amplitude and phase. An image of
256 × 256 pixels was collected over an area of 3 × 3 μm2. The
acquisition time was ∼6 min. The response amplitude was calibrated
using standard procedures involving cantilever sensitivity.52 After
accounting for the instrumental phase offset, the so-called mixed
signal was calculated using the product of amplitude and cos(phase).
As the sample has a non-piezoelectric IPS phase, the signal on that
phase was used as an offset for electrostatic signal contributions.
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Figure 5. (a) Structural relaxation of an 8-layer thick unstrained CIPS
stack with uniform polarization pointing downward modeled with
DFT. The top surface represent a −LP domain, whereas the bottom
surface represents a +LP domain. (b) Layer spacing and (c) Cu
position after relaxation in comparison to bulk values.
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