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The interest in ferroelectric van der Waals crystals arises from the potential to realize ultrathin ferroic
systems owing to the reduced surface energy of these materials and the layered structure that allows for
exfoliation. Here, we quantitatively unravel giant negative electrostriction of van der Waals layered copper
indium thiophosphate (CIPS), which exhibits an electrostrictive coefficient Q33 as high as —3.2m*/C? and a
resulting bulk piezoelectric coefficient d3; up to —85 pm/V. As a result, the electromechanical response of
CIPS is comparable in magnitude to established perovskite ferroelectrics despite possessing a much smaller
spontaneous polarization of only a few uC/cm?. In the paraelectric state, readily accessible owing to low
transition temperatures, CIPS exhibits large dielectric tunability, similar to widely used barium strontium
titanate, and as a result both giant and continuously tunable electromechanical response. The persistence of
electrostrictive and tunable responses in the paraelectric state indicates that even few-layer films or nanoparticles
will sustain significant electromechanical functionality, offsetting the inevitable suppression of ferroelectric
properties in the nanoscale limit. These findings can likely be extended to other ferroelectric transition metal
thiophosphates and (quasi-) two-dimensional materials, and might facilitate the quest toward alternative ultrathin

functional devices incorporating electromechanical response.

DOI: 10.1103/PhysRevMaterials.3.024401

I. INTRODUCTION

Ferroelectrics can significantly enrich the functionality of
two-dimensional (2D) electronic materials, as already evi-
denced in dozens of reports on graphene-ferroelectric hy-
brids, nonvolatile memory, and optoelectronic devices [1-5].
However, integration of conventional perovskite oxide ferro-
electrics and 2D materials has not been straightforward due to
numerous extrinsic or intrinsic compensating mechanisms in
the form of electrochemical reactions, surface reconstructions,
or vacancy centers that occur to screen spontaneous polariza-
tion [6,7]. A lot of the relevant work centered on ferroelectric
polymer polyvinylidene fluoride (PVDF) [1,8,9], which is
more resistant to defects and provides the most examples of
successful integration of ferroelectrics and 2D materials. It
is, however, evident that the polymer matrix is not directly
compatible with van der Waals heterostructures, necessitating
the search for new ferroic materials that could couple to 2D
materials via native van der Waals interfaces.
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Recently, several reports have pointed to the possibility
of transition metal thiophosphates, and particularly CulnP,S¢
(CIPS) incorporating copper ions in a stereoactive low-
oxidation state, as a candidate material to fulfill the role
of 2D and quasi-2D ferroelectrics in the defect-free limit
[10-14]. In van der Waals layered thiophosphate compounds,
the surfaces are stable and relatively inert due to the lack
of dangling bonds. At the same time, thiophosphates exhibit
well-defined long-range order that is difficult to achieve in
polymers. Moreover, CIPS appears to be quite resistant to in-
tentional off-stoichiometry, instead undergoing phase separa-
tion into nearly pure phases of ferroelectric CulnP,S¢ (CIPS)
and dielectric Ing/3P,S¢ (IPS) [10,14]. However, one of the
challenges of thiophosphate materials is their small intrinsic
polarization (e.g., ~3.5 1C/cm? for CulnP,Sg at 153 K [15]),
which is a general characteristic property of order-disorder
ferroelectrics. It is unlikely that the polarization itself can
be dramatically increased and it is certainly going to be
diminished in ultrathin films due to intrinsic size effects [12].
Instead, here we explore the electromechanical and dielectric
responses of CIPS which, as it turns out, are not impeded and,
in some ways, are enabled by small polarization value.

©2019 American Physical Society
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FIG. 1. (a) Temperature dependence of lattice constants a, b, and c. Temperature dependence of (b) dielectric permittivity and (c)
spontaneous polarization at atmospheric pressure (o; = 0). Symbols are experimental results, while curves represent fitting. Fitting parameters:
ag = 6.1245 A, by = 10.598 A, and ¢y = 13.290 A; a; = 1.01 x 10K, a, = 0.78 x 10 K~!, and a3 = 0.12 x 105K,

Specifically, we demonstrate and quantify a surprisingly
large and negative electrostriction of bulk CIPS crystals of
several um thickness. Negative electrostriction in CulnP,S¢
was previously suggested in the work of Liu et al. (see supple-
mentary information of Ref. [13]) based on the observation
of local switching loops in piezoresponse force microscopy
(PFM) measurements. Here we provide independent evidence
of negative electrostriction from three different sources, PFM,
x-ray diffraction, and first-principles calculations, which
largely rules out most experimental artifacts that can mask
electromechanical response at the nanoscale. We reveal that
the magnitude of electrostriction is roughly 100-fold larger
than in well-established perovskite ferroelectrics, such as
lead zirconate titanate (PZT), which makes the net electrome-
chanical response of CIPS comparable to these materials and
practically useful, despite its low polarization. Finally,
we demonstrate that the effect of negative electrostriction
persists in the paraelectric state above the Curie temperature,
producing dielectric tunability in the paraelectric state
comparable to barium strontium titanate (BST) [16], at least
at low frequencies. Given the persistence above T, we posit
that the large electromechanical response will be resistant
to size effects. At the same time, negative electrostriction is
equivalent to increase of polarization with applied pressure.
Both of these properties point to additional opportunities for
2D and quasi-2D ferroelectric devices and should inspire
evaluation of electromechanical properties in van der Waals
ferroelectric crystals, including but not limited to the broad
thiophosphate family.

II. RESULTS AND DISCUSSION

Negative electrostriction in CulnP,S¢ can be inferred di-
rectly from the change of the geometry of the unit cell

across the ferroelectric transition [Fig. 1(a)]. As first noted
by Maisonneuve et al. [15] and more recently confirmed by
Susner et al. [10], the unit cell compresses upon transition
into the ferroelectric state, which is opposite to most known
ferroelectrics with the notable exception of PVDEF. The strain
(8i;) associated with spontaneous polarization is described
by the fundamental relation S;; = Q;juP;P; (in Einstein
notation) [16—18], where S, @, P—correspond to strain,
electrostriction, and polarization components, respectively.
The increase of polarization from paraelectric to ferroelec-
tric states, coupled with compression of the lattice (negative
strain) then requires the electrostrictive coefficient to be neg-
ative. To quantify the electrostrictive tensor (J, we analyzed
the experimental temperature dependence of the dielectric
permittivity as reported by Guranich ez al. [19] [Fig. 1(b)] and
spontaneous polarization [Fig. 1(c)] by Maisonneuve et al.
[15] in bulk crystals of several um to mm thickness with
Landau-Ginzburg-Devonshire (LGD) potential. Upon mini-
mization of the free energy F,
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Here, P; and Ej5 are the polarization and electric field z
components (z coincides with the crystallographic direction
¢); Q13, 023, and Q33 denote relevant components of the elec-
trostrictive tensor; and o1, 0,, and o3 are the stress tensor com-
ponent in Voigt notation. We suppose that only the first coeffi-
cient o depends on temperature T as o = (T — Tp) /(g0Ccw),
while 8 and y are temperature independent. Experimental
and fitting results for temperature dependency of dielectric
permittivity and polarization are shown in the Supplemental
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TABLE I. Material parameters for bulk ferroelectric CIPS.*

Coefficient Value

€33 (high T limit) 7

Cew (K) 0.72 x 10*
ar[mJ/(KC?)] 1.569 x 107

Tc (K) 292

B(m>J/C*) —1.8 x 102

y(m®J/C®) 2.2 x 101

Qj3(m4/C2) Oiz=-11;0,3=-0.7,033 =-3.2
dsj (pm/V) dy; = —29;d3 = —19;ds3 = —85;

&ij g11 = 10; £33 = 59 (at 293 K)
Py (uC/cm?) 2.6 (at 293 K)

“The geometry of the dielectric measurements under applied pressure
was not specified in Guranich et al. [19], so that the effective coupling
could not be related to Cartesian components of tensor Q;;.

Material, Figs. S1(a) and S1(b), respectively [20]. The values
of T¢, the Curie-Weiss constant Ccw, and nonlinear coeffi-
cients B and y extracted from fitting to experimental data are
summarized in Table 1.

The electrostriction coefficients Q3, O3, and Q33 were
then extracted from the measured temperature dependences of
lattice constants a, b, and ¢ [Fig. 1(a)], obtained through pre-
vious synchrotron diffraction experiments using the following
relations:

a = ap[l + ai(T — 600)](1 + 013 P5), (2a)
b = bo[1 + ax(T — 600)](1 + Q23 P5), (2b)
¢ = coll +a3(T — 600)](1 + Q33 P5). (2¢)

Here, agy, by, and ¢ are lattice constants at 600 K while a;,
by, and c; are linear thermal expansion coefficients for the
paraelectric phase. Using the above-mentioned electrostric-
tion coefficients, as well as the measured value of permittivity
and spontaneous polarization, the piezoelectric strain coeffi-
cients d3; were estimated as d3; = 2&0¢33Q j3 P5 (see Eq. (S1)
in the Supplemental Material [20]).

The resulting electrostrictive  coefficient Q33 =
—3.2m*/C? is two orders of magnitude higher than reported
for PZT, even exceeding the Q33 = —1.3 to —2.4m*/C?
reported for PVDF [18,21]. The piezoelectric coefficients of
d31 = -29pm/V, ds = —19pm/V, and dsz3 = —85pm/V
are almost threefold larger than the values for PVDF of
dy3; = =38 pm/V or ds3 = —35pm/V, d3; = 28 pm/V and
dy, = 4pm/V [18,22]. Fitting the c lattice constant upon
assuming temperature dependence of Q yields even higher
Q33 values of —4.2m*/C? and —4.4m*/C? for linear and
more complex dependence, respectively, which we added to
the Supplemental Material, Fig. S1 [20].

Although the detailed atomistic mechanism for large neg-
ative electrostriction remains to be understood, we draw ba-
sic parallels to Ising-type analysis of electrostriction in re-
laxor ferroelectrics [23]. Specifically, for hydrostatic pressure
[23-25],

1ch/dPh
2 80CCW ’

On = 3

where Q) is the hydrostatic electrostrictive coefficient, and
p the applied pressure. Using the data from Guranich et al.
[19], dT./dpy = 2.1 x 1077 K/Pa. As a result, we obtain
Q) = —1.65m*/C?, which closely compares to specific elec-
trostrictive coefficients in Table I, and is yet again up to two
orders of magnitude larger than similar values for perovskite
ferroelectrics [23]. Compared to perovskite ferroelectrics, the
large electrostrictive coefficient is a joint product of both
comparably large and positive pressure dependence of the
Curie temperature, as well as the order of magnitude smaller
Curie-Weiss constant of CIPS.

To probe the effects of negative electrostriction on the
electromechanical response, we applied quantitative piezore-
sponse force microscopy (PFM) and voltage spectroscopy
[26,27] that measures deformation of the surface in applied
electric fields (D,.). We chose a several-pum-thick composite
crystal where CIPS is interspersed with a nonpiezoelectric
IPS phase [14]. The presence of the nonferroelectric phase
has provided an unambiguous reference for the observed
response below and above the ferroelectric Curie temperature
Tc, enabling the observation of intrinsic electromechanical
behavior of the CIPS phase.

Figure 2(a) shows images of AFM topography and PFM
response [Agcos(¢)—with Ay and ¢ being amplitude and
phase of the surface deformation, respectively] of the freshly
cleaved surface of a crystal containing CIPS and IPS phases.
The IPS phase is identified by a negligible PFM signal,
whereas CIPS areas reveal strong piezoresponse and clear
changes of phase (¢) by approximately 180° corresponding
to two different domains.

Negative electrostriction manifests directly in the hys-
teresis of the measured D,. as a function of applied po-
tential on the tip that causes local polarization switching,
i.e., the shape of the local ferroelectric hysteresis loops
[27,28].

As shown in Fig. 2(b), the hysteresis obtained from the
CIPS phase is qualitatively a “mirror image” of the hysteresis
on PZT, in that the electromechanical responses D,. (e.g.,
maximum measured D,. values for specific bias polarity) are
of opposite sign between the two materials. In a physical
picture, this discrepancy indicates that CIPS contracts in the
electric field rather than expanding as in the PZT, which is
again a consequence of negative electrostriction.

Qualitatively similar PFM hysteresis loops on CIPS have
previously been reported [13], likewise being cited as ev-
idence of negative electrostriction. We note, however, one
important caveat of negative electrostrictive response. Given
negative electrostriction, piezoelectric contraction becomes
indistinguishable from contraction of the junction under elec-
trostatic forces, which can be particularly strong for local
measurements on any dielectric surface [27,29].

Electromechanical and electrostatic contributions can be
separated from systematic comparison of CIPS and PZT
to nonferroelectric IPS and a-HfO, in Fig. 2(b). IPS is a
linear dielectric and reveals a purely electrostatic response.
In contrast to CIPS, the response of IPS has negligible hys-
teresis in field (on-field D,., blue curve, circle data points)
and negligible magnitude off field (remanent D,., orange
curve, square data points). The IPS response is therefore most
consistent with electrostatic forces acting on the tip and the
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FIG. 2. (a) AFM topography and PFM images of CIPS (positive and negative PFM response) and IPS (nearly zero response) of the
two-phase crystal. (b) Off-field and on-field D, loops obtained on CIPS, IPS, PZT, and a-HfO,.

IPS phase shows nearly zero off-field converse piezoelectric
response [14].

The response of HfO; is likewise electrostatic, but it is also
hysteretic because of charge injection into the oxide [27,29].
The magnitude of on-field and off-field responses is similar
for IPS and a-HfO,, whereas the maximum signal from CIPS
and PZT is up to two times (on-field) and up to 20 times
(off-field) larger than that of IPS and a-HfO,.

When comparing on-field response shapes, CIPS is most
similar to the characteristics of a-HfO,, but there is a key
qualitative difference. The loop orientations for the rema-
nent response of a-HfO, and CIPS are opposite [Fig. 2(b)],
which unambiguously differentiates between electromechan-
ical hysteresis from negative electrostriction and electrostatic
signal contribution accompanied by charge injection. The
electrostatic contribution from the CIPS on-field response
can then be straightforwardly eliminated by subtracting the
IPS on-field D,. signals from those of CIPS, as is shown
in the Supplemental Material, Fig. S2 [20]. After this sub-
traction, we end up with remanent D,. of ~—14pm/V. It
shall be noted single-phase CIPS, more relevant to practical
applications, exhibits very similar piezoelectric properties to
CIPS/IPS mixed phase crystals.

The remanent response of CIPS is therefore N% of that of
PZT [at zero bias, Fig. 2(b)]. Because the measured D,. is
proportional to longitudinal components of the piezoresponse
(primarily ds3 = 2Q33Ps3€33€p), while the polarization P of
CIPS is only ~4 uC/cm? [15,30] (in comparison to PZT thin
films of P ~ 50—75 uC /cmz) [31], the observed large D, is

only feasible if the relevant components of the electrostrictive
tensor Q;jx are indeed much larger than in PZT. In fact,
assuming €33 from Table I, Q33 would have to be at least
~20-fold larger, coarsely agreeing with the estimates from
x-ray diffraction. Yet we did not observe D, of
~—100pm/V, which has been inferred from x-ray diffraction
above. One possible explanation for the discrepancy is that
PFM probes subsurface volume, subject to depolarization and
surface effects, and possibly a Schottky barrier, where both &
and P are lower compared to the bulk. Moreover, mechanical
clamping effects are expected to significantly reduce the
measured response.

To ascertain the properties of local polarization CIPS in
applied field, the measurements were repeated above the
phase transition temperature of CIPS, around 40°C-70°C
depending on specific composition [14]; PFM images ob-
tained at 100 °C show negligible D,. (see the Supplemental
Material, Fig. S3 [20]), except for weak topographic cross
talk [32]. In voltage spectroscopy, the off-field response
is close to zero for CIPS and IPS, corroborating loss of
remanent polarization in CIPS (see the Supplemental Ma-
terial, Fig. S4 [20]). The curvature of the CIPS on-field
loop, however, shows a distinctive sigmoidal shape, as shown
in Fig. 3(a).

From our earlier studies on paraelectric Ba;_,Sr, TiO3
(BST) [16], this behavior can be traced to the dielectric
nonlinearity and, hence, to the dependence of the dielectric
constant &, on the applied electric field. Here again, we need
to separate electrostatic response, which, as evident from the

024401-4
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FIG. 3. Fitted on-field response D, separated into electrostatic and electrostrictive contributions for (a) CIPS at 100°C and (b) BST at

room temperature. (b) Resulting inverse tunability for BST and CIPS.

IPS on-field loops (see Supplemental Material, Fig. S4 [20])
strongly contributes to the measured signal. The CIPS on-field
response measured from +8 to —8 V was separated into
electrostrictive and electrostatic contributions by fitting to the
model of Tselev ef al. [16] (see Eq. (S2) in the Supplemental
Material [20]). The resulting decoupled electrostrictive and
electrostatic responses are shown in Fig. 3(a). For compari-
son, voltage spectroscopy using the same settings as for the
CIPS was conducted on a polycrystalline BST film at room
temperature [Fig. 3(b)]. The negative electrostriction of CIPS
is again manifested by the opposite sign of the electrostric-
tive response observed on CIPS and BST. Meanwhile, the
electrostatic contributions are independent from electrostric-
tion and show the same behavior for both materials. The
derived inverse tunability, defined as 71 = i (g)), is plotted
as a function of Vg for CIPS and BST in Fig. 3(c) (full
equation in Eq. (S3) [20]). From the bell-shaped curves, the
degree of tunability can be inferred, which increases with

decreasing width of the curve. Tunability of CIPS and BST
are very comparable, although these measurements need to be
extended to high frequencies, where the relevant performance
of tunable devices is desired.

Finally, we probed the dependence of spontaneous polar-
ization on strain with first-principles calculations as described
in the Supplemental Material [20]. The calculations, likewise,
confirm the negative sign of the piezoelectric coefficient, by
observing that the spontaneous polarization decreases with
tensile strain along the direction normal to the basal plane
[33]. The atomistic mechanism behind this effect remains
to be understood. However, we do note that we expect the
electromechanical response of CIPS to be quite strongly tem-
perature dependent, as shown in Fig. 4. This is primarily due
to appreciably strong temperature dependence of the dielectric
constant and proximity of the phase transition to room tem-
perature. Temperature dependence of piezoelectric properties
may or may not be beneficial for specific applications.

(a) (b) (c)
<100 ‘8
o 0] -d3, j\g-z 0 2’200
8 10 “Gas €30 £
S = S @ 50
= 5 0 2.
g 'd32 E -35 g

(] -
° 2 o g 20
Q 5-4.0 o)
o 1 2 8 10
o

0 50 100 150 200 250 300 0 50 100150200 250 300 0 100 200 300 400
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Temperature (K)

Temperature (K)

FIG. 4. The temperature dependence of piezoelectric coefficients was obtained using the LGD approach as outlined in Eq. (S4) in the
Supplemental Material [20]. (a) Temperature dependence of piezoelectric coefficients calculated from Eq. (S4) [20] using the experimental
data under supposition, Qs = Q»s = Q35 = 0. (b) Temperature dependence of electrostriction coefficient Q33 used for calculations of (a).

(c) Temperature dependence of dielectric permittivity €33 calculated from equation €33 = &5, +

1
D@ for parameters from Table SII

in the Supplemental Material [20], polarization interpolation shown in the Supplemental Material, Fig. S5 [20], and background permittivity
&, = 7. The sharp temperature dependence of the piezoelectric coefficient ds; shown in plot (a) is defined by the additional linear temperature

dependence of Q33 shown in plot (b).
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III. CONCLUSIONS AND OUTLOOK

We quantitatively analyze giant negative electrostriction
in van der Waals layered ferroelectric CIPS, leading to an
electromechanical response comparable to traditional fer-
roelectric oxides despite its small polarization. Above the
ferroelectric Curie point, the strong negative electrostrictive
response persists, which combined with dielectric tunability
in the paraelectric state may lead to alternative applications
in complex electronic circuits and memory elements [16].
This result is also important for electroactivity of ultrathin
flakes and possibly a single layer of this compound, where
polarization is likely to be suppressed or perhaps the flake
becomes paraelectric [12,13]. The simplest nanoscale devices
that can be envisioned based on giant electrostriction are
nanoscale tunneling memory elements, whose memory state
is read out based on mechanical deformation of the tunneling
gap, and temperature sensors based on similar principles.
Large negative electrostriction may itself be promising for
potential applications such as negative capacitors [34,35].
Finally, the joint action of negative electrostrictive coupling,
Vegard strains, and surface tension should lead to nontrivial
manifestations of finite size effects in CIPS nanoparticles
(e.g., of quasispherical shape), such as persistence and pos-
sibly increase of polarization in ultrasmall nanoparticles with
radii less than 5 nm, as well as possible reentrance of the
ferroelectric phase at the nanoscale [36,37].

IV. EXPERIMENT

The CIPS-IPS heterostructured sample was prepared by
first synthesizing In,S; as a precursor and then following
the reaction scheme (1 — x)Cu + ]-;% In;S; + (4.5 - 3)S +
2P — Cul_XInH%PzSG at 750°-775°C for 96 h. Samples
were cooled to room temperature at a rate of 20 °C/h from the
reaction temperature. All starting materials were high-purity
elements (A.A. 99.999+%). Single crystals measuring ~3 x
3 x 0.5mm> were characterized via x-ray diffraction. The
data representing the evolution of the lattice parameters with
temperature were collected via synchrotron x-ray diffraction
at the 11-ID-C beamline of the Advanced Photon Source at
Argonne National Laboratory. Full experimental details can
be found in Susner et al. [10].

PFM and band excitation PFM spectroscopy (BEPS) mea-
surements were conducted on a flake-shaped CIPS-IPS sam-
ple of several um thickness mounted on a copper circuit board
with conductive silver paint. The sample was cleaved before
experiments in ambient conditions and Ar environment. The
a-HfO, film of 10 nm thickness shown for comparison is
described in detail in Balke et al. [27]. The thickness of
the PZT (40/60) film is ~75 nm. The BST film of nominal
composition Bag ¢Srp 4TiO3 is 50 nm in thickness.

An environmental Cypher AFM (Asylum Research)
equipped with a temperature stage and ElectriMulti75-G Bud-
getsensor probes (nominal force constant = 3 N/m, nominal
resonance frequency = 75kHz) were used for studies on
CIPS/IPS and PZT. An Icon AFM (Bruker) in an Ar-filled
glove box was used for studies on a-HfO, film using a PPP-

EFM Nanosensor probe (nominal force constant = 2.8 N/m,
nominal resonance frequency = 75 kHz).

In PFM scans, a voltage of 0.5 V,. amplitude at a single
frequency near contact resonance was applied as excitation
signal. PFM voltage spectroscopy was performed using Na-
tional Instrument data acquisition hardware interfaced with
LABVIEW software. The specific PFM spectroscopy modes
applied were band excitation contact Kelvin probe force
microscopy (cKPFM) [27] and band excitation PFM spec-
troscopy (BEPS) [38]. All shown response loops were ei-
ther obtained using BEPS (Fig. 2(b): PZT] or correspond-
ing cKPFM data extracted at the 0 V read step [Fig. 2(b):
CIPS/IPS/a-HfO,; Fig. SI2, Figs. 3(a) and 3(b); Fig. SI3
[20]). The loops shown were averaged over the whole voltage
spectroscopy grid for PZT whereas responses obtained from
the whole CIPS phase and IPS areas were separated using
multivariate statistical approaches [Fig. 2(b)] and the electro-
static slope (Figs. 2 and 3) for masking. Response loops for
a-HfO, shown in Fig. 2(b) were extracted from a single pixel.
The PFM phase data were corrected for offsets. The can-
tilever sensitivity in pm/V was inferred from force-distance
curves and used to calculate the measured PFM response from
V to pm.
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Fitting the temperature dependence of the lattice constant ¢ upon allowing Q33 to be temperature dependent

yields the following results:
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Figure S1: Temperature dependence of lattice constant c. Symbols are experimental results, while curves

represent our fitting. (a) Parameters of the fitting: ¢,= 13.289 A and a,= 1.45 10 K! with resulting Qs3
= -1.592- 0.009xT C*m* from equation ¢ =c, (l +a, (T - 600))(1 + Q33]332 ) (b) Supposing a more

sophisticated temperature dependence ¢ = {13.08 55+0.1395 COth(S;)“OD(I +Q,, P ) A with Qz3=-4.4

C-Z ‘Il’l4

The temperature dependence of the piezoelectric coefficients was obtained with a LGD approach using the
mentioned electrostriction coefficients as well as experimentally measured value of susceptibility y; and

spontaneous polarization P;. We could estimate the piezoelectric strain coefficients dj; via the following

relations:

d3y = 260P5 (Q13 X33 + Q15 X13), A3z = 260P5 (Q23 X33 + Q25 X13)»

d33 = 260P5 (Q33 X33 + Q35 X13), d15s = 2€0P3 (Qss 11 + Qs3 X13), d2a = 260P3 Qa4 X22 (S1)



However, only three coefficients could be deduced from the lattice constants temperature dependences.
Moreover, as it is seen from Eq. (3), there are mixed type components of electrostriction (shear — dilatational

strains), which makes it difficult to relate unambiguously piezoelectric coefficients and components of
electrostriction tensor. Note that non-zero values of Q,., O, etc. are the consequence of the low symmetry

of media (2/m point group of paraelectric phase of CIPS).

To assess electrostatic contributions, IPS on-field response was subtracted from CIPS on-field response.
Figure SI1 shows on-field IPS and CIPS loops (left) as well as resulting CIPS minus IPS in-field response,

which compares well to CIPS off-field response (right).
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Figure S2: On-field IPS and CIPS response (left), calculated on-field CIPS — IPS loop and CIPS off-field

response (right).

At 100°C, which is well above the phase transition temperature, loss of spontaneous polarization is observed
in PFM amplitude and phase images (Figure SI12). Correspondingly, voltage spectroscopy off-field response
is close to zero for CIPS and IPS (Figure SI13). While on-field data for IPS is a linear function of V.

indicating electrostatic signal origin, CIPS on-field response shows a sigmoidal curvature.
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Figure S3: PFM amplitude and phase images at 100°C of a region containing both CIPS and IPS phases
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Figure S4: On- and off-field Dg. vs. Vi measured on CIPS and IPS phases at 100°C.

The following equation was used for fitting electrostrictive and electrostatic response:

2 2
( }1+y 2y, 249V, )3—( }1+y2 Vlz—yvl))3
+ BV, (82)
}1+y2V12

Dgc (Vdc) =K

where Dgc(Vi) is the measured electromechanical response, y the tunability parameter [1/V], K the
electrostriction proportionality factor [m], V; the applied Va. corrected by the electrostriction voltage offset

(Vi="Va— Vo) [ V], p the electrostatic slope [m/V] and V> the applied V. corrected by electrostatic voltage

offset (V> = Vac — Vo) [V]. The inverse tunability % was obtained using the following equation:



1 _ e(WVao) 1

= = 273 (S3)

n &0 " 23 "
1+y2 V% +yWy +| [1+y2V i —yVy -1

The DFT relaxation calculations in this study used the VASP V.5.3.5 computational package.! carried out
under the Perdew-Burke-Ehrenhof generalized gradient approximation (GGA). We also used the DFT-D2
Van Der Waals exchange-correlation functional as developed by Grimme." The polarization calculations
in this study used the Berry phase method found in ABINIT V.8.2.3. CIPS is a monoclinic structure (space
group = Cc) consisting of 4-formula units per unit cell with cell parameters a = 6.096 A, b=10.565 A, ¢ =
13.187 A, and B = 99.12 degrees. Figure SI4 shows relaxed structure in which the Cu atoms are into the S-

atom layer.
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Figure S5: a.) The calculated structure for CIPS. The Cu atoms are clearly offset into the S-plane. (Blue
circles represent Cu atoms; yellow, S; large pink, In; and small purple, P.) b.) Polarization as a function of

strain. The red dotted line represents the best fit through the end points and, as is shown, overlaps the



calculated polarization data.- [All structural images in this paper are made with the VESTA software

package.]™

The e; coefficient which has units of displacement C/m? (this the so-called proper piezoelectric coefficient)

according to the following relation:
E
aD;
e = (a_s]) (S4)

In this case the negative sign implies that polarization will reduce upon stretching the material, and

conversely increase upon compression.
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