Vibrational properties of CulnP,S4 across the ferroelectric transition
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In order to explore the properties of a two-sublattice ferroelectric, we measured the infrared and
Raman scattering response of CulnP2Sg across the ferroelectric and structural phase transitions
and compared our findings to a symmetry analysis and calculations of phase stability and lattice
dynamics. In addition to uncovering a large hysteresis region surrounding the ferroelectric transition
temperature Tc, we identify the vibrational modes that stabilize the polar phase and confirm the
presence of two domains corresponding to “up” and “down” polarizations. Below Tc, a poorly
understood structural phase transition at Ts is characterized by more subtle peak splitting and
shifting in the low frequency out-of-plane Cu- and In-containing modes, another large hysteresis
region, and significant underlying scattering. Combined with imaging of the room temperature
phase separation, this effort lays the groundwork for studying CulnP2S¢ under external stimuli and

in the ultra-thin limit.

INTRODUCTION

The past decade has witnessed exceptional progress in
revealing the potential and inner workings of complex
chalcogenides, especially those belonging to the metal
phosphorous trisulfide family (MPSs, with M = Mn,
Fe, Ni) [1-3]. Exciting properties under external stim-
uli include sliding, metallicity, piezochromism, and su-
perconductivity under pressure [4-7], reentrant phases in
high magnetic fields [8-11], tunable band gaps [12], and
strongly anisotropic thermal conductivity [13]. These
systems can also be exfoliated into few- and single-layer
sheets that host novel magnetic excitations and states
as well as symmetry breaking [14-23]. While sim-
ple metal site substitution is well-studied in the MPS3
series, bimetallic substitution is relatively unexplored
even though lower symmetry may promote useful prop-
erties such as ferroelectricity [24-26] along with differ-
ent types of structural phase transitions. Dual-sublattice
analogs such as bimetallic CulnP2Sg and AgInPsSg of-
fer flexible platforms for the discovery of tunable states
of matter under external stimuli and the development
of structure-property relations. For instance, CulnPySg
hosts a quadruple-well potential with two distinct polar
phases and four different polarization states under strain
[27, 28].

CulnP5Sg is a layered van der Waals system with
a paraelectric <> ferroelectric transition near To =
310K [29-35]. Although the terms “ferrielectric” and
“ferroelectric” are both used in the literature [27, 29, 30,
33, 34, 36-39], CulnP,Sg is formally a ferroelectric since
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there is only one unstable polar mode - in this case be-
longing to the Cu sublattice. (By contrast, a ferrielectric
would have two unstable polar modes.) In other words,
the opposite polar displacement of the In sublattice is
a consequence of the polar displacement of Cut ions.
In any case, the polarization in CulnP3Sg is stable and
switchable, although polarization switching under high
bias is associated with Cut ion mobility [34, 40]. The
latter has a two-step path that involves both in-plane
and out-of-plane hopping of the Cu™ ions [40]. In the
high temperature paraelectric phase, the system is in the
C2/c space group, whereas the polar phase has Cc sym-
metry [36]. Individual layers of CulnP2Sg consist of Cu™
and In3* ions surrounded by sulfur octahedra with P-P
dimers filling the octahedral voids. In addition to provid-
ing an explanation for the high bias ionic conductivity,
the symmetry reduction from C2/¢ — Cc is thought to
occur with ordering of the copper occupancies in addition
to the primary driver - which is distortion of cations from
their centrosymmetric positions [36]. Variable tempera-
ture Raman scattering confirms order-disorder character
across the ferroelectric transition [41], although overall,
this transition is poorly understood.

Because T¢ is just above room temperature, there are
a number of intriguing properties at 300 K. For exam-
ple, CulnP,Sg displays a room temperature electrocaloric
effect that may prove useful for solid-state refrigera-
tion [42]. The system also hosts sizable intrinsic negative
longitudinal piezoelectricity [27, 43]. Further, CulnP2Sg
single crystals exhibit polar domain structure that gets
smaller and then disappears in flakes thinner than 50 nm
[34, 44, 45]. CulnP2Sg is also being prepared in thin film
form. In fact, when sandwiched with germanene as a two-
dimensional van der Waals heterostructure, electric field
can drive a metal-semiconductor transition via control
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over the polarization direction [46]. CulnP2Sg has been
incorporated (along with MoSs) in a negative capacitance
field effect transistor as well [47]. Dielectric studies of
crystals reveal a broad relaxation near 150 K, although
the exact position, amplitude, and shape depends upon
the measurement frequency [36]. This relaxation is at-
tributed to a dipolar glass transition [36]. Finally, we
note that this system hosts a first-order monoclinic <>
triclinic structural transition at 4 GPa [29].

In this work, we combine infrared absorption and
Raman scattering spectroscopies to reveal symmetry-
breaking and local lattice distortions across the ferro-
electric and structural phase transitions in CulnP5Sg.
We compare our findings with complementary lattice dy-
namics calculations, mode displacement patterns, and an
analysis of the energy landscape. Interestingly, we iden-
tify several different infrared- and Raman-active modes
in this bimetallic system that appear below the fer-
roelectric transition, although of course only the odd-
symmetry features contribute to the development of po-
larization. Comparison with the MPS3 family of mate-
rials reveals that bimetallic A-site substitution supports
a polar ground state. On the other hand, the structural
phase transition is characterized by subtle peak splitting
and shifting of low frequency out-of-plane Cu- and In-
containing modes. We attribute the pronounced broad-
ening and hysteresis across each of these transitions to
bimetallic substitution on the metal site as well as the Cu
site disorder. We further investigate the tendency toward
chemical-phase separation using a combination of vibra-
tion spectroscopies as well as piezoforce and transmis-
sion electron microscopies uncovering the signatures of
the highest quality CulnPyS¢ crystals and imaging their
two polarization domains.

METHODS

Single crystals of Cu;y;In;,/3P2S¢ were grown by va-
por transport methods as follows. Copper powders, in-
dium shots, a phosphorus lump, and sulfur flakes were
loaded into an evacuated quartz tube with ~107° torr
pressure and then heated with temperature gradient be-
tween both ends of the quartz ampule. The sealed tube
was held at ~1023 K for 10 days and then cooled to room
temperature. The single crystal flakes were mechanically
extracted from the entangled bulk. To confirm sample
quality and purity, we performed energy dispersive x-ray
analysis (EDX), piezoforce microscopy, and transmission
electron microscopy. The vertical piezoforce microscopy
(PFM) experiments were performed on freshly exfoliated
surfaces of CulnP,Sg using the MultiMode™™ atomic
force microscope by Veeco/Digital Instruments. Ther-
mally cured gold paste was used to mount the sample
and act as the bottom electrode. All PFM measure-
ments were conducted using between 3 and 5 V a.c. The
voltage was applied to a conducting contact mode AFM
tip, and the bottom electrode was grounded. The ver-

tical piezoelectric response signal was extracted using a
NanoScope”™ controller and a lock-in amplifier. Crystal
structure, electron diffraction and domains were exam-
ined by JEOL-2010F field-emission transmission electron
microscopy (TEM) in plane-view specimens. Iny, 3P2S¢-
containing regions were observed by selecting (002) spots
of In4/3P286.

Prior to our spectroscopic measurements, the sample
was exfoliated to reveal a clean, smooth surface that
was adhered to a round pinhole aperture. Infrared mea-
surements were performed using a Bruker IFS 113V in-
frared spectrometer equipped with a low noise He-cooled
bolometer detector over the frequency range of 20-700
em~! with 2 em™! resolution. The measured transmit-
tance was converted to absorption: a(w)= -iIn(T(w)),
where T (w) is measured transmittance, and d is the crys-
tal thickness. Raman scattering measurements were car-
ried out on a LabRAM HR Evolution Raman spectrom-
eter over a 50-750 cm ™! frequency range using an exicta-
tion wavelength of 532 nm at a power of 0.1 mW, an 1800
line/mm grating, and a liquid Ny cooled CCD detector.
In each case, an open flow cryostat provided temperature
control.

All the first-principles density-functional theory (DFT)
calculations were performed using the Projector Aug-
mented Wave (PAW) method as implemented in the Vi-
enna Ab initio Simulation Package (VASP) [48-50]. The
number of valence electrons in the considered PAW pseu-
dopotentials were 11 (3d'°4s'), 3 (552 5pt), 5 (352 3p3),
and 6 (3s23p*) for Cu, In, P, and S atoms, respectively.
The exchange-correlation functional was computed us-
ing the generalized-gradient approximation (GGA) as
parameterized by Perdew-Burke-Ernzerhof (PBE) [51].
The zero-damping D3 method of Grimme (PBE-D3) was
employed to describe the weak van der Waals interac-
tions between the CulnPsSg layers [52]. This method
has been reported to correctly predict a wide range of
physical and chemical properties of CulnP2Sg [53, 54].
The energy convergence criterion for self-consistent DF'T
calculations was set at 107 eV and force convergence
criterion for relaxation of atomic coordinates was set at
1073 eV/A. The reciprocal space was sampled using a
Monkhorst-pack k-mesh [55] of size 8x8x4 along with a
kinetic energy cutoff of 650eV for the plane waves.

The optimized lattice parameters and cell angles of
the paraelectric C2/c phase are a = b = 6.069 A c=
13.159A, o = B = 945% and v = 119.9°. The fer-
roelectric C'c phase was obtained after applying a polar
I'; distortion on the high-symmetry C2/c phase. A fur-
ther free relaxation was performed of the local minimum
structure (C'c) shown in Fig. 1. The resulting cell param-
eters and cell angles of the C'c phase are a = b = 6.112 A,
¢ = 13.360A, o = f = 94.3°, and v = 120.0°. The
PHONOPY package was employed to calculate the phonon
frequencies and phonon eigenvectors of the optimized
structures at zone center using the finite-displacement
approach [56]. The Bilbao Crystallographic Server was
utilized to analyze the symmetry of phonon modes [57].
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FIG. 1. The double-well potential energy profile computed

by freezing the polar I'; phonon mode in the paraelectric
phase as a function of the phonon distortion amplitude. Crys-
tal structures of the paraelectric (C2/c) and ferroelectric (C'c)
phases of CulnP2Sg are shown in the inset. Black arrows de-
note the displacement of Cu ions corresponding to the I'y
mode distortion. Purple arrows denote the relatively small
displacement of In ions. The net polarization of individual
CulnP2S¢ layers is along the direction of the blue arrows.

The theoretical infrared (IR) spectra were calculated by
computing the mode dynamical charge associated with
each phonon eigendisplacement, and the theoretical Ra-
man spectra were simulated by appropriately averaging
the Raman activity tensor calculated for each Raman-
active phonon eigenmode at zone center [58].

RESULTS AND DISCUSSION

A. Analyzing the symmetries and properties of
CuInP256

1. Energy landscape and ferroelectricity

Before we present our temperature-dependent inves-
tigations of the infrared and Raman measurements and
discuss the chemical phase separation in CulnP,Sg, let us
start by briefly describing the essential details of the crys-
tal structure, ferroelectricity, and vibrational properties
of the paraelectric and ferroelectric phases of CulnP5Sg.
The inset of Fig. 1 shows the crystal structure of the
paraelectric and two equivalent ferroelectric phases of
CulnP3Sg, which belong to space groups C2/c (no. 15)
and Cc¢ (no. 9), respectively. The bulk unit cell of both
phases contains two weakly interacting single layers of
CulnP5Sg, i.e., 2 fu., stacked along the c-axis. In the
paraelectric phase, the vertically stacked CulnP5S¢ lay-
ers are related by an in-plane C5 rotation followed by a
translation 7(c/2) operation along the c-axis. This struc-
ture resembles a lamellar structure composed of a sulfur
framework in which the metal cations and P-P dimers fill
the octahedral voids within each layer [30-32, 37, 59, 60].
The P-P dimers act as vertical pillars separating the top
and bottom sulfur planes in each layer. By contrast, the

Cu and In metal cations reside exactly at the midplane
of the layers, marked by dashed horizontal black lines in
the inset of Fig. 1, lying between two vertically stacked
sulfur planes and passing through the P-P dimer at its
half bond length within each CulnP,Sg layer.

The paraelectric phase is stable only at high tempera-
tures (T > 310 K) [29-32, 34, 36-38]. Below 310K tem-
perature, this phase transforms into a ferroelectric C'c
phase having a net polarization primarily along the out-
of-plane direction of each CulnPySg layer [30-32, 37, 60],
which occurs due to the polar displacements of the Cu
and In sublattices in an antiparallel fashion relative to
the midplane of each CulnP3Sg monolayer, as shown in
Fig. 1.

From the group theory perspective, the paraelectric
and ferroelectric phases are related by a zone center polar
optic phonon mode distortion, I'; mode (B,, symmetry).
This mode is unstable in the paraelectric phase having
frequency 50.3icm ™' and it primarily represents an in-
phase vertical displacement of two Cu ions located in the
adjacent CulnPsS¢ layers, as denoted using two parallel
black arrows in the insets of Fig. 1 (left and right pan-
els). The calculated potential energy profile obtained by
freezing the the I'; mode as a function of the phonon dis-
tortion amplitude is shown in Fig. 1. The magnitude of
the energy barrier is comparable with the data reported
in Refs. [27, 28]. Notably, in Refs. [27, 28], authors re-
ported the presence of two polar phases (Cc¢) with four
different (two high and two low) polarization states un-
der local strain conditions. No local strain was applied
in our work.

We find that, in response to the polar displacement
of Cu ions (~1.54A), In ions exhibit a relatively small
(~0.20 A) but nonzero polar displacement in the antipar-
allel direction to that of the displacement of Cu ions,
as shown by purple arrows in the insets of Fig. 1 (left
and right panels). Such a behaviour of In sublattice has
been attributed to the second-order Jahn-Teller effects
[32, 37, 41]. Although, technically speaking, CulnP3Sg
has two polar sublattices, Cu and In, yielding a ferrielec-
tric ordering in each CulnP5Sg layer, only Cu sublattice
has a polar instability. In displacement occurs as a re-
sponse to the polar displacement of Cu ions. Therefore,
it is more appropriate to refer CulnP2S¢ as a ferroelectric
material than a ferrielectric material.

We further compute the magnitude of the net polar-
ization (P) in the Cc¢ phase using the Berry-phase ap-
proach [61, 62]. The theoretically obtained value is P =
(0.13, 0.00, 3.43),uC/cm2, which is in excellent agree-
ment with the experimental data reported by Maison-
neuve et al. (P, ~ 3.5uC/cm” at 150K) [37]. Interest-
ingly, our calculations predict a nonzero in-plane polar-
ization component P,, which has not been discussed in
the existing literature, to the best of our knowledge.
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FIG. 2. The PBE-D3 calculated (a) IR and (b) Raman spec-
tra for the paraelectric (C2/c) and ferroelectric (Cc) phases
of CulnP2S¢ at 0 K. The symmetries of the major infrared
and Raman peaks in the paraelectric and ferroelectric phases
are marked in blue and red, respectively. Some peaks are un-
marked for clarity. These unmarked peaks contain mixed con-
tribution from both IR active or both Raman active modes
in their respective plots, similar to the marked peaks with
mixed contributions. The * sign denotes the potential sig-
nature modes of the ferroelectric phase, which are absent in
the paraelectric phase. The intensities were normalized be-
tween zero and one (see Supporting Information [63] for more
details).

2. Selection rules in the paraelectric and ferroelectric
phases

Since the primitive cell contains two formula units,
i.e., 20 atoms/cell, there are sixty allowed phonon modes
in CulnP5Sg. According to the group theory, the allowed
acoustic and optical vibrations at zone center can be de-
scribed using the irreducible representations given below.

For the paraelectric phase (C2/c):

acoustic = Au 53] 2Bu, and

1
Foptical = 14Ag S¥) 13Au 5> 16Bg 5] 14Bu ( )

For the ferroelectric phase (Cec):

Facoustic =24’ 2] AH7 and

2
Foptical =28A4" 294", ( )

In the paraelectric phase, only A, and B, modes are
Raman active while A, and B, optical modes are IR ac-
tive. Instead, in the ferroelectric phase, all the A’ and A"
optical modes are both Raman and IR active. Figure 2
shows the simulated IR and Raman spectra for the para-
electric (red) and ferroelectric (blue) phases. A list of
the mode symmetries along with their frequencies is pro-
vided in the Supporting Information [63]. Some distinct
features can be noticed in the simulated peak positions
of the IR and Raman spectra which may facilitate the
experimental identification of the paraelectric and ferro-
electric phases. In Fig. 2, we marked some Raman and IR
peak positions using * signs, which denote the potential
signature modes of the ferroelectric phase. For instance,
the B, IR peak located near frequency 536cm~! con-
verts into two A’ and A" peaks located at frequencies ~
514cm~"! and ~ 564cm™! upon the paraelectric — fer-
roelectric phase transition [see Fig. 2(a)]. Also, a convo-
luted shoulder consisting of the A’ and A” modes devel-
ops near 316cm™! frequency in the ferroelectric phase,
which is absent in the IR spectrum of the paraelectric
phase.

On the other hand, the simulated Raman spectrum
shows distinct signatures for the paraelectric and ferro-
electric phases [see Fig. 2(b)]. For instance, new Raman
peaks are predicted to appear in the ferroelectric phase
near frequencies 72, 110, 311, 434, and 564 cm™! which
are absent in the Raman spectrum of the paraelectric
phase. We note that in the ferroelectric phase, except
for a few IR and Raman active peaks, most of the simu-
lated peaks contain contribution from A" and A" modes.
This is mainly due to the fact that the difference in the
frequency of most of the A" and A" modes is practically
negligible owing to the weak coupling between the ad-
jacent CulnP5Sg layers. The simulated Raman spectra
of the paraelectric and ferroelectric phases appears to be
in decent agreement with our experimental data as well
as with the data reported by Vysochanskii et al. [41]. A
detailed comparison of the experimental and theoretical
data is provided in the Supporting Information [63].

B. Vibrational properties of CulnP;Ss across the
ferroelectric transition

1. Infrared spectroscopy probes inversion symmetry breaking

Figure 3 summarizes the infrared response of
CulnP,S¢ as a function of temperature. In order to an-
alyze the development of polar phonons across T¢, we
focus on the two frequency windows displayed in pan-
els (a, d). High temperature phase spectra (300 K and
above) are indicated in red and low temperature phase
spectra (50 K and below) are indicated in blue.
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FIG. 3. (a, d) Close-up view of the far infrared response of single crystalline CulnP2S¢ as a function of temperature (10-325
K). Note spectra collected at low temperature are depicted in blue, whereas spectra collected above 300 K are denoted in red.
Panels (b, c¢) highlight the behavior of the ferroelectric phonons present in panel (a), whereas (e, f) display peak position vs.

temperature of the ferroelectric modes highlighted in panel (d).

The vertical gray bars define the structural transition regions

and the open to closed data points represent a transition from the C2/c¢ — C'c¢ space group. There is a significant hysteresis
effect depending upon direction of temperature sweep. These measurements are from 10 K up to 325 K.

TABLE I. Infrared-active vibrational modes that are sensitive to the ferroelectric phase transition in CulnP2S¢. All values are
in cm™*. Corresponding DFT calculated frequencies (w) are given in parentheses.

C2/c Ce
‘ w experiment ‘ symmetry w experiment symmetry displacement patterns
65 (63) B, - - in-plane twist of P-P dimers + out-
of-plane vibration of S
- - 66 (64) A’ out-of-plane polar displacement Cu
- - 71 (71) A in-plane Cu + In + P + out-of-
plane S
101 (100) B, 102 (102) A out-of-plane rigid shift of P-P
dimers (in-phase in adjacent layers)
+ out-of-plane vibration of S
- - 114 (114) A" in-plane Cu + In + out-of-plane S
- - 361 (354) A in-plane Cu + S and out-of-plane
P-P stretching
372 (359) Ay 373 (355) A" in-plane Cu + S and out-of-plane
stretching of P-P dimers (opposite
phase in adjacent layers)
574 (540, 541) By, Ay 553, 587, 611 (558, 563, 563) A A A in-plane P-P + in-plane S vibration
vibration

At 325 K, there are two distinct phonons in the low
frequency infrared response. These include a sharp B,
mode near 65 cm ™! as well as a very broad B,, mode cen-
tered around 101 cm~'. As temperature decreases across
Te = 310 K, there is a noticeable splitting of the lower
frequency B, mode and the development of a shoulder
on the 101 cm~! feature. Figure 3 (b, c) highlights the
response of these low frequency B, symmetry phonons
across Tc. Here, we see that the 65 cm ™! mode blueshifts
systematically in the high temperature phase and splits

below 310 K. The latter is due to a change in the space
group from C2/c in the high temperature phase — Cc in
the ferroelectric phase. After the 65 cm~! B, symmetry
structure splits, the assignments become A’ @ A’ in the
ferroelectric phase. The doublet sharpens and continues
to blueshift with decreasing temperature. At the same
time, the once-broad B, symmetry mode at 101 cm™!
develops a shoulder below T. The lower frequency com-
ponent evolves as an A" mode, and the higher frequency
component at 114 cm ™! transforms to A” symmetry [Fig.
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(a) Raman scattering of single crystalline CulnP2S¢ as a function of temperature between 8 and 325 K. Again, spectra

collected above 300 K are denoted in red, those between 250 and 150 in green, and spectra collected below 50 K in blue. Panels
(b-g) highlight the behavior of several different Raman-active modes, many of which are ferroelectric. The vertical gray bars
define the structural transition regions. The open to closed data points also represent a space group transition from C2/c —
Cc. There is a significant hysteresis effect depending upon direction of temperature sweep. This is seen very clearly in the
Raman scattering response when rendered as a contour plot [Supplemental Information]. The measurements shown here are

from 10 K up to 325 K.

3(c)]. The A’ branch redshifts below 310 K - a trend that
continues to the 150 K structural phase transition - below
which it blueshifts again. By contrast, the A” branch has
a sharp blueshift immediately below room temperature
and continues to harden systematically to 10 K.

Figure 3(d) summarizes the infrared properties of
CulnP3S¢ in the 350 to 625 cm~! range. Of the many
vibrational modes present in the high temperature phase
(red), only one is sensitive to T¢: the A, symmetry mode
at 372 em™! [Fig. 3(d, e)]. As T¢ is crossed, a slight
hardening occurs, followed by a change in space group
from Cec to the ferroelectric C2/c where an A, feature
becomes an A” symmetry mode. Below T, this mode
downshifts slightly before rising near 275 K, continuing
to blueshift through base temperature. The presence of
a small A’ symmetry mode (361 cm™!) can be seen in
the low temperature phase near 225 K, with an overall
redshift through base temperature. Figure 3(d, f) also
shows a broad phonon centered 574 cm ™!, assigned as an
Ay ® By, symmetry mode. This feature redshifts slightly
through T¢ where there is a symmetry change in the
ferroelectric phase, with the new symmetry assigned as
A’ @ A”. Systematic redshifting persists through ~100
K, where this broad feature splits slightly into two in-
dividual symmetry components, A’ (587 cm~!) and A”
(553 cm~1). Both features redshift slightly to 10 K. The
spectra shows a high frequency A” mode that emerges at
611 cm ™! just below 300 K. The appearance of this fea-
ture is inline with our theoretical predictions. This mode
sharpens and increases in frequency toward 10 K. A com-
prehensive table of mode assignments and displacement

patterns is available in the Supporting Information.
The development of a polar state requires breaking of
inversion symmetry, so we are naturally interested in the
behavior of the odd-symmetry vibrational modes across
Tc. Our infrared work demonstrates that CulnPsSg
hosts five polar modes in reasonable overall agreement
with the results in Fig. 2(a). These include features near
65 and 103 cm ™! that split below T¢, the 372 cm™! fea-
ture which blueshifts across the ferroelectric transition,
and two additional features near 361 and 611 cm~! (due
to splitting) that appear in the low temperature phase.
The predicted splitting of the high frequency mode above
500 cm ! is consistent with the experimental data show-
ing the 611 cm ™! phonon emerge from the broad feature
centered at 575 cm ™! and the phonons below 300 cm™*
show dramatic shifts across the ferroelectric transition.
All infrared-active polar modes, along with their symme-
tries and displacement patterns, are listed in Table I.

2. Raman scattering spectroscopy across Tc

Figure 4(a) summarizes the Raman scattering response
of CulnP,Sg along with mode assignments for the vari-
ous phonons in the high (red) and low (blue) tempera-
ture phases. Even-symmetry modes also change across
Tc although they do not break inversion symmetry. For
instance, the 68 cm™! B, symmetry mode splits just be-
low room temperature to give two ferroelectric (A’ @& A”
symmetry) modes [Fig. 4(b)]. The high frequency branch
is relatively consistent in terms of size and position until



TABLE II. Raman-active vibrational modes that are sensitive to the ferroelectric phase transition in CulnP2S¢. All values are

1

in cm™". Corresponding DFT calculated frequencies (w) are given in parentheses.
C2/c Cc
‘ w (experiment) ‘ symmetry w (experiment) ‘ symmetry displacement patterns
67 (66) By - - in-plane Cu + P and out-of-plane S
vibration
- - 68 (64), 67 (70) A, AY out-of-plane Cu +S vibration
100 (108) By 103 (102) A out-of-plane In + P + S
113 (130) Ag 114 (114), 116 (117) A A" in-plane displacement Cu + In + S,
out-of-plane S
161 (175) Ag - - in-plane Cu + P and out-of-plane S
- - 162 (160) A out-of-plane P-P + in-plane S
262 (254) Ay - - in-plane Cu + P + out-of-plane S
- - 264 (263) A" in-plane S motion
446 (429) B, 450 (435) A7 out-of-plane P + S
544 (534) Ag 550 (558, 558) AL A in-plane P-P  stretching + S
vibration
557 (539) B, 558 (562, 563) A A in-plane P-P + S vibration

150 K below which the peak position hardens toward 75
K and then softens again. The lower frequency branch
systematically blue shifts toward base temperature. Fig-
ure 4(c) displays the behavior of the A; & By high tem-
perature doublet. The B, component near 103 cm ™!
hardens toward T, then remains relatively constant (al-
though the symmetry becomes A’). The A, peak splits
below 300 K, yielding an A’ branch near 113 cm™! and an
A" branch near 116 cm~!. Moving on to the A, feature
at 162 cm~! [Fig. 4(d)], we note a 4 cm~! blueshift across
the ferroelectric phase transition as the mode transitions
to A’ symmetry. The peak position remains relatively
constant, shifting only slightly with decreasing temper-
ature. Figure 4(e) displays the frequency vs. tempera-
ture trend for the A, symmetry mode near 264 cm~'. It
blueshifts across the C2/c¢ — Cc transition and is reclas-
sified as A” which has a fairly continuous up-shift to base
temperature. The blueshift near the ferroelectric transi-
tion is much more dramatic in the B, symmetry mode
near 450 cm~! [Fig. 4(f)]. Below 310 K, the feature
hardens steadily until 150 K where there is a slight jump
and then an overall blueshift toward base temperature.
Finally, we turn our attention to Fig. 4(g) which displays
the peak tracking for the high frequency A,® B, doublet.
The lower frequency branch has a much more dramatic
blueshift across T¢ although both features track fairly
systematically below 310 K, with a slight frequency up-
turn below 25 K. A full list of assignments as well as the
relevant mode displacement patterns are available in the
Supporting Information.

As previously mentioned, even-symmetry Raman-
active modes change across T¢ although they do not
break inversion symmetry or contribute to the polariza-
tion in CulnP5Sg. Our Raman scattering work reveals
splitting of the 67 and 113 cm ™' phonons below 7. This

is inline with theory, showing the presence of new peaks
in the ferroelectric phase. Other Raman active phonons
including 100, 161, 262, 446, and the 544-557 cm ™! dou-
blet evidence a transition from the paraelectric to ferro-
electric phase due to sharp frequency shifts around 310
K. Frequency shifts are also evidenced in the predicted
Raman spectra in Fig. 2(b). All Raman-active modes
that are sensitive to T¢, along with their symmetries and
displacement patterns are summarized in Table II.

3. Bimetallic A-site substitution introduces ferroelectricity

Returning to a comparison of MPS3 systems (M
= Mn, Ni, Fe) and dual sublattice analogs such as
CulnP5Sg and AgInP2Sg, we immediately see that the
most important consequence of the bimetallic nature is
the introduction of ferroelectricity. That T is slightly
above room temperature is already providing the basis for
a number applications. Examples include electrocaloric
effects for refrigeration, negative longitudinal piezoelec-
tricity, and a negative capacitance field effect transistor
[42, 64]. Unfortunately, Cu site disorder demonstrably
broadens the ferroelectric and structural phase transi-
tions. This is seen very clearly in the Raman scattering
response when rendered as a contour plot [Supplemental
Information]. It also hinders the formation of larger po-
larization in CulnP3Sg. The MPS3 materials obviously
do not have site disorder. They also lack ferroelectricity
(although MnPS3 may be ferrotorroidic) [65]. Another
useful point of comparison in these structure-property re-
lationships is CrPSy, a related chalcogenide with slightly
different stoichiometry and C2 symmetry [66]. This sys-
tem appears to be both polar and chiral. In this system,
there is no A-site disorder, but the P-P dimer is absent.
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FIG. 5. Infrared (a-c) and Raman scattering (d-f) response of CulnP2S¢ across the structural transition, Ts. Recall, high
temperature spectra are shown in red and low temperature spectra are shown in blue. Panel (a) summarizes the infrared
spectrum as a function of temperature, and panels (b, ¢) show peak position vs. temperature to reveal the infrared-active
modes most influenced by Ts. The curves in panel (a) are off-set for clarity. Panel (c) summarizes the variable temperature
Raman scattering spectrum in a contour plot, whereas panels (e, f) deepen our understanding of the structural transition by
examining phonon lifetime trends (obtained line width effects as discussed in the text) as a function of temperature. There is
a significant hysteresis effect depending upon direction of temperature sweep. This large hysteresis is seen very clearly in the
Raman scattering response when rendered as a contour plot [Supplemental Information]. These measurements are from 10 K

up to 325 K.

Clearly, subtle structural changes have important conse-
quences for properties in this system.

C. Vibrational properties of CulnP2S¢ across the
structural phase transition

In addition to the well defined ferroelectric transition,
CulnP,Sg displays a structural phase transition (Ts) near
150 K [Fig. 5]. By comparison, the structural transition
is more subtle and much less studied than the ferroelec-
tric transition. Signatures of Tg tend to be most pro-
nounced in infrared- and Raman-active features below
200 cm~!. These modes are mostly due to out-of-plane
motions of indium and copper [Table S1 and S2].

We begin by examining the infrared response. Above
Tc, we find two B, symmetry phonons centered around
101 and 151 cm™! [red curve, Fig. 5(a)]. We can track
how these modes evolve across the 150 K structural tran-
sition using frequency vs. temperature plots [Fig. 5(b,c)].
The lower frequency B, mode at 101 cm ™! shows a sharp
jump across the ferroelectric transition, below which it
becomes an A’ symmetry mode. This feature red shifts
until approximately 150 K, below which it begins blue
shifting again. This strong inflection point in the fre-
quency vs. temperature trend is consistent with a local
structure distortion. The higher frequency B, symmetry
mode at 151 cm ™! is different. There is a systematic blue
shift in the high temperature phase, an inflection point
at T (below which the symmetry is A’), and continued
hardening toward the structural phase transition. Be-

low 150 K, this peak splits into a doublet - with features
centered at 155 cm™! (A4’) and 158 cm™! (A4”) - and a
new peak at 164 cm~! (A’). The latter is a weak signa-
ture of symmetry breaking. Below T, both branches of
the doublet as well as the new feature show a slight, yet
systematic blue shift toward base temperature.
Interestingly, Raman scattering spectroscopy reveals
that the structural phase transition in CulnP5Sg may
take place in two distinct steps. This is particularly no-
ticeable in the contour plot [Fig. 5(d)]. Significant broad-
ening of all three phonons is observed around 175 and 150
K - in addition to underlying scattering intensity consis-
tent with order-disorder processes [41]. Similar under-
lying scattering is observed in multiferroic RbFe(SOy4)2
[67]. We also analyzed the phonons of interest - this time
by examining phonon lifetime vs. temperature trends.
This quantity is calculated from the phonon linewidth
and is an expression of Heisenberg uncertainty principle
[68]. The lifetime of the B, symmetry mode centered at
103 cm ™! decreases toward T¢ (below which, the sym-
metry changes to A”), where there is a sharp upturn in
phonon lifetime that continues until approximately 175
K where there is a small cusp, below which the phonon
lifetime continues to rise into the low temperature phase.
The ferroelectric A; mode at 113 em™' [Fig. 5(d, f)]
shows two-step broadening around T and splits into two
features (A’, A”) below 300 K. The phonon lifetime of
the A’ branch rises to a maximum near 200 K, shows
cusps at both 175 and 150 K, and continues to rise to-
ward base temperature. The A” symmetry counterpart
follows a similar trend, but is more pronounced. The



cusps at 175 and 150 K suggest that the structural phase
transition has two steps. This is in line with prior dielec-
tric studies that confirm a double step around the struc-
tural transition due to a freezing of the Cu™ ions [36].
The Raman-active A, symmetry mode near 162 cm™*
is also coupled to the structural distortion. The phonon
lifetime of this feature rises systematically toward Tg and
displays a pronounced cusp in the 175 to 150 K region
before rising again.

Taken together, we see that while many infrared-
and Raman-active features are responsible for driving
the ferroelectric transition, the structural transition in
CulnP,Sg is discernible only through subtle peak split-
ting and shifting. Moreover, evidence for the structural
distortion appears primarily in the low frequency modes
below 200 cm™!, suggesting that Ty is connected with
layer shifting or slight reorganization of the Cut and In3+
centers (which may also impact the polarization). This
distortion is consistent with the low frequency dielectric
constant of CulnP3Sg which shows a broad transition re-
gion near 155 K along with evidence for a possible two-
step structural transition embedded in the overall shape
of the response at certain frequencies [36].

Intriguingly, members of the MPS; (M = Mn, Fe,
Ni) family also display temperature driven structural dis-
tortions although they seem to be connected with mag-
netic ordering. For example, MnPS3 hosts spin-phonon
coupling across the antiferromagnetic ordering transition
[69], and NiPS3 shows evidence of two-magnon modes
and the emergence of an exciton below 200 K [70]. The
development of magnon modes is also see in Raman stud-
ies of FePS3 below Ty = 118 K [10]. Aside from the
emergence of these low frequency magnon modes, the
MPS3 systems remain largely unaffected by temperature
alone, whereas CulnP,Sg is much more temperature sen-
sitive. Much like members of the MPS3 family, subtle
structural distortions are evidenced in the features below
200 cm~ 1.

D. Tendency toward chemical phase separation in
CulnP;Ss-like materials

CulnP3Sg is just one stable phase amongst many avail-
able within the rich temperature-composition phase di-
agram of CulnSs; materials. The majority of other
chemically-related compounds have only slightly dif-
ferent compositions and follow the general formula
Cuy_pInyy,/3P2Se [71].  This exceptional complexity
makes growth of single crystals and quantum dots with
the correct nominal composition quite challenging [71,
72]. At the same time, it is important to avoid phase
segregation. Despite a number of prior reports, there is
no consensus on the visual appearance of a high qual-
ity single crystal or the character of a Raman scattering
spectrum at room temperature. This is because color
changes with thickness, Cu concentration, and defect
concentration, and a traditional Raman response aver-

ages over the presence of any chemical phase separation.
Two principle varieties of Raman spectra have been re-
ported for nominally stoichiometric crystals. One kind
has well separated vibrational features whereas the other
type has a more complicated pattern with clustered peaks
[29, 33, 41, 64, 73-76]. As part of this work, we explored
the origin of these differences in order to reveal the in-
trinsic properties of CulnP5Sg. As described below, we
uncover both phase pure CulnP,>Sg as well as crystals
with a segregated impurity phase. The impurity phase
material is Iny/3P2S¢ [71].

(@

FIG. 6.

(a, b) Comparison of optical microscope images
taken in transmission for mixed-phase and pure CulnP2Se.
(c, d) Vertical piezo-force microscopy images for mixed phase
and pure CulnP2Sg.

Chemical vapor transport growth of CulnP5Sg single
crystals results in thin, orange, transparent flakes. We
find, however, that two types of flakes with distinct thick-
nesses, colors, and sizes coexist - even in the same batch
(Fig. S1, Supporting Information). The type-1 flake has
a large lateral dimension (3-10 mm) and reduced thick-
ness (10-30 pm). It thus displays a lighter color than the
second type with a lateral dimension of 0.5-1.0 mm and a
thickness of 70-150 pm. Figure 6(a,b) displays transmis-
sion optical microscope images of both specimens with
50x magnification. The type-II CulnP3Sg crystal has
a homogeneous orange color without additional patterns
inside the crystal whereas the type-I crystal has wavy
stripes with dark/bright contrast.

To understand the difference between the two types
of CulnP3S¢ and what causes the wavy stripes ob-
served in the type-I sample, we took vertical piezo-
force microscopy images on freshly exfoliated surfaces at
room temperature. When the temperature is below T¢,
CulnP,Sg exhibits a spontaneous polarization perpen-
dicular to the layered planes which originates from the
off-center ordering of the Cu sublattice and the slight dis-
placement of In cations from the sulfur octahedral center
[Fig. 1]. This atomic arrangement gives rise to two pos-
sible ferroelectric variants with opposite polarization di-



rections perpendicular to the layered planes. As a result,
we expect a bipolar response.

Figure 6(c,d) displays the vertical piezo-force mi-
croscopy images for the two specimens. For the type-I
sample, we find two kinds of alternating wavy stripes and
three kinds of coexisting domains. One type of stripe
contains two domains showing dark and bright colors,
whereas the adjacent stripes display a single color. The
size of these stripes is comparable to those observed in
the optical microscope image [Fig. 6(b)]. For the type-II
sample, we find irregular island domains with two dif-
ferent colors. The two kinds of domains in the type-II
sample should correspond to the two possible ferroelec-
tric variants. As for the three kinds of domains in the
type-1I sample, since there exists only two possible ferro-
electric variants [Fig. 1], we can conclude that the type-I
CulnP,Sg contains a significant impurity phase in addi-
tion to the two separate phases that form into alternating
wavy stripes. This impurity phase is directly confirmed
to be Cu-deficient Iny/3P2S¢ via transmission electron
microscopy [77].

Figure 7 shows the phase-separated image and selected
area electron diffraction (SAED) patterns of CulnP3Sg
along [100] and [001], respectively. Iny/3P2Se and
CulnP,Sg coexist within the crystal by aligning along
the b-axes to maintain the layered structural framework.
Intriguingly, we find that phase-separated patterns vary
and include alternating wavy stripes, straight stripes,
rectangular blocks, among others. Vertical piezo-force
microscopy images showing these patterns are available
in Fig. S2, Supporting Information. Clearly phase sep-
aration can be quite robust. The domain size depends
upon the cooling rate [71]. These two polar domains
split into four under strain [27, 28].

Iny/3P,Se CulnP,Sg

CulnP,Se

b-axis

X d
Y
/

CulnP,Sg

0.5 pm

FIG. 7. (a) In-plane TEM images of CulnP2Ss crystal,
revealing local phase separation. The bright and dark ar-
eas with sharp phase boundaries represent Iny/3P2Se and
CulnP2Se, respectively. Selected area electron diffraction pat-
terns taken on regions of (b) In, 3P2S¢ and (c) CulnP2Se
shown in (a).

Figure 8(a) summarizes the Raman response of
CulnP3Sg, a mixed phase crystal, and Ing 3P2Se.
Clearly, the Raman scattering spectrum of the mixed
phase sample is a superposition of the other two. Un-
fortunately, the spectrum of the mixed phase material
appears very commonly in the literature [64, 75, 76] - usu-
ally incorrectly identified as the pure phase CulnP5Sg.
As demonstrated above, a detailed analysis of composi-
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FIG. 8. Comparison of the (a) Raman scattering and (b)
infrared absorption of the pure and mixed phase CulnP2S¢ as
well as the impurity phase Iny/3P2Se. All spectra are taken
at 300 K.

tion, electron diffraction, and piezoforce microscopy was
needed to unravel the situation, and now that we have
linked these properties with the character of the Ra-
man spectrum, phase identification will be much easier.
Assuming that the spectrum of the mixed phase sam-
ple is a straightforward superposition of CulnP5Sg and
Ing/3P2S6, we can estimate an impurity phase concentra-
tion by a simple ratio analysis [78]. We find that the crys-
tal with chemical phase separation may contain as much
as 80% Iny 3P2S¢. This analysis obviously assumes that
the response of the mixed phase system is a linear com-
bination of the characteristics of the two end members.
Characteristic signatures of Iny/3P2S¢ inclusions include:
(i) a strong doublet centered between 125 and 145 cm ™!
as well as (ii) a multi-peak cluster between 230 and 300
cm~!. The spectrum of pure phase CulnP,Sg is sim-
pler with well-separated peaks. The mode positions are
also in good agreement with our dynamics calculations,
which can be found in the Supporting Information [63].
All of the work presented in this paper was performed
on high quality, pure phase CulnP5Sg single crystals. As
discussed above, piezoforce microscopy reveals that these
crystals have two polar phases (up and down).

Figure 8(b) shows the infrared absorption of phase
pure CulnP,Sg, a mixed phase sample, and Iny/3P2Se.
Overall, the spectra are similar to what is found in the
MPS3 (M = Mn, Fe, Ni) series [79] except for the addi-
tional mode splitting due to the chemical and structural
complexity on the metal site. Our mode assignments are
summarized in Tables S1 and S2 in the Supporting In-
formation [63].

SUMMARY AND OUTLOOK

In order to explore the properties of complex chalco-
genides, we measured the infrared absorption and Raman
scattering response of CulnP5Sg across the ferroelectric



and structural phase transitions and compared our find-
ings with a symmetry analysis and complementary lat-
tice dynamics calculations. Several different infrared-
and Raman-active modes drive the ferroelectric transi-
tion whereas the structural transition is characterized by
much more subtle peak splitting and shifting. Both tran-
sitions have large hysteresis regions - probably on account
of the bimetallic nature of this system. The structural
transition is different in that it has significant underlying
scattering intensity as well - surprisingly similar to what
is found across order-disorder transitions in certain multi-
ferroics. We also investigated the tendency toward chem-
ical phase separation in these materials and, using a com-
bination of optical microscopy, piezoforce microscopy,
transmission electron microscopy, and vibrational spec-
troscopies, we unravel the signature of the highest quality
crystals. The latter has two (rather than three) unique
polar phases corresponding to “up” and “down” polar-
izations, respectively. The impurity phase in the mixed
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sample is determined to be Iny/3P2S¢. This work places
the vibrational properties of ferroelectric CulnP5Sg on a
firm foundation and supports future work to reveal the
symmetry and dynamics of few- and single-layer systems.
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