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Cyclic ferroelectric switching and quantized charge transport in CuInP2S6
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The van der Waals layered ferroelectric CuInP2S6 has been found to exhibit a variety of intriguing properties
arising from the fact that the Cu ions are unusually mobile in this system. While the polarization switching
mechanism is usually understood to arise from Cu ion motion within the monolayers, a second switching
path involving Cu motion across the van der Waals gaps has been suggested. In this work, we perform
zero-temperature first-principles calculations on such switching paths, focusing on two types that preserve the
periodicity of the primitive unit cell: “cooperative” paths preserving the system’s glide mirror symmetry, and
“sequential” paths in which the two Cu ions in the unit cell move independently of each other. We find that
CuInP2S6 features a rich and varied energy landscape, and that sequential paths are clearly favored energetically
both for cross-gap and through-layer paths. Importantly, these segments can be assembled to comprise a globally
insulating cycle with the out-of-plane polarization evolving by a quantum as the Cu ions shift to neighboring
layers. In this sense, we argue that CuInP2S6 embodies the physics of a quantized adiabatic charge pump.

DOI: 10.1103/PhysRevB.108.L180101

CuInP2S6 (CIPS) is a van der Waals (vdW) layered ferro-
electric (FE) that has drawn much attention in recent years
due to its unique properties and promise for application [1–3].
Much of the interest in CIPS has been driven by its abil-
ity to maintain stable ferroelectricity in the two-dimensional
limit [4] without resorting to extrinsic mechanisms such as
strain [5–7] or compensation charges [8]. However, other
claimed or observed intriguing properties, such as negative
longitudinal piezoelectricity [9–11] and negative capaci-
tance [12,13], have further motivated the investigation of this
system.

The Cu ions play a central role in the physics of CIPS. First
and foremost, the low-temperature FE phase results from a Cu
off-centering instability at Tc ∼ 310 K [14,15]. Furthermore,
under applied strain, the ferroelectricity in CIPS exhibits a
quadruple-well potential for out-of-plane (OOP) Cu displace-
ments [10]. That is, there are two additional high-polarization
(HP) states, associated with the strain-induced appearance of
stable Cu positions just inside the vdW gaps. Both the low
polarization (LP) and HP states feature large, angstrom-scale
spontaneous polar displacements, and the +LP and +HP (and
−LP and −HP) states are separated by a small, strain-tunable
energy barrier. Finally, at higher temperatures, Cu ionic con-
ductivity is observed, with the onset temperature in fact even
below the FE transition [16–21].

The principal “up-down” polarization switching mecha-
nism in CIPS involves the movement of Cu ions within
the monolayers, corresponding to the off-centering insta-
bility mentioned above [10,11,17,22]. However, the high-
temperature ionic conductivity also suggests the possibility
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of a novel switching pathway involving Cu ion migration
across the vdW gaps, as supported by some experimental stud-
ies [12,16,23,24]. Previous first-principles theoretical studies
first considered a “synchronous” cross-gap switching pathway
in which the primitive-cell periodicity and equivalence of the
layers was preserved [12], although the structural evolution
along the switching path was not reported in detail. Subse-
quent work by the same group considered “asynchronous”
mechanisms instead, using an 8 × 8 in-plane supercell ge-
ometry to study processes in which Cu ions jump one at a
time from a given layer to its neighbor [13]. The evolution of
the OOP polarization was discussed in these works [12,13],
although the interpretation in the synchronous case was later
revised [25].

The energy landscape of CIPS is quite complex, allow-
ing for the possibility of a variety of competing paths. In
this Letter, we take a systematic approach focusing on the
identification of synchronous switching pathways. That is, we
constrain the system to retain the periodicity of the primitive
20-atom unit cell, and use zero-temperature first-principles
calculations to search for low-energy pathways allowing both
Cu atoms to cross the vdW gaps into adjacent layers. The
characterization of such pathways is an important preliminary
to understanding the switching that can occur at higher tem-
peratures, which typically involves domain-wall propagation.

While we do find a path in which the Cu ions in both layers
move cooperatively, it involves a rather high energy barrier.
Instead, a much lower barrier is achieved by a path that allows
for the sequential movement of the Cu ions, a possibility
not considered in the earlier work [10,12,13]. This path in-
cludes multiple saddle points and local minima corresponding
to different local Cu chemical environments. We also iden-
tify sequential movement as being energetically favorable for
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FIG. 1. (a) P+ polar phase of CIPS in the conventional cell set-
ting. (b) Same, but in the primitive unit-cell setting. The Cu ions
reside inside the monolayers and above the monolayer midplanes.
The dashed red line in (a) indicates the glide mirror plane of the
system. The lattice parameters and cell angles are a = b = 6.11 Å,
c = 13.36 Å, and α = β = 85.67◦, γ = 120.0◦.

through-layer switching. The system remains robustly insulat-
ing everywhere along both sequential switching paths, which
together form a cycle transporting each Cu ion from one layer
to the next. The computed change of Berry-phase polarization
along this cycle corresponds to the transport of a single unit of
charge by one lattice vector. The overall process is thus a FE
switching cycle that embodies a quantized adiabatic charge
pump [26] accomplished by ionic transport [27]. Prior works
have explored this phenomenon in ionic conductors exhibit-
ing ferroelectricity, but with the material systems considered
featuring ionic vacancies [28,29].

CIPS is a layered vdW system that is a member of the tran-
sition metal thiophosphate family, in which metal cations are
found embedded in a lattice framework of (P2S6)4− anions.
With two monolayers per primitive cell, the individual layers
of CIPS are coupled to each other by weak vdW forces, and
feature Cu1+ and In3+ cations surrounded by sulfur octahedra,
with P-P dimers filling the octahedral voids (see Fig. 1). At the
Curie temperature Tc ∼ 310 K, CIPS undergoes a first-order
order-disorder paraelectric (PE) to FE transition, accompa-
nied by a space-group symmetry reduction from C2/c →
Cc [14,15,30].

Below Tc, the nominal centrosymmetric structure is unsta-
ble to a Cu off-centering instability [14,15], with the Cu ions
consequently occupying locations above or below the center
planes of the monolayers, corresponding to two configurations
that we denote as P+ and P− for “up” and “down” OOP
polarization, respectively [14,30,31]. The former is shown in
Fig. 1. However, because we shall consider cross-gap and
cyclic evolution shortly, we emphasize that these labels denote
the location of a Cu ion relative to its current host layer, and
not to the sign of polarization in any global sense.

Importantly, both the high- and low-symmetry monoclinic
space groups share a glide mirror symmetry {Mx|c/2}, which
maps the Cu ion in one layer onto the one in the neighboring
layer. Thus, any polarization switching path that preserves
the glide mirror symmetry will involve cooperative motion of
both Cu ions.

In the language of the Berry-phase theory [32], on
such a path the system must pass through a state in which
the formal OOP polarization is either zero or half of the
quantum. This may occur because the state in question has
some additional symmetry, such as inversion, that enforces

these values. The aforementioned C2/c centrosymmetric
structure corresponding to the nominal PE phase is one such
example. Other C2/c-symmetric structures occur when both
Cu ions reside at inversion centers located in the midplanes
of the vdW gaps. For future reference, we also note that
C2/c features two subgroups, namely, P1 and C2, that while
breaking glide mirror symmetry, still ensure a vanishing OOP
polarization.

Our search for such cooperative switching paths is car-
ried out using standard density-functional theory methods as
detailed in the Supplemental Material [33] (SM; see also
Refs. [34–41] therein), and proceeds as follows. By �c we
denote the difference between the Cu and In internal coor-
dinates along the c lattice vector (note that �c is defined
modulo 1/2). Starting with the P+ state, where �c = 0.13, the
Cu sublattice is first incrementally shifted downward along c
toward the nominal centrosymmetric PE structure at �c = 0.
At each step the lattice vectors and internal coordinates are
relaxed within the Cc space group subject to the �c constraint.
This procedure terminates by converging on the expected
C2/c structure when �c reaches zero. The structural energy of
the system increases monotonically along this path, reaching
0.72 eV for the final C2/c structure, where we report all
structural energies relative to that of the P± ground states on
a per-unit-cell basis.

The same procedure is then repeated in the opposite direc-
tion as �c is increased toward 0.25, the nominal value for Cu
atoms centered in the vdW gap. The energy again increases
monotonically, but this time we are surprised to find that the
system remains in the Cc space group up to and including the
terminal structure. We label this structure as M+ and find its
energy to be 0.97 eV. We also perform the same set of cal-
culations starting from P− at �c = −0.13, stopping this time
after �c is increased to 0 or decreased to −0.25. The resulting
structures are found to be inversion images of those found
above, with opposite sign of �c and identical energies. We
denote the structure at �c = −0.25 as M−. The full energy
profile as a function of �c is depicted in the SM [33].

Although M− and M+ feature identical energies and are
inversion images of each other, we crucially find that the
structures are distinct, as is evident from the second and fourth
panels of Fig. 2(a). While the Cu ions see a roughly tetrahedral
environment in both cases, three of the four bonds are to S
atoms in the lower layer for M+, and the reverse is true for the
M−. As a result, a continuous path across the vdW gap is not
yet identified.

To complete the cross-gap cooperative switching path, we
perform a series of nudged elastic band (NEB) calculations,
detailed in the SM [33], from which we find that the midpoint
of the cross-gap path, which we designate as M, is a structure
with C2/c symmetry. The full sequence P+ → M+ → M →
M− → P− is illustrated in the five panels of Fig. 2(a), high-
lighting the cooperative nature of Cu motion along the c lattice
vector. In passing along this path, the Cu ions visit a variety
of coordination environments. The Cu ions begin in a nearly
trigonal planar setting (P+), then pass through the distorted
tetrahedral coordination environment (M+) mentioned above,
before reaching the midpoint of the switching path (M) where
a linear twofold coordination appears. On the second half of
the path, the Cu ions pass through the same environments but
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FIG. 2. (a) The representative sequence P+ → M+ → M →
M− → P−. The Cu ions in the lower (red) and upper (blue) layers of
the unit cell move cooperatively along the c lattice vector throughout
the switching path, as emphasized by the guiding lines. (b) The
representative sequence P+ → S+

2 → R → S−
2 → P−. The lower Cu

ions move across the vdW gap first, and are subsequently followed
by the Cu ions in the upper vdW gap. (c) Sequence of structures
from P+ to P− passing through I in the middle. The upper Cu ions
move through a monolayer first, followed by the bottom Cu ions. The
number below a structure indicates its energy relative to P±.

in reverse. The energy barrier for the switching path is defined
by M, and is found to be 1.58 eV. Such a high barrier suggests
that this switching path is implausible, and that alternative
paths should be investigated.

The M structure is found to have two unstable phonon
modes. Unsurprisingly, one mode corresponds to the tangent
to the NEB path as it passes over the barrier; this is a polar Bu

mode that reduces the symmetry from C2/c to Cc. However,
the second Au mode reduces the symmetry from C2/c to C2,
and features one Cu ion continuing on into the vdW gap, while
the second Cu recedes back towards its original layer. The ex-
istence of this second unstable mode suggests a new switching
path featuring sequential Cu motion, in which the two Cu ions
in the primitive cell traverse the vdW gaps one at a time.

To explore such sequential paths, we distort the M structure
along the Au mode and perform a full structural relaxation
within C2; we obtain the structure we refer to as R, depicted
in the middle panel of Fig. 2(b). The figure illustrates that
unlike the previously considered structures, R features Cu ions
doubly occupying half of the layers, while leaving the other
half empty [42]. We find that R has no unstable zone center
phonon modes, eliminating it as a barrier candidate.

To identify possible barriers, we perform an NEB path
search initialized with the linearly interpolated path between
P+ and R, keeping the initial lattice vectors of each structure
fixed during the calculation. However, we find that the calcu-
lation is difficult to converge because of the complexity of the
path, which appears to pass over multiple saddle points on the
way from P+ to R.

To circumvent this difficulty, we resort to a two-stage pro-
cedure in which we first identify these saddle points in the
energy landscape using a direct saddle-point search technique
known as the dimer method [43,44]. In this way we identify
two saddle points which we refer to as S+

1 and S+
2 , the latter

of which is shown in the second panel of Fig. 2(b). These are
then used as anchor points to split our NEB path into three
segments P+ → S+

1 , S+
1 → S+

2 , and S+
2 → R, and a separate

NEB calculation for each segment is initialized with a linear
interpolation of internal coordinates and lattice vectors be-
tween the respective end points. During the calculations, the
initial lattice vectors of each structure on the NEB paths are
held fixed.

The portion of the switching path from R to P− is related
to that from P+ → R by a C2x rotation symmetry. The struc-
tures with the highest energy are S±

1 , leading to an energy
barrier of 0.91 eV, much lower than the M barrier of 1.58 eV
reported above. Representative structures on the switching
path are shown in Fig. 2(b). The Cu ions are found to pass
through tetrahedral and coplanar trigonal local coordination
environments, but never linear ones as was the case for the
cooperative switching path shown in Fig. 2(a). Importantly,
we emphasize that, unlike for the previous path, the Cu motion
across the vdW gap is now sequential. That is, the Cu in the
lower half of the primitive cell moves across the vdW gap first
in Fig. 2(b), and only then does the second Cu traverse the
upper vdW gap.

The fact that the favored switching path through the vdW
gaps is a sequential one raises the question of whether the
same might be true of the “ordinary” switching path from
P− to P+, in which the Cu ions move within the monolay-
ers [22]. To investigate this, we identify the unstable zone
center phonon modes of the PE phase structure residing at
the midpoint of the through-layer cooperative switching path.
Two modes are found: a polar Bu mode corresponding to the
Cu off-centering instability driving the transition to the FE
phase, and an antipolar Bg mode that reduces the symmetry to
P1̄. We distort the PE structure along the Bg mode, and relax
the distorted structure within P1̄ while preserving the 20-atom
translational symmetry of the PE phase. The resulting cen-
trosymmetric structure, denoted as I , is metastable (having no
unstable zone-center modes) and features an energy of only
0.02 eV relative to P±.

To find the saddle points we perform an NEB calculation
initialized with a linearly interpolated path between I and P+.
In the course of the calculation, the initial lattice vectors of
each structure are held fixed. The calculation reveals an en-
ergy barrier of 0.37 eV, which is much lower than the 0.72 eV
value reported above for cooperative switching through the
layer. The path P− → I is obtained by an inversion of the
structures residing on I → P+.

Figure 2(c) illustrates some of the representative structures
on the switching path from P+ to P− passing through I . As
in the cross-gap switching path passing through R, the Cu
ions move independently of each other. However, here they
pass through the monolayers, with one Cu in the primitive cell
initially passing through a layer followed by the second.

Note that we found, first for cross-gap switching and
then for through-layer switching, that the barrier for sequen-
tial switching is only slightly more than half that of the
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FIG. 3. The full NEB energy profile of the combined sequential
switching paths plotted versus the reduced polarization p3. The most
significant energy barriers for switching are defined by S±

1 (cross-
gap), and the local maxima on the P± → I paths (through-layer).

cooperative path. We take this as strong evidence that the
CIPS system is close to the order-disorder limit, as has also
been argued previously by others [14,15,30]. In that limit,
there is an energy cost for a layer to switch, independent of
its neighbors [45]. In the displacive limit, instead, one would
expect that the sequential barrier would be much higher in
energy, or even that the intermediate metastable antipolar state
might well be eliminated entirely.

The combination of the P+ → R → P− and P− → I →
P+ switching paths described above yields a full cycle that
brings P+ back to itself, but with every Cu ion having moved
vertically into the adjacent layer above. We would therefore
like to understand the evolution of the OOP electric polar-
ization along this cycle. This is only possible if the system
remains insulating all along the path. Crucially, we find that it
does, with the smallest direct or indirect band gap of 0.88 eV
being found at the structures corresponding to p3 = 0.46 and
0.54 in Fig. 3. Since we are primarily interested in the polar-
ization normal to the layers, we compute the reduced electric
polarization p3 = Vcellb3 · P/2π for each NEB-generated con-
figuration along the path. Here Vcell is the unit-cell volume, b3

is the third reciprocal lattice vector, and P is the Berry-phase
polarization. Note that p3 is defined only modulo a quantum
of elementary charge e.

Figure 3 presents the total energy of each structure along
the cycle on the vertical axis, and their corresponding calcu-
lated reduced layer-normal polarizations p3 on the horizontal
axis. First, we note that the polarization remains well defined
and increases monotonically along the cycle. Moreover, we
see that at the completion of the path, the polarization has
changed by a quantum. The formal oxidation state of Cu in
this compound is Cu1+, consistent with the fact that one Cu
ion from each primitive cell has moved into the vertically ad-
jacent cell, thus realizing quantized charge transport [27–29].

This path’s existence suggests the possibility of adiabatic
charge transport in this system. An ideal scenario would be
one in which a combination of two or more parameters, such
as strain components or external fields, could be manipu-
lated to carry the system deterministically along such a path,
thereby realizing an adiabatic charge pump [46].

Having specified our switching path, we would also like to
obtain an order-of-magnitude estimate of the coercive fields
involved in the switching. Ideally this could be done by using
finite-field methods to follow the electric equation of state
in the form of energy E as a function of OOP polarization
Pz [47–49], and associating the coercive field with the maxi-
mum of dE/dPz along the switching path. Since we are only
interested in rough estimates here, we instead simply compute
the finite difference �E/�Pz on the most relevant segments of
the switching path. Referring to Fig. 3, we find values of 0.77,
0.24, and 0.77 V/Å in going from the minimum to the saddle
point along I towards P+, along R towards S−

2 , and along P−
towards I , respectively. For the path from P+ towards S+

1 the
finite difference is taken to start from the point at p3 = 0.26,
yielding a value of 1.21 V/Å. It is noteworthy that this lat-
ter coercive field for switching through the vdW gap does
not greatly exceed those required for switching through the
layers.

First-principles predictions of coercive fields based on
preserving primitive cell periodicity often overestimate ex-
perimentally measured values by as much as two orders of
magnitude. This is unsurprising given that such calculations
exclude switching via domain-wall nucleation and motion and
ignore the effects of temperature and disorder. In this context,
our values, while high compared to corresponding values for
conventional FEs, are not far out of line with experimental
values for CIPS in the range of 10−4 to 10−3 V/Å [14,16],
which are also high compared with experimental coercive
fields of conventional FEs.

To summarize, we investigated the energy landscape of
CIPS to identify polarization switching paths involving either
cooperative Cu ion motion preserving the system’s glide mir-
ror symmetry, or sequential Cu motion. Aside from the nature
of the Cu motion, the two switching paths are distinguished
by the local coordination environments that the Cu ions visit
in the course of the switching. The sequential switching paths
through the monolayers and vdW gaps lead to significantly
smaller energy barriers than their respective cooperative coun-
terparts. Since all structures on the sequential switching paths
remain insulating, we argue that the combination of the two
paths leads to a FE switching cycle embodying the physics
of a quantized adiabatic charge pump. Finally, we perform an
order-of-magnitude estimate of the coercive fields needed to
drive the system across the most significant energy barriers
along the sequential switching cycle, and find that they are
comparable in magnitude.

Our findings reinforce an emerging focus on a class of
materials that simultaneously exhibit ferroelectricity and ionic
conductivity in the bulk. In most systems, ionic transport is
associated with the degradation of the FE state, and relatively
few systems are known in which the two coexist [50–56]. Our
study offers an indication that this class of materials has the
potential to exhibit unusually rich behavior. Much remains to
be understood, and further research is needed, regarding the
relationship of ferroelectricity and ionic conductivity in these
intriguing materials [16,57–59].
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