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Trilinear coupling in lead-free halide superlattice CsSnl;/CsSil;: A first-principles study
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Ferroelectricity in halide perovskites has attracted great attention, ranging from fundamental studies to

technological applications. Here, we studied the structural and electrical properties of superlattice CsSnl; /CsSils
by first principles. The ground state of CsSnl;/CsSil; is a polar phase with a space group of Pc, and it possesses
four trilinear couplings between polar and nonpolar modes. The Pc state is eightfold degenerate in total energy
against the simultaneous inversion of couples of modes. Under an electric field, the switching of polarization

is accompanied by the switching of antiferroelectric octahedral distortion tilting. Moreover, the switching
barrier of CsSnl;/CsSil; can be reduced by applying a compressive strain. The unique trilinear couplings and
ferroelectricity in our system suggest the potential application of lead-free halide perovskites in several energy
conversion mechanisms such as piezoelectric, pyroelectric, electrical energy storage, and photovoltaic.

DOI: 10.1103/PhysRevB.108.195204

I. INTRODUCTION

Ferroelectric perovskite materials are well known for ca-
pacitor, sensor, memories, and energy storage applications
[1-5] as well as giving rise to tremendous interest as pho-
tovoltaic and optoelectronic materials [6,7]. Ferroelectrics
exhibit a spontaneous polarization that can be switched by
applying an electric field. This feature usually exists in per-
ovskite oxides where the transition-metal/oxygen bond with
large polarizability is particularly favorable for promoting the
transition-metal off-centering, such as BaTiOs and PbTiO3
[8-10]. Compared to the perovskite oxide ferroelectrics,
halide perovskites exhibit many unique properties of struc-
tural softness, light weight, and low synthesis temperatures
[11]. Moreover, the halogen-based examples unlike oxides are
not contraindicated by d electrons, so they allow the coexis-
tence of ferroelectric (which requires empty d orbitals) and
magnetic ordering (which requires filled d orbitals).

On the other hand, ferroelectric halide perovskites can
enhance the power conversion efficiency of solar cells by
improving the charge transport properties and reducing charge
recombination, which shows promising optoelectronic appli-
cations [12-16]. However, the existence of ferroelectricity
in halide perovskites remains controversial. For example, in
tetragonal MAPbI3;, most traditional methods cannot effec-
tively characterize its ferroelectricity and have not achieved
standard saturated polarization versus electric field (P-E)
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loops until now [17]. As a result, this work aims to in-
crease ferroelectricity in hybrid halide perovskites and tune
the semiconducting features of ferroelectrics for better device
needs.

Recently, lead-free halide perovskites have attracted wide
attention due to their nontoxicity and outstanding opto-
electronic properties [14,18-20]. CsSnls, a typical lead-free
inorganic perovskite, possesses a cubic or orthorhombic phase
that is centrosymmetric and does not possess spontaneous
polarization [21-23]. However, CsSil; adopts a noncen-
trosymmetric structure with R3m symmetry. It has been
reported that superlattices of thin ferroelectric and non-
ferroelectric perovskite layers can possess many improved
physical properties over homogeneous thin films of the same
compositions [24-26]. Thus, we construct the superlattice
CsSnl3/CsSil; made by centrosymmetric Pnma CsSnls [27]
and polar R3m CsSils [28]. The structures and electronic
properties of the CsSnl;/CsSils superlattice were studied by
first-principles calculations and symmetry analysis. It is found
that the superlattice adopts a polar ground state of Pc, and both
possess the octahedral tilting of CsSnlz and polar distortions
of CsSils. Moreover, the ferroelectric polarization is not only
related to the magnitude of polar distortion but closely corre-
lated to the antipolar distortion, such as the AFD mode. Under
an electric field, the polarization can be switched against
the simultaneous inversion of the antipolar mode, due to the
existence of trilinear couplings of lattice distortion modes in
the CsSnl;/CsSils superlattice. Furthermore, the switching
barrier can be decreased by applying a compressive strain,
showing unique ferroelectricity in halide perovskites.

©2023 American Physical Society
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FIG. 1. Atomic structure of ferroelectric Pc phase (a) and high-
symmetry phase Cmmm (b) for CsSnl;/CsSil; superlattice.

II. COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were per-
formed by using the Vienna ab initio simulation pack-
age (VASP) with the projector augmented wave (PAW)
method [29,30]. The following electrons were treated as va-
lence states: Cs 552 5p6 6s', Sn 552 5p2, Si 352 3p2, and 1
5s25p°. A cutoff energy of 320 eV and the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation potential were used
[31]. To simulate the CsSnlz/CsSils superlattice, we used a
V2 x A2 %2 supercell containing 20 atoms. The atomic
positions were relaxed using the Monkhorst-Pack k£ meshes
of 0.2 A~ Electronic relaxations converged within 1078 eV
and ionic relaxation was performed until the residual force
was 1 meV A~'. Spontaneous polarizations were calculated
by using the Berry phase method [32]. Considering the
effect of an electric field, the electric enthalpy functional
FR, &) = EgS(R) — P(R) - £ in Ref. [33] was used to de-
scribe the response of structural and electric properties to an
electric field. Here, £ is the applied electric field, EES(R)
is the zero-field ground-state Kohn-Sham energy at coordi-
nates R, and P is the corresponding electronic polarization.
In the presence of an applied electric field, the equilibrium
coordinates that minimize the electric enthalpy functional
should satisfy the force-balance equation —dj,ﬁs +7Z°- & =
0, where Z° is the zero-field Born effective charge tensor.
This scheme has been successfully verified for the study of
electric field related physical responses in ferroelectric and
multiferroic compounds [26,33]. For epitaxial strain, the in-
plane lattice constants were fixed and the atomic positions
and out of plane lattice constants of the superlattice have been
relaxed.

III. RESULTS AND DISCUSSION

CsSnl; possesses an orthorhombic nonpolar phase Pnma
with iodine antiferrodistortive (AFD) octahedra motions, hav-
ing in-plane antiphase tilts and out of plane in-phase tilt
(a~a"c™* tilts in Glazer notation [34]). The ground state of
CsSil; is a rhombohedral polar R3m structure. Figure 1(a)
shows the structure of the [CsSnls],/[CsSils]; superlattice,
which possesses the ground state of the Pc phase. The
structures of CsSils and CsSnl;/CsSils are dynamically sta-
ble with no imaginary phonon frequency in Fig. S2 in
the Supplemental Material [35] (also see [36,37]). Mean-
while, the superlattice CsSnl;/CsSil; is a periodic structure,

FIG. 2. Sketch of distortion mode I'; (a), I'; (b), I'T (¢), Y{
(d), Y5 (e) and Y5 (f) in CsSnl;/CsSil; superlattice.

alternating the corresponding component along one direction
infinitely in the calculations. This perfect order superlat-
tice can be grown by molecular beam epitaxy (MBE) and
pulsed-laser assisted (PLA) technology [38—42]. Symmetry
mode analysis using AMPLIMODES [43] has been performed
on the CsSnl;/CsSil; superlattice; the ground state Pc
consists of a combination of several lattice distortions of
high-symmetry superlattice. The high-symmetry phase can
be found by using the pseudosymmetry searching software
PSEUDO [44]. In Fig. 1(b), the Cmmm phase is considered
as the high-symmetry structure. Six main lattice distortions
decomposed from the Pc ground state can be distinguished
with symmetries labeled as I',, I';, Iy, Y/, Y7, and Y;.
Figures 2(a)-2(f) display the pattern of atomic displacements
related to these distortion modes. Figure 2(a) shows the in-
plane polar mode I'; where Sn and Si cations move along
the b direction, and I anions mainly move along the —b
direction, resulting in polarization along the b direction. Fig-
ure 2(b) shows the out of plane polar mode I', along the
c direction. Figure 2(c) shows the antipolar distortions F;
with the A-site cation displacements along the a direction,
corresponding to the distortion mode X of the Pm3 m phase
decomposed from nonpolar structure Pnma for CsSnls. Fig-
ures 1(d) and 1(e) show the out of phase in-plane octahedral
tilting mode Y, and the in phase of the out of plane octa-
hedral tilting mode Y. The two tilting modes are similar
to the AFD R} and MJ in CsSnl;. We find that the Y3
distortion mode is mainly contributed by Sn-centered I oc-
tahedra while the Si-centered I octahedra tilting almost can
be ignored. Moreover, there is another antipolar distortion
mode Y; [Fig. 1(f)]. In the Y; mode, atoms in the Csl
layer and Sn/Si atoms possess displacements along the a
direction.

We then analyze the effect of each mode on the ferro-
electric behavior in the superlattice CsSnls/CsSil;. From the
absolute amplitude of each mode, we find the strongest con-
tribution comes from the two tilting modes Y; and Y with
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FIG. 3. (a) The total energy with respect to the amplitude of the I';, I';, I'{, Y/, Y, and Y; modes. (b) Energy as a function of the
amplitude of the I'; mode when freezing Y; and Y3 (red line), and I'; and I'J (black line). (c) Energy as a function of the amplitude of the
I'; mode when freezing Y; and Y5 (red line), and T'; and I'f (black line). The amplitudes Q are normalized corresponding to the relaxed
structure. Here, we set the energy of the Crmmm phase to zero. The location of the minima in (b), (c) can refer to the dotted lines.

large amplitudes of 1.46 and 0.6 A. The next largest contribu-
tions are from the polar modes I';’ and I'; with amplitudes
of 0.5 and 0.4 A. Thus, the YJ and YJ modes are the pri-
mary structural distortions, which lower the symmetry of the
prototype phase to Pmna and Pbam. Note that both of them
are nonpolar subgroups and insufficient to break the inversion
symmetry. The secondary induced polar distortions in the I';,”
and I';” modes are allowed to reduce the symmetry to Pc. This
means that the coupling of two tilting modes can induce polar

J

distortions, though they cannot yield polarization by them-
selves. On the other hand, there are also small contributions
from the antipolar modes ' and Y. To further study the
driving forces for, and competition between polar and non-
polar structural distortions, the ISOTROPY software package
[45] is used to derive the expression of energetic terms that
are possible by symmetry in the presently reported Pc state
of the CsSnl3/CsSil; superlattice. We identify the following
couplings:

E = Ey+ A1Qr; Or; Or; + A2Qr; Ov; Ov; + AsQr, Oy; Ov; + AaQr; Oy; Oy + By Q12~2— +BzQ12~4— + BaQ12~3+
+ B40ys +BsQy. +Be0y. +CiQ}- + C207-0F + C30f + C407 07 + G507 O
+ CoQry + G107 03¢ + Cs07 03 + Co0 03 + CroQy; + - )

where the Or-, Or, Ort, Oy, Oyy, and Qy. represent
the amplitude of the I',, I';, Ty, YJ, Y5, and Y5 modes,
respectively. The (Qr;, Or;, Oy, Oy Orss OQy;) of the
Pc state is (1, 1, 1, 1, 1, 1). The antipolar distortion F;r
is allowed by the condensation of two rotational modes
Y, and Y, which is similar to the trilinear coupling of
Ox: Or; Owmy in Pnma structure [46]. The two types of tri-
linear couplings, Or_ Oy Oy, and Qr Oy Oy, , suggest that
the AFD and antipolar motions may modify the polariza-

(

tion. Moreover, the term QrQr-Qr; represents a coupling

between in-plane polar mode I', and out of plane polar
mode I'; .

To confirm this scenario, we calculate the total energy as a
function of the normalized amplitude Q of each mode shown
in Fig. 3(a). For the I'y, I';, Y, and Y5 modes, their energy
curves have a characteristic double-well shape, indicating that
they can be unstable at the symmetry phase Cmmm. However,
the energy variation of modes I'” and Y7 are stable as a single
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TABLE I. The phases (Qr;, QFZ’ QY;, QY;, Qr;, QY;) with the
same total energy in the Pc state.

Antipolar
Polar modes AFD modes modes

Qr; Qr; Q\(;r Qyj( Qr;r ng
Phase 1 1 1 1 1 1 1
Phase 2 1 -1 —1 1 —1 1
Phase 3 -1 -1 1 1 1 —1
Phase 4 -1 1 1 —1 —1 1
Phase 5 1 1 —1 -1 1 -1
Phase 6 -1 -1 —1 —1 1 1
Phase 7 -1 1 —1 1 —1 -1
Phase 8 1 -1 1 -1 —1 -1

FIG. 4. Total energy difference between ferroelectric and para-
electric phase as a function of the parameter v (left axis) and the
evolution of polarization from positive to negative ferroelectric states
calculated by the Berry phase method (right axis).

well in the curve of energy as a function of its amplitude [inset
of Fig. 3(a)]. Interestingly, when freezing Y; and Y3 with
their amplitude in the Pc ground state, the energy gain of I,
distortion is much more than that without other modes frozen
[see Figs. 3(a) and 3(b)]. The simultaneous condensation of
the Y and Y5 modes can also increase the energy gain
of polar mode I'; in Fig. 3(c). Moreover, the asymmetrical
energy curves in Figs. 3(b) and 3(c) show that the P and
— P states are not energetically equivalent, indicating the exis-
tence of trilinear couplings in the superlattice. The coefficients
of four trilinear coupling terms can be obtained by fitting
these energy curves with Eq. (1): A} = -0.019, A, = -0.011,
Az =-0.005, and A4 = —0.018 eV /unit cell (u.c.). The larger
value of A; shows that two polar modes I'; and I'; have a
strong coupling with each other as shown in Figs. 3(b) and
3(c). When freezing one polar mode and antipolar mode F;r R
the energy gain of another polar mode can be markedly in-
creased. On the other hand, these trilinear couplings in Eq. (1)
prevent the degeneracy of the Pc against the simultaneous
inversion of each mode; thus the phases of (1, 1, 1, 1, 1, 1) and
(-1, —1, —1, —1, —1, —1) are not energetically equivalent,
which is consistent with the calculated results in Fig. S5(b)
[35]. However, the Pc is eightfold degenerate in total energy
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against the simultaneous inversion of couples of modes, and
the phases from 1 to 8 have the same total energy according to
our calculations in Table I. The results show that a reversal of
the polarization should be accompanied by the reversal of the
AFD and antipolar modes to end up in a Pc minimum having
the same energy, implying a hybrid improper ferroelectric in
the CsSnl;/CsSil; superlattice.

As a next step in the analysis, we estimate the value of
ferroelectric polarization in the CsSnl;/CsSil; superlattice.
Here, a phase P2;/c composed of AFD (YS and Y]) and
antipolar distortion I'y can be considered as the paraelectric
state (7 = 0), according to the energy degenerate states phase
1 and phase 3. Comparing to a virtual paraelectric state P2, /c
(t = 0) composed of AFD (Y and Y) and antipolar dis-
tortion F; , the ferroelectric state (t = 1) includes the sum
of distortion components I', + I';” + Y5 leading to the polar
phase Pc. This parameter 7 expresses a scaling parameter of
atomic displacements. The state of t = —1 (—P) possesses
the opposite atomic displacements of those in the T = 1 state
(P), resulting from a switching of the distortion modes I',,
'}, and Y7 . Figure 4 shows the energy variation from the fer-
roelectric state to the paraelectric state as a function of . We
set the energy of state t = 0 to be zero. The energy curve ex-
hibits a convex and symmetrical shape between the P and —P
states, which is consistent with the energetically equivalent
states of phase 1 and phase 3 in Table I. Moreover, the results
show that the CsSnl3/CsSil; superlattice possesses an energy

AFD (deg)

0.00 0.02 0.04
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FIG. 5. (a) The ferroelectric polarization and (b) AFD octahedral tilting angles with applying an electric field from 0 to 0.08 eV /A along

the —b direction.
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FIG. 6. (a) The ferroelectric polarization and (b) the switching barrier during the process of ferroelectric switching as a function of strain.

barrier (33 meV/atom) of switching ferroelectric polarization
switching barrier from the P to the —P states. Furthermore,
we calculate the variation of polarizations from positive to
negative ferroelectric states by the Berry phase method de-
tailed in Fig. S6 [35]. The in-plane polarization and out of
plane polarization are approximately 10.2 and 10.3 uC/cm?,
which are calculated from the polarization difference of the
ferroelectric state (t = 1) and paraelectric state (z = 0).

Since the ferroelectric polarization is strongly sensitive to
the electric field, we consider the situation of applying an
electric field to the CsSnl;/CsSil; superlattice. Under an elec-
tric field along —b ranging from 0 to 0.07 V/A, we calculate
the variation of polarization and AFD angles (®,, ®,, ©,)
as shown in Figs. 5(a) and 5(b). Here, we average the AFD
angles of Snlg and Silg octahedra. It can be seen that the
value of polarization decreases with increasing the electric
field, as well as the direction of polarization is switched to —b
when the electric field reaches 0.05 V/A. Here, the opposite
signs of polarization represent the switching of polarization
from b to —b. When releasing the large electric field, the
negative polarization can be modified (without a change of
direction) and has the same magnitude as the initial zero-field
state. Figure 5(b) shows that the out of plane AFD in-phase
angle ©®, increases with the increase of the electric field.
However, the variation of in-plane AFD antiphase angles
presents a similar trend to the polarization curve. We also
discover that the ®, and @, are reversed with the switching
of polarization at an electric field of 0.05V/A. The simul-
taneous inversion of the polar mode and the AFD octahedra
distortion mode under an electric field originates from trilinear
couplings of Or-Qy+ Qy; and Or; Oy Qy+ in Eq. (1), corre-
sponding to phase 8 in Table I. This result is different from
the other ferroelectric superlattices, such as BiFeO3; /NdFeOs3,
BiFeO3;/LaFeOs, and PbTiO3/LaTiOs [26,47,48], in which
the switching of in-plane polarization is accompanied by the
reversal of out of plane AFD octahedral tilting, corresponding
to phase 2 in Table 1.

We further investigate the strain effect on the electric prop-
erties of the CsSnl;/CsSils superlattice. Figures 6(a) and
6(b) show the ferroelectric polarization and switching barrier
Eparrier of CsSnl3/CsSil; during the process of ferroelectric
switching with different strains. It can be seen that the in-plane
polarization decreases with the increase of compressive strain
and increases with the increase of tensile strain. However,

the out of plane polarization exhibits an opposite variation
with in-plane polarization as a function of strain. As the
modulation of ferroelectric and structural properties occurs
by applying strain, the switching barrier decreases with the
increase of compressive strain and increases with the increase
of tensile strain. The switching barrier reduced by 33% under
a compressive strain of —2% presents the ideal ferroelectric
properties, indicating a promising application.

IV. CONCLUSIONS

The structural and electric properties of the CsSnl;/CsSils
superlattice have been investigated by first-principles meth-
ods. The CsSnl;/CsSil; superlattice possesses a noncen-
trosymmetric structure with a space group of Pc. The
ferroelectric feature of this superlattice has been observed
with the in-plane polarization of 10.2 uC/cm? and the out of
plane polarization of 10.3 #C/cm? by Berry phase calcula-
tion. Moreover, we found that four types of trilinear couplings
between polar (I, , T'; ), AFD (Y], YJ), and antiferroelectric
(F;r , Y7) distortion modes have a significant influence on
ferroelectric polarization. As an electric field was applied to
the CsSnl;/CsSil; superlattice, the polarization was switched
inducing the opposite of AFD (in-phase) angles. We further
obtained the reduced ferroelectric switching barrier with the
effect of compressive strain. Our findings exhibit a unique
ferroelectric halide superlattice and broaden its potential ap-
plication for energy conversion devices.
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