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Large linear and nonlinear electro-optic coefficients in two-dimensional ferroelectrics
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Analytical derivations and first-principles calculations are performed to investigate the electro-optic (EO)
response of the two-dimensional ferroelectric SnS in its monolayer form. In addition to derive the formula for
EO coefficients for two-dimensional systems, large linear and nonlinear electro-optic coefficients are discovered,
along with a strongly nonlinear electro-optic response as a function of electric field. The origin of these electro-
optic responses is further found and involves a few specific phonon modes, in general, and the evolution of their
frequencies and atomic characteristics under electric fields, in particular. Large linear and nonlinear electro-optic
coefficients can be found in other two-dimensional ferroelectrics, paving the way for potential optical device
applications.
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The electro-optic (EO) effect characterizes the change in
refractive index of a material induced by an applied static (or
low-frequency) electric field [1], which can be used for some
technological applications [2–7]. As such, EO effects have
been intensively studied in recent years (see, e.g., Refs. [8–22]
and references therein). In particular, obtaining large linear
but also nonlinear electro-optic coefficients are required for
designing efficient and/or novel optical devices, including EO
modulation [10], optical shutters [15], EO detection [17],
and EO switching [19]. Interestingly, EO effects have been
exploited in graphene for EO modulators [23], indicating
the possibility of using two-dimensional (2D) materials for
the design of such novel devices. Similarly, a few recent
experiments have been conducted on EO effects in molecu-
lar ferroelectrics [24] and ferroelectric HfO2-based epitaxial
thin films [25]. On the other hand, we are not aware of any
study devoted to EO effects in many other 2D ferroelectric
materials, despite a current intensive research conducted in
such promising nanostructures. Examples of such systems
are, e.g., 1T′-WTe2 [26], d1T-MoTe2 [27], CuInP2S6 [28], bi-
layer h-BN [29,30], and transition metal dichalcogenides [31]
for which the direction of the spontaneous polarization can
be out-of-plane, or SnTe [32], β ′-In2Se3 [33], SnSe [34],
and SnS [35] that exhibit an in-plane polarization. In par-
ticular, SnS is attracting much attention [35–45], because it
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is chemically stable and exhibits a robust room-temperature
ferroelectricity even in its monolayer form—which is highly
promising for nanoscale ferroelectric applications [35]. It is
thus timely and important to know if SnS monolayer possesses
large linear and nonlinear electro-optic coefficients, and, if
yes, what are the microscopic reasons behind them. One may
also wonder how to practically compute EO coefficients in
2D materials since the only available ab-initio method al-
lowing the determination of such coefficients pertains to the
simulations of supercells which include a large amount of
vacuum [12]. Until the present work, it was unclear how
to extract EO coefficients from periodic boundary condition
simulations of 2D materials.

The aim of this Letter is to report derivations and first-
principles calculations that positively answer such questions
and provide a deep insight into these EO responses.

Here we choose the ground state structure of SnS mono-
layer, which has a Pmn21 symmetry. The spontaneous
polarization in this structure is along the armchair direction,
as theoretically and experimentally demonstrated [35,43]. We
perform density functional theory (DFT) calculations within
the generalized gradient approximation in the form of Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [46],
using the ABINIT package [47] with norm-conserving pseu-
dopotentials [48,49]. We used a �-centered 10×10×1 grid
of k-point mesh and a plane-wave cutoff of 50 hartrees. A
vacuum space of more than 65 Å is employed to avoid the
periodic image interactions and to get converged EO coeffi-
cients. In addition, the Coulomb interaction in the 2D system
is naturally included in our DFT calculations. The effects
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of dc electric fields applied along the [100] armchair polar
direction on structural properties of the Pmn21 phase of mono-
layer SnS are calculated by making full use of the method
developed in Refs. [50–52]. Note that for each considered
magnitude of the dc electric field, the in-plane lattice vectors
were allowed to relax while the out-of-plane lattice vector was
kept fixed (in order to have a constant width of the vacuum
layer), and the atomic positions were fully relaxed until all the
forces acting on the atoms have a value smaller than 1×10−6

hartree/bohr. The resulting field-induced structures are then
used to obtain the EO coefficients, which is based on the
variations of the refractive index (related to the first-order
change of the optical dielectric tensor) induced by a static
(or low frequency) electric field Ek [53]. More precisely, the
EO coefficients are computed within the density functional
perturbation theory (DFPT) on those field-induced structures,
which has been previously demonstrated to give rise to correct
nonlinear electro-optic coefficients [22]. Technically, the EO
coefficients can be obtained from the following expression:

�(ε−1)i j =
3∑

k=1

Ri jkEk, (1)

where (ε−1)i j is the inverse of the electronic dielectric ten-
sor and Ri jk is the EO tensor, with both of these quantities
implicitly depending on the applied field Ek . The relationship
between Ri jk and Ek will determine if the considered materials
adopt linear or nonlinear EO effects.

Let us consider the clamped (strain-free) EO tensor for the
supercell (that contains both the monolayer and the vacuum
layers) Rη,SC

i jk (note the superscript “SC” that refers to the
supercell). It can be expressed as the sum of two contributions:
a bare part Rel,SC

i jk , and an ionic contribution Rion,SC
i jk [12,13].

The electronic part can be computed from the nonlinear op-
tical coefficients while the ionic contribution is related to the
Raman susceptibility αm

i j of mode m, the transverse optic (TO)
mode polarity pm

k , and the TO phonon mode frequencies ωm.
More precisely, the clamped EO tensor for the supercell is
written as [12,13,22]

Rη,SC
i jk = Rel,SC

i jk + Rion,SC
i jk

= −8π

n2
i n2

j

χ
(2)
i jk − 4π

n2
i n2

j

√
�0

∑

m

αm
i j pm

k

ω2
m

, (2)

where the ni and n j coefficients are the principal refrac-
tive indices, and �0 is the unit-cell volume. Note that we
decided to focus on clamped EO coefficients here, rather
than on the unclamped ones, for three main reasons: (1) as
we will see below, Eq. (2) can provide a deep insight into
the electro-optic response; (2) measurements, known as the
time response method (TRM), can be done to extract such
clamped coefficients [54,55]; and (3) clamped and unclamped
coefficients can be mixed in the electro-optic response of
some devices [56,57]. Note also that one “just” has to add
contributions associated with elasto-optic and piezoelectric
coefficients to obtain the unclamped EO responses from the
clamped ones [11–13].

We first check the structural parameters of bulk SnS (that
has a Pnma space group). The presently used PBE exchange-
correlation energy functional [48,49] provides a, b, and c

FIG. 1. Crystal structures of the monolayer SnS. (a) The top and
side views of monolayer SnS with zero electric field. (b) The top and
side views of monolayer SnS with the largest applied electric field
� 4.6×108 V/m.

lattice constants equal to 4.45, 4.03, and 11.43 Å, respectively,
which typically slightly overestimates (between 1.0% and
2.8%) the corresponding experimental values of 4.33, 3.99,
and 11.20 Å [58].

Figure 1(a) depicts the crystal structure of SnS monolayer
in its Pmn21 ground state under zero field. A sponta-
neous polarization exists along the armchair direction (note
that the polarization P is computed from the Berry phase
method [59,60]), with a value of 268 pC/m, which is in good
agreement with the previous theoretical values of 265 [45],
262 [38], and 260 pC/m [40]. Note that a measurement pro-
vides a magnitude higher by four orders of magnitude, i.e.,
∼3 μC/m, but noted that the discrepancy between the pre-
dicted and experimental values may arise from an observed
hysteresis loop that is dominantly caused by extrinsic ef-
fects [35]. Figure 1(b) shows a similar Pmn21 structure but
under our largest applied electric field. We choose here the
Cartesian axes such as the x axis is along the [100] polar
pseudocubic direction (armchair direction in Fig. 1), the y
axis is along the [010] of the pseudocubic direction (zigzag
direction in Fig. 1), and the z axis is perpendicular to the
spanned (x, y) plane. With this choice of axes and within the
Pmn21 (C2v) symmetry, the EO tensor has five independent
elements in Voigt notation [61]: R11, R21, R31, R53, and R62.
It is now important to realize that we want to compute the EO
coefficients of the monolayer (to be later referred by using the
“2D” superscript), while the ab-initio code provides the EO
coefficients and the dielectric tensor of the whole supercell
(which also contains vacuum layers). The Supplemental Ma-
terial (SM) [62] provides the necessary derivations and gives

Rη,2D
11 (E ) = c

t

(
εSC

11

)2

(
ε2D

11

)2 R
η,SC
11 (E ), (3)

Rη,2D
21 (E ) = c

t

(
εSC

22

)2

(
ε2D

22

)2 R
η,SC
21 (E ), (4)

Rη,2D
31 (E ) = c

t
Rη,SC

31 (E ), (5)
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FIG. 2. (a) The clamped 2D EO coefficients as a function of
electric field applied along the [100] direction in monolayer SnS.
The solid lines represent fits by a second-order polynomial except
for Rη,2D

53 (green line) for which a first-order polynomial was fit
to. (b) Mode decomposition of the clamped EO coefficient Rη,2D

31 .
(c) Phonon frequency for B(5)

1 , B(6)
1 , B(8)

1 , B(10)
1 , and B(11)

1 modes at
the � point of the first Brillouin zone (the inset zooms in the data of
B(5)

1 and B(6)
1 modes for electric field between 0.0×108 and 2.4×108

V/m). (d) The inverse of the square of the phonon frequency ω−2

as a function of electric field. The insets of (d) corresponding to the
eigenvector of B(5)

1 , B(6)
1 , and B(8)

1 modes at zero field in monolayer
SnS.

Rη,2D
53 (E ) = εSC

33 εSC
11

ε2D
33 ε2D

11

Rη,SC
53 (E ), (6)

Rη,2D
62 (E ) = c

t

εSC
11 εSC

22

ε2D
11 ε2D

22

Rη,SC
62 (E ), (7)

where Rη,2D
11 , Rη,2D

21 , Rη,2D
31 , Rη,2D

53 , and Rη,2D
62 are the clamped

2D EO coefficients; Rη,SC
11 , Rη,SC

21 , Rη,SC
31 , Rη,SC

53 , and Rη,SC
62

form the clamped EO tensor of the supercell; εSC
11 , εSC

22 , and
εSC

33 are the diagonal elements of the dielectric tensor in the
supercell; ε2D

11 , ε2D
22 , and ε2D

33 are the 2D dielectric constants;
c is the thickness of the supercell (out-of-plane lattice con-
stant of the supercell containing both the monolayer SnS and
vacuum layer thickness); while t is the effective thickness
of the 2D material. Practically, we consider here an out-of-
plane lattice constant of the supercell c = 70 Å and a real
SnS monolayer thickness of t = 2.6 Å. Note that, as also
reported in the SM [62], the relations between the 2D dielec-
tric constants and the dielectric tensor of the supercell are
given by [63] ε2D

11 = 1 + c
t (εSC

11 − 1), ε2D
22 = 1 + c

t (εSC
22 − 1),

and ε2D
33 = [1 + c

t ((εSC
33 )−1 − 1)]−1.

Figure 2(a) displays all 2D EO coefficients as a function
of the dc electric field applied along the [100] direction in
monolayer SnS, as calculated from Eqs. (3)–(7).

One can see a strong field dependency of Rη,2D
31 , while

Rη,2D
11 , Rη,2D

21 , Rη,2D
53 , and Rη,2D

62 are only weakly (and
nearly linearly) dependent on the applied electric field. More
precisely, Rη,2D

31 can be nicely fitted by a second-order

polynomial: rη,2D
31 + sη,2D

311 E1 + cη,2D
3111E2

1 , with a linear (Pockels
effect) EO coefficient of rη,2D

31 = −40.0 pm/V, a second-order
(Kerr effect) EO coefficient of sη,2D

311 = 7.0×10−20 m2/V2, and
a third-order EO coefficient of cη,2D

3111 = −8.1×10−29 m3/V3. It
is worthwhile to realize that rη,2D

31 is a large linear EO coeffi-
cient, since it is larger in magnitude than the current standard
material of LiNbO3 (30.8 pm/V) [64] used for EO devices
and greater by about 30 times than that of some 2D hybrid
metal halide perovskites (1.4 pm/V) [65]. Note that, to the
best of our knowledge, the largest linear EO coefficient was
measured in strontium barium niobate Sr0.6Ba0.4NbO6 single
crystal (4mm point group) and is equal to 237 pm/V at room
temperature [66], which is about 6 times larger in magnitude
than our predicted value of −40.0 pm/V at 0 K. This is quite
remarkable when realizing that linear EO coefficient should
increase when heating the system towards the paraelectric-
to-ferroelectric transition [14,67]. It is thus probable that the
SnS monolayer can have very large linear EO coefficients at
finite temperature. Note also that our estimated sη,2D

311 quadratic
EO parameter is the same order in magnitude than that pre-
dicted for the R3m phase of BaTiO3 [22], and about two
times stronger than that of potassium dihydrogen phosphate
(KDP) [68]. In contrast, Rη,2D

53 is rather small (approaching a
zero value) for all applied fields.

Furthermore, we also numerically found that Rη,2D
11 , Rη,2D

21 ,
and Rη,2D

62 can also be very well fitted by second-order poly-
nomials rη,2D

11 + sη,2D
111 E1 + cη,2D

1111E2
1 , rη,2D

21 + sη,2D
211 E1 + cη,2D

2111E2
1 ,

and rη,2D
62 + sη,2D

621 E1 + cη,2D
6211E2

1 , respectively. The resulting
fitting coefficients are rη,2D

11 = 14.2 pm/V, sη,2D
111 = −3.1×

10−20 m2/V2, and cη,2D
1111 = 3.4×10−29 m3/V3; rη,2D

21 =
8.8 pm/V, sη,2D

211 = −2.2×10−20 m2/V2, and cη,2D
2111 = 2.1×

10−29 m3/V3; and rη,2D
62 = 13.1 pm/V, sη,2D

621 = −4.0×
10−20 m2/V2, and cη,2D

6211 = 4.4×10−29 m3/V3. It is also clear
from Fig. 2(a) that one needs to go beyond quadratic EO coef-
ficients to fit well the field evolution of Rη,2D

i jk elements (such
evolution will simply be linear if quadratic EO coefficients
will suffice), therefore emphasizing the strong nonlinear char-
acter of the electro-optic response in SnS monolayer. We
are not aware of any previous study reporting significant
high-order electro-optic coefficients in any material, beyond
quadratic ones. Note that we also checked the spin-orbit
coupling (SOC) in 2D ferroelectric SnS monolayer, which has
only a small effect on the structural parameters and 2D EO
coefficients.

Let us now try to reveal the origin of the large nonlinear
EO behaviors in monolayer SnS. For that we focused on the
largest EO coefficient, that is Rη,2D

31 . Since Eq. (5) shows
that Rη,2D

31 is proportional to the clamped EO coefficient of
the supercell Rη,SC

31 , one can thus use Eq. (2) and multiply
it by c/t to analyze Rη,2D

31 . We thus consider the contribu-
tion of each zone-center phonon mode on it (that are the
m modes in Eq. (2) and are directly obtained from DFPT
calculations [13]). Figure 2(b) shows its decomposition into
the B(5)

1 , B(6)
1 , B(8)

1 , B(10)
1 , and B(11)

1 modes, along with its
electronic contribution. The electronic contribution is only
weakly dependent on the applied electric field, which varies

L081404-3



ZHIJUN JIANG et al. PHYSICAL REVIEW B 106, L081404 (2022)

from 0.7 to 1.7 pm/V when the field increases from 0.0
to 4.6×108 V/m. Note that the inset of Fig. 2(d) provides
insight into the atomic character of some of these modes
at zero field. For instance, the Sn1 and S2 ions belonging
to the bottom layer move along the in-plane [100] direction
while Sn2 and S1 ions in the top layer are displaced along
the opposite [1̄00] direction in the B(5)

1 mode. In contrast,
Sn1 and S1 ions mainly have motions along the out-of-plane
[001̄] direction, and Sn2 and S2 ions move along the opposite
[001] direction in the B(6)

1 mode. For the B(8)
1 mode, Sn1 and

Sn2 ions have both in-plane and out-of-plane displacements
(they mainly move along [101] and [101̄] directions) while S1
and S2 ions are displaced along [1̄01] and [1̄01̄] directions,
respectively. Figure 2(b) reveals two important features: (1)
B(5)

1 , B(6)
1 , and B(8)

1 are the dominant modes in the total Rη,2D
31

EO response; and (2) there is an anticrossing between the B(5)
1

and B(6)
1 modes for a field close to � 1.0×108 V/m (to be

discussed in more detail later on, and that naturally results
in the eigenvectors of B(5)

1 and B(6)
1 modes inverting their

atomic displacement pattern before versus after this critical
field [21]). In fact, one can gather the combined contribu-
tions of B(5)

1 and B(6)
1 in the entire field range and obtain

a second-order polynomial rη,2D
31 + sη,2D

311 E1 + cη,2D
3111E2

1 , with
rη,2D

31 = −50 pm/V, sη,2D
311 = 1.2×10−19 m2/V2, and cη,2D

3111 =
−1.5×10−28 m3/V3. Furthermore, the separate contribution
of the B(8)

1 mode provides a similar analytical expression, but
with rη,2D

31 = 15.3 pm/V, sη,2D
311 = −4.0×10−20 m2/V2, and

cη,2D
3111 = 6.4×10−29 m3/V3. By comparing with the aforemen-

tioned second-order polynomial for the total Rη,2D
31 , one can

then deduce that the contribution of the combined B(5)
1 and

B(6)
1 modes (single B(8)

1 mode) to the (i) linear EO coefficient
rη,2D

31 is 125% (−38%); (ii) the second-order EO coeffi-
cient sη,2D

311 is 171% (−57%); and (iii) the third-order EO
coefficient cη,2D

3111 is 185% (−79%). Consequently, the whole
EO response basically arises from B(5)

1 , B(6)
1 , and B(8)

1 in the
case of Rη,2D

31 .
In order to further shed light into these results, Figs. 2(c)

and 2(d) show the phonon frequency and inverse of the square
of the phonon frequency ω−2 as a function of electric field for
B(5)

1 , B(6)
1 , B(8)

1 , B(10)
1 , and B(11)

1 modes—because Eq. (2) indi-
cates that the EO coefficient depends on such inverse quantity.
Figure 2(d) tells us that the strongly nonlinear Rη,2D

31 EO
response of monolayer SnS for fields smaller than � 1.0×108

V/m originates from the inverse of the square of the frequen-
cies of the B(5)

1 and B(8)
1 modes significantly decreasing with

field. However, the anticrossing happening near � 1.0×108

V/m between B(5)
1 and B(6)

1 makes these modes repel each
other (leading to a gap between their two phonon frequencies
and thus the inverse of their square, as clearly seen in Fig. S3

of the SM [62]) and results in B(6)
1 , rather than B(5)

1 , having
its ω−2 being strongly dependent on the electric field above �
1.0×108 V/m. Consequently, for fields larger than 1.0×108

V/m, the most important contributions for Rη,2D
31 including

its nonlinear EO behavior, now stem from the B(6)
1 and B(8)

1
modes, via the field dependency of their resonant frequencies.
Note also that, as shown in Figs. 2(c) and 2(d), there is another
anticrossing happening under the application of an electric
field. It involves the B(10)

1 and B(11)
1 modes and occurs at a

field � 3.6×108 V/m. However, such anticrossing has only
small effects on the Rη,2D

31 response because the frequencies
of these two modes are much higher than those of B(5)

1 , B(6)
1 ,

B(8)
1 , as consistent with Eq. (2) indicating that small ω−2 leads

to weak EO responses.
In summary, based on first-principles calculations, we pre-

dict the existence of large linear EO coefficients, accompanied
by strong nonlinear electro-optic conversion, in 2D ferroelec-
tric SnS monolayer. Specific phonon modes, having in-plane
and/or out-of-plane atomic displacements, have further dis-
covered to be at the origin of these unusually large responses.
We also find that other 2D ferroelectrics exhibiting in-plane
ferroelectricity, such as SnSe monolayer, can also have large
linear and nonlinear EO coefficients, as shown in the SM [62].
Note also that we further computed the EO coefficients of
SnS monolayer but under dc electric fields that are opposite
to the initial spontaneous polarization’s direction. Significant
nonlinear and linear EO behaviors are found there too, es-
pecially for fields that are close but smaller than the critical
field associated with the change of sign of the polarization
(see Fig. S4 of the SM [62]). We thus hope that the present
study broadens the knowledge of the fascinating and techno-
logically important research fields devoted to EO effects and
2D materials.
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