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Abstract:

Nonlinear optical responses to external electromagnetic field, characterized by second and higher order
susceptibilities, play crucial roles in nonlinear optical devices and novel optoelectronics. Herein we
demonstrate the possibility to achieve nonlinear photocurrent switching in time-reversal invariant
multiferroics, namely ferroicity-driven nonlinear photocurrent switching. It is enabled by a Hall-like direct
photocurrent originated from the second-order current response of time-reversal invariant systems to
intense electromagnetic field whose direction can be controlled by both internal ferroic orders and external
light polarization. Second-order direct photocurrent consists of two types of nonlinear responses — shift
current and circular photocurrent under linearly and circularly polarized light irradiation dominated by
topological shift vector and Berry curvature, respectively. We elucidate the microscopic mechanism of
ferroicity-driven nonlinear photocurrent switching in a representative class of 2D multiferroic materials
using group theoretical analyses and first-principles electronic structure theory. The complex interplay of
crystalline, permutation, gauge, and time reversal symmetries as well as inherent causality governs the
symmetry properties of shift current and circular photocurrent. Ferroicity-driven nonlinear photocurrent
switching combined with rich ferroic degrees of freedom in multiferroic materials will open up a variety
of new avenues for realizing tunable and configurable nonlinear optoelectronics, bulk photovoltaics,

nonlinear multiferroics, etc. utilizing their ferroic orders and various nonlinear responses under external
field.
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MAIN TEXT:

INTRODUCTION

Nonlinear light-matter interaction plays a key role in the understanding, probing, and ultimate control of
light and matter at the nanoscale. In particular, materials with strong nonlinear optical responses are highly
desirable for many scientific disciplines and technological applications (/-3), e.g. ultrafast nonlinear optics
(4) , nonlinear biosensing and imaging (5), efficient generation of entangled photon pairs for quantum
computing and quantum sensing (6, 7), and all-optical transistor and computer (8-/0). Due to the odd
parity of the two polar vectors, electric dipole and electric field, even order nonlinear electrical
susceptibility tensors vanish in centrosymmetric crystals (//, 12), while odd order responses are not
limited by such constraint.

Among a plethora of optical responses, nonequilibrium direct current (DC) from periodically driven
system under light field is of particular interest. One notable example is linear photovoltaic Hall effect
which has been predicted in graphene (/3). Additionally, there exist appealing second-order nonlinear DC
responses to electromagnetic field in noncentrosymmetric solids, e.g. shift current (SC) and circular
photocurrent (CC). Both were recently observed in Weyl semimetals (/4-/8). In parallel, recent
experiments suggest two-dimensional van der Waals layered materials exhibit symmetry-dependent
strong nonlinear optical responses, such as second/third harmonic generation. It makes nonlinear optical
spectroscopy a perfect facile tool for characterizing and quantifying 2D materials, e.g. elastic strain, crystal
orientation, phase transition, crystal thickness, even/odd layer oscillation, etc. Strong nonlinear responses
in 2D materials also suggest their great advantage for phase-matching free nonlinear optics (/9-21).

SC, known as bulk photovoltaic current (22, 23), refers to a photoexcitation of an electron from the valence
to the conduction band with a simultaneous change in the phase of wave functions. Another type of
nonlinear photocurrent, CC, also known as injection current, circular photogalvanic effect (CPGE) (24,
25) and quantum nonlinear optical Hall current (26, 27), arises from the interference of wavefunctions
upon photoexcitation associated with a phase difference between two linearly polarized light, which
allows for phase-modulated nonlinear photocurrent with tunable magnitude and direction. For example,
left-circularly polarized and right-circularly polarized light can induce opposite currents. Using
semiclassical Boltzmann framework, Moore et al. (26) and Sodemann et al. (27) revealed the fundamental
roots of nonlinear SC and CC in Berry curvature induced anomalous velocity of metallic materials. This
framework includes intraband process as the product of Berry phase and the gradient of Fermi-Dirac
distribution function, equivalent to Berry curvature dipole (27). The nonlinear response in this case only
considers the intraband process in metallic systems at the low frequency regime. In intrinsic
semiconductors or insulators, the gradient of the Fermi-Dirac distribution and thus the Drude-like SC/CC
response vanish. However, nonlinear photogalvanic current persists in non-centrosymmetric
semiconductors due to nonlinear interband process which is absent in the above intraband model.

Herein we demonstrate the possibility to achieve nonlinear photocurrent switching in time-reversal
invariant multiferroics, namely ferroicity-driven nonlinear photocurrent switching. More specifically, a
Hall-like second-order direct photocurrent can be generated in time-reversal invariant systems upon
electromagnetic field whose direction can be facilely controlled by both internal ferroic orders and external
light polarization and chirality. We provide a microscopic picture based on first-principles theory and
group theoretical analysis of crystalline symmetry, time reversal symmetry, permutation symmetry, gauge
symmetry, and inherent causality. To illustrate the underlying mechanisms, we take monolayer group IV
monochalcogenides (MX with M=Ge, Sn and X= S, Se, Te) as an example — a ferroelectric-ferroelastic
multiferroics (26, 29). Experimentally, Chang et al. demonstrated that one of the MX compounds, atomic-
thick SnTe, exhibits robust in-plane ferroelectricity at room temperature (2§), and the application of
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voltage pulse between the scanning tunneling microscope tip and monolayer SnTe can manipulate the
ferroelectric polarization through domain wall motion. Our previous theoretical study also demonstrated
a wide range of kinetic barriers for coherent ferroic transition and domain wall energies (29). These
experimental and theoretical studies suggested that it is possible to realize ferroelectric/ferroelastic
switching in MX monolayers. In this work, using first-principles calculations and group theoretical
analyses we show that 2D MX monolayers exhibit large SC and CC responses that are dominated by
topological quantities — shift vector and Berry curvature, respectively. More importantly, switching
ferroelastic order flips the direction of nonlinear SC and CC photocurrent by +90°, while switching
ferroelectric orders flips both nonlinear photocurrents by 180°. In addition, changing left/right circular
polarization of light will induce 180° flip in CC. The microscopic understanding of nonlinear photocurrent
switching from first-principles theory, together with very recent discoveries of 2D ferroics/multiferroics
as well as ferroelectric inorganic perovskites and hybrid organic-inorganic perovskites, will open a variety
of new avenues for tunable and configurable nonlinear optoelectronics, bulk photovoltaics, and nonlinear
multiferroics, etc.

RESULTS

Theory of SC and CC
Ferroicity-driven nonlinear photocurrent switching originates from the second-order photo-induced direct

)(2) )(2)

current density (Jpc)' . Unlike linear photocurrent, the direction of (Jpc)™~ depends on intrinsic ferroic

orders which is the key to ferroicity-driven nonlinear photocurrent switching. (]DC)(Z) consists of two
types of nonlinear photocurrents, SC and CC, which reflect the polarization change upon photoexcitation
per unit volume,

Upc)? = Js)? + Joo)?, (1)
where
(J&)P = 2080¢(0; w, —w) E? () E° (—w), )
d(]gC>(2) _ abc b c : b Cc
2l — _21m ngbe(0; w, —w) |E? (w)||E€(—w) |sin (9P — ¢°). 3)

dt
Here a,b,c are Cartesian indices. The electric field can be described using phasors E(t) =

E(w) exp(—iwt) + c.c. For linearly polarized light E(w) is real, while for left/right-circularly polarized
light E(w) is complex, E?(w) = |EP(w)|e’, with g — ¢¢ = ig. We denote CC by ]g’co and]g’COfor

a, e

left and right-circularly polarized light, respectively, and denote SC by Jg. and ]SéI for linearly x-/y-
polarized light, respectively.

The SC susceptibility tensor g#2¢

o€ (0; w, —w) =

can be derived from perturbation theory (25) as
JTdK] Zime fam (T ()i + T (i) ) 8 (@ — @), (4)

ime3
2h2

arp, . . . o
where (15,).a = ar;:gl — irP, (A% — A%) is the gauge covariant derivative. Ty, = i{n|d,|m) and A, =
i{n|d,|n) are interband and intraband Berry connection, respectively. f'is the Fermi-Dirac distribution with
) o dk
fom = fu — fm> and RA%,, = v, — V%, is the group velocity difference of band m and n. [dk] = 2

for d dimension. The SC susceptibility tensor under linearly polarized light can be rewritten in a more

elegant expression,
TL'€3

O-Zabb (O; w, _(U) =—2 f[dk] ana fnmRZ;z(k)rr?mrrgn5(wmn - a)), (5)
2h
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where an(k) = ad)”’" @® AL (k) — A% (k) is shift vector and ¢,,,, (k) is the phase factor of the

Berry connection 7,2, (k) = |nb, (k) |eidrm (o), rP.nP. is the optical absorption strength. Hence, SC is
determined by the product of linear photoabsorption and shift vector integrated over the Brillouin zone.

The CC susceptibility tensor nb° (25) is given by
lebc (O; w, _(U) - = W f[dk ana Aglmfnm [rmn' nm] 5(wmn a)), (6)
where [18,, 5] = 12,15 — 15T o, indicating CC vanishes under linearly polarized light. It can be
rewritten in a general form assuming light propagates along z,

ng,Z(O; w:_w) - fme” f[dk anafnmA?LmQann(k)5(wmn w)- (7)
0% (k) = i[r%, o] = =il r,i‘m] is local Berry curvature between band m and n. The global one
abc _

reads Q%, = Y.m
tensor are now absorbed in the index “z

OZ,,. It’s clear to see n5 —n$°P . The original “bc” indices in the CC susceptibility

(Y=}

SC and CC involve distinct physical processes. Figure 1 shows the corresponding microscopic
picture using a two-band model. SC arises from the displacement of wave packet upon photoabsorption,
while CC stems from the asymmetric transport of electrons and holes and the self-rotation of the wave
packet. The latter induces orbital magnetic momentum coupled with the circularly polarized light. The
intrinsic permutation symmetry of electric field leads to y22¢(—wm, — Wy} W, Wn) = X3P (—wp, —
Wp; Wy, Wy, ), Where Y2 is a general second-order suseptibility. If time reversal symmetry is also present,

1o (—K) = 15, (K), Ry (—k) = —Rpin (k) = Ry (k) , Q7% (k) = —QZ,,(—k) . As a result of the
causality and permutation symmetry, 7%2¢(0;w,—w) = n%°(0; —w, w) = NP (0; —w, w) =
[752¢(0; —w, w)]*, ensuring n$2¢ is purely imaginary. In contrast, 637 (0; w, —w) = aZaCb 0; —w,w) =

o3¢ (0; —w, w) = [63P°(0; w, —w)]*, suggesting o2P¢ is purely real.

Relation between SC and CC
Although SC and CC have different physical meaning, they are closely related. The derivative of CC
susceptibility tensor 17" in Eq. 7 can be written as the following

wnz (O w,—w) = f[dk anafnm(akaﬂ n) 5(wmn - w), (8)
where the integration by parts is apphed Here 0,a0%,, is the Berry curvature dipole. Furthermore,
~ _ ORNS(k)  ORES(k
Vi X Ry, - 2 = 2 Sl — oz _ 0z (9)
It shows that the two topological quantities, shift vector and Berry curvature, are closely connected. For a
two-band model, QZ, — QZ = 20%,,,, thus

—lTL’e

lTL’e

017" (0w, —w) = —— [[dk] Xg Via (Vi X Ry - 2) 8(wey — @), (10)
Therefore, both SC and the derivative of CC with respect to frequency are related to the shift vector, hence
the Berry curvature. The derivative of susceptibility 9,15 will contribute to the temporal response of
rectification current rate when a short laser pulse is applied (30).

First-principles calculation and group theoretical analysis of SC in 2D multiferroic MX

The symmetry property of linear susceptibility and nonlinear SC and CC susceptibility are governed by
point group and permutation symmetry, which correspond to direct product Ip @I, I}, Ik, I; . Qg xg,
respectively. Here we take monolayer group IV monochalcogenides (MX with M=Ge, Sn and X=Se, S)
as an example which is a ferroelectric-ferroelastic multiferroics (29). In 2D MX with C,y point group (see
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Figs. 2A and 2B for crystal and electronic structure, respectively) and its character table (Table S1), we
have Ip®I = 3A; + 2A, + 2B; + 2B,. Hence there are three independent nonzero components in linear
susceptibilities. The permutation symmetry further separates them into symmetric and asymmetric
representations (37), [p®@Ip =T*+T%, where ' =3A; +A, +B;+B, and '* =A, +B; +B,.
Moreover, since polarization P, current J, and electric field E are all polar vectors, they share the same
representation, thus Ij, ®Igg = 7A; + 6A; + 7B; + 7B,, and [}, ®Ip = 5A; + 3A; + 5B; + 5B;. As
a result, there are five independent nonzero components in the SC susceptibility tensor. Figures 2C and
2D show two of the five nontrivial frequency dependent SC susceptibilities 03" (0; w, —w) and

05”? (0; w, —w) in 2D MX where linearly x- and y-polarized light are considered. The corresponding SC

along y direction reads ]gC’H =20, “E*E* and ]géI = 2 ag;,”” EYEY, respectively. The SC for monolayer

GeS agrees well with the results in Refs. (27, 32). Furthermore, as shown in Fig. 2C and 2D, spin-orbit
coupling (SOC) only slightly affects the SC in the case of GeS because of weak spin-orbit interaction
strength of Ge and S atoms. ;% has two peaks below frequency of 3 eV. The first peak at 2 eV (denoted
by red circle in Fig. 2C) is contributed from the k-points around the Brillouin zone center (I" point). The
second peak at 2.8 eV denoted by green circle is apparently very strong. It comes from the transition at
the k-points around the Brillouin zone boundary (X point) in a butterfly shape as shown in Fig. 2C.
However, SOC can have significant impact in other cases such as well-known 1H-MoSe; and WSe;, and
the results for all MX and MX> without and with SOC are shown in Figs. S1 and S2 in the Supplementary
Materials, respectively.

The reciprocal vector dependent contributions to SC are shown in Figs. 2E and 2F for photon energy
of 2.0 and 2.8 eV, respectively. They are determined by the product of SC susceptibility density,
Im[rvbcrcbv; ka] (Figs. 2G and 2J for 2.0 and 2.8 eV, respectively), and the energy conservation law is carried
by 6(w., — w). The distribution of shift current susceptibility density can be further understood by
focusing on the frequency independent terms determined by the product of dipole transition strength,
1212 (i.e. optical absorption), and shift vector RZ}Z (k), as shown in Figs. 2H-21 and 2K-2L, for 2.0 and

2.8 eV, respectively. Im %1%, vanishes at the k points around the band gap, while Im 7;.7;}, remains finite

due to the optical selection rule. RZ}Z (k) is a gauge invariant topological quantity which is well defined
away from optical zero points, i.e. ;5,, (k) # 0. Since the optical zero points have no contribution to SC,
we compute the shift vector by

1

R () = g Im[ramy e (11)

The quantitative relationship between shift vector and polarization difference was recently reported (33).

In the presence of time reversal symmetry, 1,2, (—k) = 1,2, (k), (r,{’m(—k)) = —(r,?m (k)) , which
kY kY

leads to R%2 (—k) = —R%2 (k) = R%2 (k). This is clearly confirmed in Figs. 2 and 2L. The shift vector
can reach as high as ~15 A, much larger than its lattice constant. This is very different from electric
polarization vector which is smaller than the lattice vector. Figures S3 and S4 show the distribution of the
SC susceptibility tensor elements for monolayer MoSe: in the first Brillouin zone, demonstrating that its
shift vector defined in Eq. 11 can go beyond its lattice parameter.

First-principles calculation and group theoretical analysis of CC in 2D multiferroic MX

For circularly polarized light along z, (E X E*), and axial axis R, share the B, representation. Therefore,
[x®I, = B, ® B, = A,, indicating there is a nonzero CC response along x direction 157 (0; w, —w)
when the applied circularly polarized light is along z direction, i.e. perpendicular to 2D plane. Figures 3A
and 3B show two antisymmetric CC susceptibility tensor elements, Im r];xy and Im r];y *, respectively.
Unlike SC, the main response of CC spread in two peaks from 2 to 6 eV. The peak values of Im 7¢2¢ in
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the four MX materials are about 100 ~ 300 X 108 nm AV~2s~1, which allows us to estimate the
generated nonlinear circular current under continuous wave limit as follows. At room temperature, a

:1*) ~ 10~ s (34). p, is the
mobility and m* is the effective mass of electrons. Considering a regular laser pointer with an intensity of
ImW/cm? and 2D MX with an effective thickness of 1nm, the induced circular photocurrent Jec can reach

10 ~ 30uA/cm?, indicating the current can even be observed using low power continuous wave source
(sheet photocurrent of 10 ~ 30 nm ”AZ , that is, 100 ~ 300pA/m) (35). SC and CC are generated

cm
simultaneously under circularly polarized light. It is possible to compare their peak amplitudes if we
assume the same incident light intensity and a relaxation time of 10™*s for GeS. CC is larger than SC,
JeclJsc ==5. The second-order nonlinear photocurrent response for different incident polarized light is
summarized in Table S2. It should be noted that there is another nonzero element ng’x (0; w,—w) in the
CC susceptibility tensor since [;zQIr = B; @ By = A4, suggesting there exists a CC response along z

direction when the incoming circularly polarized light is along x direction.

typical relaxation time of the electrons in MX materials is around T = p, /(.

Figures 3C and 3D show the k resolved CC susceptibility in monolayer GeS under circularly
polarized light at two different frequencies (2.3 and 2.8 eV), demonstrating that the main response of the
CC is localized around Y point. It should be noted that, for the same frequency of 2.8 eV, the SC (Fig. 2F)
and CC (Fig. 3D) are very different from each other, as the SC is localized around Y point. The CC
susceptibility is determined by the product of group velocity difference and Berry curvature QZ,(k). The
susceptibility tensor relates the component of the polar vector J and the axial vector exe*. Hence, it is
nonzero for the point groups that allow optical activity or gyrotropy. Here e is the unit vector of light
polarization. Figure 3E shows the group velocity difference between the highest valence band and the
lowest conduction band, which confirms the time reversal symmetry A(k) = —A(—k) (see Figs. S5 and
S6 for the energy-dependent group velocity distribution). The Berry curvature QZ, (k) of GeS is shown in
Fig. 3F, which confirms QZ,(k) = —QZ,(—k) under time reversal symmetry and the mirror plane (yz-
plane) leads to opposite Berry curvature at (+k*, k?). The product of these two odd functions, A(k) and
QZ,(k), results in nonvanishing CC in 2D MX with Cy, point group. This is in direct constrast to 1H-
MoSe> whose CC response vanishes due to its D3 point group (see character table in Table S1) as evident
in its Berry curvature shown in Fig. S7.

Ferroicity-driven nonlinear photocurrent switching

The above group theoretical analyses and first-principles calculations illustrate the underlying selection
rule and microscopic mechanism governing nonlinear SC and CC photocurrents. Since they are intimately
related to the symmetry and topology, nonlinear SC and CC photocurrents are inherently coupled with the
intrinsic ferroic orders in 2D multiferroics MX, giving rise to ferroicity-driven nonlinear photocurrent
switching which we will discuss below. Let’s first inspect the coupling between ferroelectric order (P,)
and nonlinear SC and CC responses. Since both CC and SC are polar vector, the sign of SC will flip upon
ferroelectric polarization switch (P, — —P, ). Consequently, the sign of SC susceptibility tensor
s 2(0; w, —w) and CC susceptibility tensor 15(0; w, —w) will also flip. Thus, under the same
linearly/circularly polarized light, SC and CC will change the direction by 180° upon ferroelectric
polarization switch, that is, 2% (B,) =~ (—B,). 22 (B,) = —(=P). 52 (B) = &2 (=B
and ]é"co (Py) = — ]é"co(—Py). Such property can be obtained from microscopic theory by considering the
transformation rules of different matrix elements under space inversion and time reversal operation,

including inter-band Berry connections 1, (k), shift vector R,,,,, (k), group velocity difference A,,,,, (k),
and Berry curvature Q,,,, (k) as listed in Table 1.
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Next we examine the coupling between ferroelastic order (e.g. spontaneous strain €,, > 0 and

€xx < 0) and nonlinear photocurrent responses. Upon ferroelastic transition (€,,,—> €,y and €,,— €,,),

shift vector RY?2 (k), Berry curvature O, (k), 2,2, and A%,, will all rotate by 90°, which effectively
switches the xy index. As a result, under the same linearly/circularly polarized light, nonlinear SC and CC

photocurrent will change their direction by 90° upon ferroelastic transition, that is, ]gC’H (eyy) = ];‘&I (€Exx),

1 o 0 _ 0 C _ %0 : _
J2e (€yy) = Ja&~ (ex)s Joe (€yy) = Joe (€xx), and 37 (€y) = Jo& (€xx). Note that in general [ =
—JS., J2, and J2 are independent. However, J2~ = —J%% holds in group Dsj with a mirror plane

perpendicular to x axis, e.g. |H-MoSe:.

Since 2D MX possess both ferroelectric and ferroelastic orders, it has four multiferroic (£P, +€)
states whose nonlinear photocurrent SC and CC are directly correlated as listed in Table 2. Here we define
ferroelastic strain +€ for €5, <0 and €, >0, and —e for €, >0 and €,, < 0. Ferroelectric

polarization P could be P, if €4, > 0, or P, if €,,, > 0. In contrast, linear optical susceptibility will

not change with ferroelectric polarization switching because its matrix element 7,2, 7,2, is always positive.
Moreover, for a given multiferroic state (P, €), nonlinear SC and CC current responses in 2D MX are bulk
photocurrent response along different directions, thus SC and CC can serve as a fundamental principle for
real-space mapping of ferroelectric and ferroelastic orders.

DISCUSSION

The above group theoretical analysis and first-principles calculations can be generally applied to other
ferroic materials that can host ferroicity-driven nonlinear photocurrent switching. We can extend the
above analysis to all 32 crystallographic point groups. 21 are noncentrosymmetric point groups, 10 of
which (C4,Cq, Cpy, Gy = 2,3,4,6) possess polar axis — a necessary but insufficient condition for
ferroelectric materials. Assuming z to be the polar axis, z will transform as the total symmetric
representation, therefore [z®Ipx®Ipx and [z®Ipy @Iy always contain the total symmetric
representation, indicating that nonvanishing SC is perpendicular to electric field and thus leads to a
nonlinear transverse photocurrent. Such transverse current cannot be observed from conventional linear
Hall effect in time-reversal invariant materials. Furthermore, 18 of 21 noncentrosymmetric point groups
including all the 10 polar classes are gyrotropic, hence they all possess nonvanishing CC.

Although our focus here is on the ferroicity-driven nonlinear photocurrent switching based on
interband-process induced second-order photocurrent, the similar effect can be also found in ferroelectric
semimetals where static/low-frequency electric field induced nonlinear Hall current can be switched upon
ferroelectric switching. However, it should be emphasized that not all ferroic materials exhibit nonlinear
photocurrent switching upon ferroic transition. Similar to the present case, it depends on the underlying
symmetry transformation of ferroelectric transition. More excitingly, it can be readily extended to higher-
order or other types of nonlinear effects, for examples, optically induced nonlinear magnetization
switching and ferroicity-driven third-order nonlinear photocurrent switching. It will offer unprecedented
opportunities for nonlinear optoelectronics, nonlinear optomagnetics, and nonlinear optoelectromagnetics,
namely nonlinear multiferroics, as potential routes to control polarization, charge current, magnetization,
and spin current in an ultrafast, noninvasive manner without the stringent requirement of strongly-coupled
lattice, polarization, and magnetization in conventional multiferroics.

In summary, using group theoretical analyses and first-principles calculations we have studied the
microscopic mechanism of nonlinear photocurrent switching in time-reversal invariant multiferroics. Our
results show that nonlinear photocurrent is highly senstive to the symmetry of materials, including point
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group symmetry, permutation symmetry, and time reversal symmetry. This leads to ferroicity-driven
nonlinear photocurrent switching — unique to multiferroics where the direction of second-order
photocurrent is strongly correlated with intrinsic ferroic orders and external light polarization. The concept
of ferroicity-driven nonlinear photocurrent switching illustrated here is not limited to 2D multiferroics,
rather it can be generally applicable to many ferroics (e.g. ferroelectric inorganic perovskites and hybrid
organic-inorganic perovskites) and even ferroelectric metals. One can envisage to directly control
nonlinear photocurrent by switching ferroelastic strain and/or ferroelectric polarization accompanied by
instantaneous direction and/or sign switching of the photocurrent. Furthermore, one may conduct high-
resolution characterization of ferroelastic and ferroelectric orders as well as domain evolution using
ultrafast optical techniques based on ferroicity-dependent nonlinear photocurrent. The present findings
thus will open up avenues for realizing configurable nonlinear optoelectronics, bulk photovoltaics,

nonlinear multiferroics, etc. utilizing their ferroic orders and various nonlinear responses under external
field.

MATERIALS AND METHODS

First-principles atomistic and electronic structure calculations

Ground-state crystal structures of MX were calculated by first-principles density-functional theory (36,
37) implemented in the Vienna Ab initio Simulation Package (VASP) (38, 39) with the projector-
augmented wave method (40) and a plane-wave basis with an energy cutoff of 400 eV. We employed the
generalized-gradient approximation of exchange-correlation functional in the Perdew-Burke-Ernzerhof
(41) form and a Monkhorst-Pack k-point sampling of 12x12x1 for the Brillouin zone integration.

First-principles nonlinear shift current and circular photocurrent

To evaluate the nonlinear photocurrent responses, we developed a nonlinear optical code interfaced with
first-principles density functional theory packages (e.g. VASP and Quantum-ESPRESSO). Second-order
nonlinear photocurrent responses such as SC and CC are different from linear optical absorption, as the
numerical integration of generalized Berry connection has to be performed over the whole Brillouin zone
and multiple band indices for 27 third-rank tensor elements at each frequency. We therefore parallelized
and benchmarked the code with tensor symmetrization and SOC taken into account. For the present
calculations, we found that a dense 72x72x1 k-point sampling, 40 electronic bands without SOC (80 bands
with SOC), and total 1000 frequency grids in an energy range of [-6 eV, 6 eV] are enough to achieve
converged nonlinear photocurrent susceptibility tensors. The fundamental frequency  in the denominator
of susceptibility tensor carries a small imaginary smearing factor T of 0.05 eV: w — w + it. We used the

Sokhotski-Plemelj theorem to perform the integrals of Dirac delta function, which reads lim — =
750 WmnE(W+iT)
p_1
wmntw

only meaningful when it is multiplied by a function and integrated over the first Brillouin zone and the
real line that includes the point w = w,,,,. This always holds true in our case. Finally, the single-particle
approximation often underestimates the bandgap, and two-body and higher-order interactions may also
affect the results. To check the effect of the single-particle approximation, we applied a scissor operator
to correct both bandgap and matrix elements by using the optical bandgap obtained from quasiparticle
GW and Bethe-Salpeter equation calculations. This approach is a reasonable remedy as the GW and DFT
band structures are similar for the MX materials. Figure S8 shows the nonlinear photocurrent calculated
with and without the scissor operator, and the main effect is the relative shift of the peak positions with
slightly reduced peak intensity. This is expected as it mostly affects the denominator and delta function in
the equations for SC and CC. Two-body and higher-order excitations in principle can be taken into account
by incorporating many-body wavefunctions (e.g. exciton wavefunctions as a linear combination of

F it (wWmy + w). P is the Cauchy principal value. It should be emphasized that this formula is
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electron-hole pair excitations) into the SC and CC tensor, which may change the SC and CC peak position
and amplitude. Nonetheless, the main conclusions on the ferroicity-driven nonlinear photocurrent
switching behavior from the symmetry analysis and first-principles calculations shall still hold, and future
efforts shall be made to include the exciton and other high-order excitation effect.
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Fig. 1. Microscopic interpretation of shift current and circular current using two-band model. 5(r%)
is the variation of the mean value of position operator indicating the shift of electron wave packet in real
space. Photoexcitation induces the shift of the electron wave packet in real space. SC comes from the
displacement of wave packet upon photoabsorption, while CC stems from the asymmetric motion of
electrons and holes and the self-rotation of the wave packet. The latter induces itinerant orbital magnetic
momentum coupled with the circularly polarized light. Transition rate W of SC is proportional to the linear
optical absorption strength under linearly polarized light at frequency w, while transition rate " of CC is

proportional to the local Berry curvature under circularly polarized light at frequency w.
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Fig. 2. Shift current (SC) and its microscopic origin in 2D ferroelastic-ferroelectric monolayer
group IV monochalcogenide GeS. (A) Crystal structure of monolayer group I'V monochalcogenides MX
where M=(Ge, Sn) and X=(S, Se). (B) 2D electronic band structure near the Fermi level. (C) and (D)
Frequency-dependent nonlinear shift current response to incoming linearly x and y polarized light,
respectively. (E) and (F) Reciprocal vector k resolved SC susceptibility under linearly y polarized light at
the first two peaks (2.0 and 2.8 eV). (G) and (J) k-resolved SC strength, (H) and (K) k-resolved dipole
transition strength, (I) and (L) k-resolved topological shift vector of 2D GeS in 2D Brillouin zone under
linearly x and y polarized light, respectively.
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Fig. 2. Shift current (SC) and its microscopic origin in 2D ferroelastic-ferroelectric monolayer
group IV monochalcogenide GeS. (A) Crystal structure of monolayer group I'V monochalcogenides MX
where M=(Ge, Sn) and X=(S, Se). (B) 2D electronic band structure near the Fermi level. (C) and (D)
Frequency-dependent nonlinear shift current response to incoming linearly x and y polarized light,
respectively. (E) and (F) Reciprocal vector k resolved SC susceptibility under linearly y polarized light at
the first two peaks (2.0 and 2.8 eV). (G) and (J) k-resolved SC strength, (H) and (K) k-resolved dipole
transition strength, (I) and (L) k-resolved topological shift vector of 2D GeS in 2D Brillouin zone under
linearly x and y polarized light, respectively.
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Fig. 3. Circular photocurrent (CC) and its microscopic origin in 2D ferroelastic-ferroelectric
monolayer group IV monochalcogenide GeS. (A) and (B) Two opposite CC susceptibility tensor
elements induced by circularly-polarized light. (C) and (D) Evolution of reciprocal vector & resolved CC
susceptibility under circularly polarized light at two different frequencies (2.3 and 2.8 eV). (E) and (F)
Group velocity difference and Berry curvature between the highest valence band and the lowest
conduction band. The white arrows in (E) denote the calculated group velocity difference at specific k
point, and the black curves indicate the associated stream lines.
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_ Symmetry Operation
Quantity Gauge dependency
Space Inversion, 7 Time Reversal, T
Tmn (k) —Tmn (_k) r:nn (_k) Yes
Rmn(k) _Rmn(_k) Rmn(_k) No
Amn (k) _Amn(_k) _Amn(_k) No
'an (k) 'an(_k) _'an(_k) No

Table 1. Transformation of inter-band Berry connections r,,,, shift vector R,,,,, group velocity
difference A,,,, and Berry curvature Q,,,, under space inversion J and time reversal 7 symmetry
operation. R,,,, (k) is odd under J and even under ' in moment space. Q,,, (k) is even under 7 and odd
under J' in moment space. These transformation rules govern the coupling between ferroelectric

polarization and nonlinear SC and CC photocurrent: ]géH (Py) = —]S H( Py) ]gCI(Py) —]S I( P )
Jee” (By) = ~Jee (=B,), and J&£ (B,) = ~Jc¢” (=By).

ferroelectric order
Nonlinear photocurrent P _p
x qy
gs 7 +P, +P, -P, -P,
ife,,, >0 | ife,, >0 | ife,, >0 ife,, >0
o0 o0
ferroelastic | T € | & S 0&ey >0 (]CC Jsc ) ( ]CC »Isc )
order
=€ || &x > 086, <0 U I&°) (e, )

Table 2. Ferroicity-driven nonlinear photocurrent switching. Second-order nonlinear photocurrent SC
and CC responses are directly correlated with the intrinsic ferroic orders (P, x€) of 2D MX materials
and external linear (&, 1) and circular (O, C) polarization of incoming light. Total 16 types of in-plane
nonlinear photocurrents can be generated by controlling four ferroic states and four types of light
polarizations.
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1. Supplementary Tables

Caov E Ca(z) 0,(xz) 0,(yz) Basis function
Al +1 +1 +1 +1 z

Az +1 +1 -1 -1 R:

Bi +1 -1 +1 -1 x, R,

B: +1 -1 -1 +1 ¥, Ry
Dsn E 2C3(z) | 3C; | an(xy) | 2S3 30, Basis function
Al +1 +1 +1 +1 +1 +1

A, +1 +1 -1 +1 +1 -1 R:

E’ +2 -1 0 +2 -1 0 (x, »)

AY +1 +1 +1 -1 -1 -1

A} +1 +1 -1 -1 -1 +1 z

E"” +2 -1 0 -2 +1 0 (Rx, Ry)

Table S1. Character table for Czy and Dsp
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Light polarization SC CC
o Js¢ =20y E2 J&e=0
! Jsc = 2057 E =0
(e +1D)
/=7 Jie = (0" + 0”")ES Jéc =0
(0+i0)
T 8= @ + o)E] J& = 2m B
(0-i)
C=—F— Jse = (037" + 0" )EG Jée = 2Imm" E§ = —J&

Table S2. Second order nonlinear photocurrent responses under different polarized light. & and {

indicate horizontal (x) and vertical (y) linearly-polarized light, respectively. XO amd C indicate left and

right circularly polarized light, respectively. E; is the strength of the applied electric field. /* stands for

linearly-polarized light that has a 45 degree angle with respect to x and y. Shift current (SC) and circular
photocurrent (CC) can coexist in 2D MX (with Cay point group) upon left/right circularly polarized light.
However, only SC will persist, while CC will disappear in 2D MX under linearly polarized light such as
<, 1, and Z,. Itis important to mention that both SC and CC in monolayer MX; (e.g. 1H-MoSe> with D3y,
point group) will be always zero under left/right circularly polarized light.
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2. Supplementary Figures
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Fig. S1. Shift current and circular photocurrent in monolayer MX (Czy) and 1H-MX; (D3n)
without spin orbit coupling. (A) Shift current susceptibility in 1H-MXos. (B) Shift current
susceptibility in MX. (C) Circular photocurrent susceptibility in MX.
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Fig. S2. Shift current and circular photocurrent in monolayer MX (Czy) and 1H-MX; (D3n) with
spin orbit coupling. (A) Shift current susceptibility in 1H-MX,. (B) Shift current susceptibility in MX.
(C) Circular photocurrent susceptibility in MX.
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Fig. S3. Microscopic distribution and frequency dependent shift photocurrent susceptibility in
monolayer 1H-MoSe: with D3, point group. (A, E) Shift current susceptibility tensor elements azy g
and azy ¥Y for shift current using four bands and SOC. (B-D, F-H) the distribution in k-space contributed

to the susceptibility tensor element under incident light with different frequencies.
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Fig. S4. Shift current and its microscopic origin in monolayer 1H-MoSe;. (A) 2D electronic band
structure near the Fermi level along with its crystal structure. (B) and (E) k-resolved shift current
strength, (C) and (F) k-resolved dipole transition strength, (D) and (G) k-resolved topological shift
vector of monolayer 1H-MoSe: in 2D Brillouin zone under linearly x and y polarized light, respectively.
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Fig. S5. Group velocity vx distribution in monolayer GeS. The Fermi level is shifted to the middle of
band gap.
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Fig. S6. Group velocity vy distribution in monolayer GeS. The Fermi level is shifted to the middle of
band gap.
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Fig. S7. Berry curvature distribution in monolayer 1H-MoSe;.
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tensor elements (11(2) (Z)) of monolayer GeS with and without scissor operator. The scissor operator is

xyx> Mxxy

based on the bandgap correction using quasiparticle GW gap and exciton binding energy.
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Fig. S3. Microscopic distribution and frequency dependent shift photocurrent susceptibility in
monolayer 1H-MoSe; with D3, point group. (A, E) Shift current susceptibility tensor elements azy g
and azy ¥Y for shift current using four bands and SOC. (B-D, F-H) the distribution in k-space contributed
to the susceptibility tensor element under incident light with different frequencies.
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based on the bandgap correction using quasiparticle GW gap and exciton binding energy.
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