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ABSTRACT: Understanding the nonlinear response of light and materials is crucial

for fundamental physics and next-generation electronic devices. In this work, we have Joharge
investigated the second-order nonlinear bulk photovoltaic (BPV) and bulk spin 7o ﬂ
photovoltaic (BSPV) e ects in the piezoelectric binary materials T-IV-VI and T-V-V

(IV = Ge, Sn; VI =S, Se; and V = P, As, Sh, Bi). The independent nonzero
conductivity tensors of charge current are derived for these binaries through the
symmetry analysis, along with the mechanism for generating pure spin current. These
binaries, with their unique folded structure, exhibit significant charge and spin N
currents under illumination. Furthermore, we find that strain engineering can

KK
and built-in electric field due to the piezoelectric e ect. Our research suggests that the o %b” O \:Qﬂ Jpin

e ectively modulate charge/spin currents by influencing charge density distribution «:
piezoelectric binary materials possess enormous and tunable charge/spin currents,
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underscoring their potential for applications in nonlinear flexible optoelectronics and spintronics.

W ith the rapid advancement of laser technology, research
on the nonlinear optical response of light and matter
has gained interest in physics and engineering. The bulk
photovoltaic (BPV) e ect, a second-order nonlinear optical
response, directly converts light into direct current (DC)
within homogeneous materials."™> The BPV e ect can
generate voltages exceeding the material’s band gap, and the
conversion e ciency is not limited by the Shockley—Queisser
limit,>” making it a promising candidate for energy harvesting
and photodetection.”*° The bulk spin photovoltaic (BSPV)
e ect,"'™* analogous to BPV e ect, generates spin currents
under illumination, o ering advantages for data storage and
quantum computing.**~*® The BPV and BSPV e ects require
breaking of the spatial inversion symmetry (P-symmetry) in
the system. Usually, ferroelectric and piezoelectric functional
materials are prone to breaking the P-symmetry, making them
popular candidates for studying second-order nonlinear optical
responses.**>9=%2

Recently, Lei et al. discovered tricycle-phase T-IV-VI (IV =
Ge, Sn; VI = S, Se) structures similar to the a-phase group 1V
monochalcogenides.”® These structures demonstrate good
thermal/dynamical and excellent piezoelectric performance,
such as dy; ~ 452.3 pm/V in T-SnS. Similarly, Guo et al.
recently uncovered piezoelectric materials, denoted as T-V-V
(V = P, As, Sb, Bi), which possess the same structural
configurations and valence electrons as T-IV-VI.?* T-V-V
exhibits intrinsic persistent spin helix (PSH)? characteristics
and a unidirectional spin configuration, T-V-V holds promise
for applications in spintronic devices. T-IV-VI and T-V-V
exhibit outstanding piezoelectric properties and distinctive spin
characteristics. However, the nonlinear optical responses
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within them, as well as the coupling relationship between
BPV (BSPV) and the piezoelectric e ect, remain unclear. For
brevity, this work will use T-XY to denote this class of T-phase
piezoelectric binary materials T-IV-VI and T-V-V (IV = Ge,
Sn; VI =S, Se; and V = P, As, Sb, Bi).

In this work, we have utilized first-principles calculations and
nonlinear optical response theory to investigate the BPV and
BSPV e ects in the piezoelectric material T-XY. We analyze
the physical mechanisms of charge current and spin current
generation in T-XY through group theory and structure
symmetry analysis. The piezoelectric material T-XY exhibits
enormous photoconductivity of charge/spin currents. The
maximum photoconductivity of T-XY is 1-2 orders of
magnitude greater than that of typical 2D materials, owing to
its unique triple-staggered layers structure. Finally, we propose
that strain engineering can e ectively control the magnitude of
charge/spin photocurrents in T-XY.

The theoretical framework of BPV and BSPV e ects are
compared. The BPV e ect, accounting for the charge degree of
freedom of electrons, results in a generated charge current that
can be divided into two parts: shift current (SC) induced by
linearly polarized light (LPL) and injection current (IC)
induced by circularly polarized light (CPL). Here, we primarily
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Figure 1. Atomic and electronic structures of T-SbP. (a) Top view of the atomic structure, with the black dashed rectangle representing the unit
cell. (b) Side view of the atomic structure. (c) First Brillouin zone. (d) Band structure. The red shaded area indicates the band gap.

emphasize the photoconductivity, as knowing only the
frequency and intensity of the incident light allows us to
obtain the photocurrent. In systems with broken P-symmetry
and preserved time-reversal symmet )/ (T-symmetry), accord-
ing to the Kubo response theory,”®*" under the independent-
particle approxrmatron the conductivities for SC and 1C can be
expressed as®®

O_a — 3 d3k a b b 5(a)m )
bc — 2f12 Bz (271_)3 nm mn n (1)
3 3
Ty = ak Zf Afrlm‘er)nCn5(wmn - )
be 2n2 Bz (2r)° & @

where a represents the direction of the current, b and ¢
represent the directions of the optical electric field, and w
denotes the frequency of the light. The di erence in the
electron occupation between the m and n energy bands is
denoted by f =f —f and the energy di erence is

b
ab a%m
In UhC‘ R - dka

shift vector, while r’ r¢ = |r? |? is the transition rate (for LPL,
I (2

I(H
m), ¢nbm is the phase factor of rr?m, and vr?m = (n[oH/dky|m) is
the interband velocity matrix. A = i(n|aH/aka|n> is the

intraband Berry connection matrix. In 75, Af = Vi, — Vo, is

the group velocrty di erence, and

QF =i, 18] = i(rRre, — réare) is the Berry curvature.

The BSPV e ect is essentrally a counterpart of the BPV
e ect, focusing on the spin degree of freedom of electrons and
resulting in the generation of spin currents. For BPV, electron
spin properties (up/down) are not distinguished, leading to
charge current generation, whereas BSPV involves spin
operators, resulting in the generation of pure spin currents.
The conductivity of spin photocurrent under LPL and CPL
can be expressed as®*~3*

denoted by 7wy, — A% + AL, is the

. L b
b = c). Interband Berry connection r2, = |r2 Jei%m =

as _ 2 d3k A sa,i be 5
Op = — Bz (27 )32 ) (wmn - ) ®
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where the superscript i denotes the spin polarization direction.
In the equationsj { @ s 3= (vrnn o T+ SooVen) is the

spin current operator Here, sri]m— —(n|a|m) is the spin

operator and ¢' is the Pauli matrix. A]mn = jmm - jrf‘r;i is the

spin velocity di erence between bands m and n.
0% = {rom: Tk = ol + Tifn 1S the quantum metric.
Here are important notes before photoconductivity
calculations. The BPV/BSPV conductivity only considers
interband contributions, with the Dirac & function
6(wy,, — @) representing resonant transitions of interband
electrons under optical excitation. The SC is a static current,
independent of the carrier lifetime T, whereas the IC initially
grows with time and reaches saturation in the static limit; thus,
the e ective conductivity of 1C should be defined as m,3.*" To

ensure comparability between charge current and spin current,
we introduce a factor #/2e in the units of spin current
conductivity.®> See the Supporting Information for more
details about the first-principles calculation and nonlinear
responses calculation procedures.

The atomic structure of monolayer T-SbP is illustrated in
the top and side views, as depicted in Figure 1a,b, respectively.
The following studies on T-XY are exemplified with T-Sb,
which is in analogy to other T-XY structures. In the top view,
both a-phase and T-phase exhibit the same bonding
configuration. Sh(P) atoms are bonded to three adjacent
P(Sb) atoms. The dashed rectangle in Figure 1a represents the
unit cell, with lattice parameters of a = 3.83 A and b = 8.96 A,
consrstent wrth structural optimization as reported in prior
studies.”>** The lattice parameters for other T-XY structures
are provided in Supporting Information Table S1. In the side
view, T-SbP consists of triple-staggered layers of Sh—P atoms,
forming a chairlike shape along the y-direction. The space
group of T-SbP is Pmc2; (No. 26), with a point group of C,,.
Monolayer T-ShP possesses four symmetric operations: (1)
the identity operation E; (2) mirror symmetry operation M,,
where the mirror plane is parallel to the yz plane and
perpendicular to the x-axis; (3) 2-fold rotation symmetry
operation {C,,|(1/2a, 1/2b, 0)}, with the rotation axis lying in
the xy plane and perpendicular to the x-axis; (4) mirror
symmetry operation {M,|(1/2a, 1/2b, 0)}, where the mirror
plane is parallel to the xy plane and perpendicular to the z-axis.

The first Brillouin zone and band structure of T-SbP are
depicted in Figure 1c,d, respectively. In the band structure, the
shaded area in red indicates the band gap region, which
measures 0.332 eV. The band structure of T-XY is illustrated in
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Figure 2. Charge current and the distribution of physical quantities in momentum space for T-SbP. (a) The SC photoconductivity &}, o, ayyy. and
o). (b) k-solved shift vector of o, between the valence band v and the conduction band c. (c) k-solved shift vector of ). (d) IC
photoconductivity mxxy, myxz, ™, and mxyy. (e) k-solved velocity di erence of mx’;. () k-solved velocity di erence of mxyy.

Supporting Information Figure S1. Taking into account the
spin—orbit coupling (SOC) interaction, the band gap range for
T-XY is between 0.031 and 1.422 eV (as listed in Table S1).
Furthermore, we further investigated the atomic orbital
projection of T-SbP near the Fermi level, as depicted in
Figure S2. The VBM is predominantly occupied by the 5s and
5p, orbitals of Sb atoms, as well as the 3p, and 3p, orbitals of P
atoms, while the CBM is mainly contributed by the 5p, orbitals
of Sbh and the 3s and 3p, orbitals of P. Previous theoretical
calculations have revealed that the piezoelectric material T-XY
exhibits excellent thermodynamic and kinetic stabilities.*?*
Therefore, selecting appropriate substrates and synthesis
methods during experimentation to fabricate this structure
holds great promise.*®=’

The point group of monolayer T-SbP is C,,, lacking spatial

inversion symmetry, thus permitting second-order nonlinear
optical response. Under the P-symmetry,
Pan(k) = _an(_k)v I:)rnm rmn(k) = I‘nmrmn(_k)v
PA(K) = =A(=K), and PQ.,(K) = Q,,(—Kk). The P-
symmetry ensures that both o and 7 in BPV e ect are odd
functions at k and —k, resulting in the integral of conductivity
over the entire Brillouin zone to zero and thus the
disappearance of current. Conversely, under the T-symmetry,
TVnm(k) = _V:m(_k)r Trnm(k) = rr’rm(_k) = rmn(_k)r
Tan(k) = _R:m(_k) = _Rmn(_k) = an(_k):
Trnmrmn(k) = rnmrmn(_k)r TAmn(k) = _Amn(_k): and
TQ,(K) = —Q,,(=k); * indicates a complex conjugate,
where oy, and 7 are both even functions at k and —k.
Subsequently, we will employ group theory to analyze the C,,
point group and discuss the independent nonzero conductivity
tensor of T-ShP.

The character table of the C,, point group is provided in
Table S2. It is noteworthy that the standard character table
employs traditional coordinate definitions, which di er from
the custom coordinates defined in this work (as shown in
Figure 1a). In this work, the x-direction corresponds to the

6101

traditional y-direction (y to z, and z to x). Since the
polarization intensity P, current density J, and electric field E
are all polar vectors, they share the same irreducible
representation, I, = Iy = I't = A + B; + B,. The relation-
ship between linear polarization intensity and electric field is
given by P = yE, where 4@ is the linear susceptibility. The
direct product of the irreducible representations of the
polarization intensity and electric field is

Ip ® I = (A, + B + By ® (A + B, + By)
=3A; + 2A, + 2B, + 2B,

where 3A, indicates that the linear susceptibility 79 has three
independent nonzero components.*
The current density of SC under LPL illumination is

1® = 6PEE; the electric field of light with no phase
di erence is It ® [ = I, ® I. The direct product of
electric fields can be divided into symmetric part
(BA, + A, + B, +B,)’ and antisymmetric part
(A, + B, + B,)*. Here, we only need to consider the
symmetric part,

I, ® (I ® Ip)’ = 5A, + 3A, + 5B, + 5B,

indicating that the SC conductivity @ has five independent
nonzero components. For example,

Iy @I @ Tg =A®B, ®B, = A

oy # 0, others o), # 0 and o,, # 0, as shown in Table S3.
Besides the LPL-xx (yy, zz), the LPL-xy representing linearly
polarized light at a 45° angle with respect to the x and y
coordinates, e @I @I = A, Tz @I @ T = A,
oy # 0, and oy, # 0.

The current density of IC under CPL illumination is
J® =yPE  E*; there exists a phase di erence i between

https://doi.org/10.1021/acs.jpclett.4c01257
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electric fields E, and E;, (I, ® I+, = Iz, where a denotes
the direction of light propagation. Among them,
(g, ® FE;)Z =1Ii, = By, (FEy ® I, =1z =B, and

(I, ® Tgy), = Iz = A, The IC conductivity #® has two
independent nonzero tensors, nxxy # 0 and ﬂyzz # 0, as shown in

Table S3. Moreover, the chirality of CPL can reverse the
direction of the current, due to Berry curvature
Qi = (Tl — Thalom) = —Qiyn, resulting in- g = —%
and ﬂyzz = —17; in IC conductivity.

We computed the SC photoconductivity tensor under LPL
and the IC photoconductivity tensor under CPL, as depicted in
Figure S3. We can observe that the computational results are
entirely consistent with the preceding group theory analysis. As
shown in Figure 2ab, the SC oy, = 0 and oy, # 0 (o), # 0,
o}, #0), while the IC o) #0 and ) = 0. When the
incident photon energy Aw = 0.47 eV, ¢}, = 52 JA/V?, hw =
0.53 eV, mx’; = 5602 pA/V?2. Furthermore, we computed the
photoconductivity ), and T’?XXy of T-XY, as depicted in Figure

S4. In T-XY, the &) photoconductivity ranges from a

minimum of 18 pA/V? (T-SnS) to a maximum of 135 pA/
V2 (T-BiSh), while w,; ranges from a minimum of 811 HA/V?

(T-SnS) to a maximum of 5602 pA/V? (T-SbP). Typically,
conventional semiconductor materials such as h-BN and 2H
TMDs,** as well as ferroelectric materials like group IV
monochalcogenides a-MX,**** have a photoconductivity range
of 10—-10? puA/V2 Compared to these materials, the piezo-
electric material T-XY exhibits photoconductivity 1—2 orders
of magnitude higher. A high photoconductivity implies a large
photocurrent, which is highly desirable for the design of
functional devices. With its excellent piezoelectric properties
and strong nonlinear optical response, T-XY holds significant
potential for applications in photodetectors, nonlinear sensors,
and flexible optoelectronics.

We can further uncover the microscopic mechanisms of
photocurrent generation by analyzing the physical quantities
within the conductivity. Here, we only consider the physical
quantities between the highest valence band (v) and the lowest
conduction band (c), which yields the same conclusions as
considering all of the bands. The oy, and &, photoconductivity
in the SC and the k-solved shift vector R (k) are shown in
Figure 2b,c, respectively, with both exhibiting the same
transition rate r)rx(k), as depicted in Figure S5a. We clearly
observe that the shift vectors in the x- and y-directions exhibit
di erent mirror symmetries. The shift vectors R*(k) and
R.*(k) with respect to mirror My, (perpendicular to k,) are

antisymmetric and symmetric, respectively, The transition rate
rafve(k) exhibits M, symmetry. Therefore, the integral term
Ry X(K)rar(k) has opposite signs at —k and +k, and the
conductivity integrates over the Brillouin zone to zero, yielding
oy = 0 (but 6}, # 0). The Wxxy and ﬂ?xyy photoconductivity in
the IC and the k-solved velocity di erence A, (k) are shown in
Figure 2ef, respectively. The Berry curvature QY (k) is
illustrated in Figure S5b. We observe that the velocity
di erence Ay (k) is mirror symmetric under M, Aj (k) is

6102

mirror antisymmetric, and €. (k) is mirror symmetric. Hence,
under the CPL-xy, mxxy # 0 but o =

Adding a detail of note, the group theory analysis indicated
that ﬂyzz is a nonzero photoconductivity. However, the

computed conductivity for myzz is found to be very small. To

understand this finding, we computed the velocity di erence
A% (k) and the Berry curvature QX (k) for myzz, as shown in
Figure S5c,d. We note that mx’; =0 due to symmetry
constraints, the myzz ~ 0 arises from integration terms in the
conductivity being very small, with A% (K) ~ 1078 eV-A, and
QF(k) ~ 0.1 A% Therefore, conductivity tensors not
constrained by symmetry can also yield extremely small values.

We investigate the spin degree of freedom of electrons, as
well as the generation of spin currents in the context of the
BSPV e ect. Under the P-symmetry, Ps (k) = sp,(=K),

PiL () =} (-k),  PA} () =-Aj (-k), and
Py (K) =g (-k); Ajrig™ and the numerator

Jr‘;‘]‘r:vlt,’nvrf, in > are both odd functions in momentum space.

For materials with P-symmetry, both charge currents and spin
currents will vanish. Under the T-symmetry,

Tsia(K) = ~shu(=K), UNCESINE
TAj (k) = Aj" (=k), and Tg_(K) =g_(~k). The real

parts of Aj*'g™ and j'vpvs are even functions, while the

imaginary parts are odd functions. Materials with T-symmetry
may exhibit both charge currents and spin currents. It is
noteworthy that due to the intrinsic property of spin,

smn(K) = —si,(=K), charge currents and spin currents exhibit
opposite trends. In systems with broken P-symmetry and
preserved T-symmetry, spin currents generated by LPL
illumination exhibit an injection-like behavior, while spin
currents induced by CPL are shift-like.

In general, once the P-symmetry of the material is broken,
both charge currents and spin currents are generated
simultaneously. However, in practical research and applica-
tions, there is a strong desire to generate a pure spin current. In
addition to preserving the T-symmetry, monolayer T-ShP also
exhibits the M, mirror symmetry (perpendicular to the x-axis).
Under the mirror symmetry M,,

Mk k) = (1) (—k,, k)

. i
n be:::,s

MKy k) = —(=1)°¢Ds] (—k,, k)

Here we only consider the spin component s” for i = z. Under
LPL illumination,

Mer?ﬁwbrr?mrrgm(kx' ky) = (_1)5x'abcRr?ﬁwbrr?mrr%n(_kx’ ky)

M AT (K, k) = —(=1)% (=1)>*=Ajatg e (—Ky, k)

For charge current, when there is an odd number of x in a, b,
and c, the current vanishes, such as o), = 0, but ¢, # 0. For
spin current, when there is an even number of x in a, b, and c,
the current vanishes, such as ¢ # 0, but 645 = 0. In
addition, under CPL illumination, according to the symmetry
analysis of the physical quantities mentioned above, for charge
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Figure 3. Spin current and the distribution of physical quantities in momentum space for T-SbP. (a) Under LPL, spin current photoconductivity

x,8%
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xx 1 Oy

y

az"z'sz, and axyx'sz. (b) Photoconductivity a)fx'sz for T-XY, with incident light energy ranging from 0 to 4 eV. (c, d) Representations of the

spin texture on the lowest conduction band and the highest valence band, respectively. (e) k-solved spin velocity di erence of axx)gsz. (f) k-solved

. . . z
spin velocity di erence of ;° .

current, i, # 0 and a7 = 0, and for spin current, n)();,SZ =0

and nxyy,sz # 0. Therefore, we can infer that the mirror
symmetry of the structure can generate a pure spin current,

such as o, = 0 and &> # 0. In LPL-xx, there is no charge
current in the x-direction, so a pure spin current is generated.
On the other hand, in addition to the special structural
symmetry, the electron spin polarization is also crucial for the
spin current. We have calculated the spin texture S’ of T-ShP
at the lowest conduction band and the highest valence band,
where S5, = 1/2(n|c*|m), as illustrated in Figure 3c,d. We can
clearly observe that S* =~ —1/2 at all k-points, and the
polarization direction of the spin is opposite at k- and —k-
points. This conclusion is consistent with the recent research
reported by Guo et al., indicating that T-SbP exhibits intrinsic
persistent spin helix,** where the spin only possesses the out-
of-plane component S?.

We calculated all spin photocurrent conductivity tensors of
T-SbP under LPL and CPL illumination, as shown in Figure
S6. The computational results align perfectly with the
symmetry analysis mentioned above. As shown in Figure 3a,

at photon energy Aw = 0.45 eV, UXXX'SZ = —1747 pA/VZ i/ 2,

while ;%" = 0. For the charge current, we know that o, = 0,
while 6}, # 0. We can draw an important inference that under
linearly polarized light, the charge current in the mirror
symmetric x-direction is zero. However, this does not imply
that the electrons are fixed and immobile. In fact, electrons
with spin up and spin down move in opposite directions along
the x-axis, resulting in a total charge current cancellation, thus
generating a pure spin current. Conversely, in the y-direction,
electrons with spin up and spin down move in the same
direction, resulting in the disappearance of spin polarization.
The charge current is nonzero, while the spin current is zero.

The spin current conductivity tensor Gxxx,sz of T-XY s

>~
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illustrated in Figure 3b (a;‘y'sz

them, the conductivity of T-BiAs is the highest, with GXXX,SZ =
3285 pA/VZn/2e. According to previous studies on spin
current, the semiconductor 2H-MoS, ~ 120 uA/V?2-#/2¢* the
antiferromagnetic (AFM) MnPSe; ~ 10 uA/V2-#/2e,*° and
the magnetic topological quantum material bilayer AFM-
MnBi,Te, ~ 40 pA/V?a/2e.** The spin current of T-XY is
tens of times larger than them. T-XY possesses a significant
spin current, enabling it to have vast applications in
spintronics, as well as in next generation low-energy devices
and quantum computing.

The distribution of physical quantities in momentum space
within the conductivity can provide further evidence for the
earlier inference regarding the spin current. We calculated the

- - . . z z . -
spin velocity di erence in aXXX'S and nyx,s , depicted respectively

in Figure 3ef. They have the same quantum metric
g, = {rd i) @ shown in Figure S7b. We observe that the
quantum metric satisfies 9" (ky, k) = ¢, (=k, k)). In the x-
direction, the spin velocity di erence is
Ajc’;’sz(kx, k) = Ajc’;’sz(—kx, ky). In the y-direction, the spin
velocity di erence is such that
Ajcfl'sz(kx, k) = —Ajc\y"sz(—kx, ky). Therefore, along the mirror
M, direction (y-direction), the spin current vanishes, while
perpendicular to the mirror M, direction (x-direction), the
spin current is nonzero. Compared to traditional magnetic
materials, utilizing piezoelectric materials to generate spin
currents o ers advantages such as stable optoelectronic
properties (even under high-temperature and strong magnetic
field conditions), high e ciency, and strong tunability.**~**
The development of e ective strategies for controlling the
charge current and spin current in second-order nonlinear

optical responses is highly significant for the practical
application and design of materials in device engineering.

shown in Figure S7a). Among
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Figure 4. Charge current and spin current of T-SbP under uniaxial strain (along the y-direction). (a) Relationship between the change in total
energy per unit cell (AE = E — Eg) and strain, where E, is the total energy in the unstrained state. (b) Plot illustrating the relationship between the
band gap and strain. (¢, d) Evolution of the charge current conductivity &), under tensile and compressive strains, respectively. (e, f) Evolution of

the spin current conductivity o{x’sz

under tensile and compressive strains, respectively.

Typically, the optoelectronic properties of materials can be
tuned by external stimuli, such as appp/ing strain, external
electric field, doping, and so forth.”>=*" The T-XY is an
excellent piezoelectric material, attributed to its unique triple-
staggered layer folded structure. Its in-plane piezoelectric
coe cient (T-SnS, d;; ~ 452 pm/V) larger than that of most
2D piezoelectric materials,”® such as 2H-MoS, (3.73 pm/V),*
CdO (23.7 pm/V),* a-SnSe (250.5 pm/V),” etc. It is evident
that strain engineering will be a reliable and e cient method
for controlling the electronic and optical properties of T-XY.
Over the past few years, the bulk piezophotovoltaic e ect has
been associated with piezoelectric materials when they are
subjected to strain engineering techniques.>* >

In this study, we apply uniaxial strain along the y-direction,
using the material T-SbP as an example for illustration. As
shown in Figure 4a, the plot represents the relationship
between the change in total energy per unit cell
(AE = E — Ep) and strain, where E is the total energy after
applying strain and E, is the total energy without strain.
Surprisingly, we can find that applying —10% compressive
strain, the total energy of the per unit cell increases by only
43.2 meV, and at 10% tensile strain the total energy increases
by only 20.6 meV. This further confirms that T-XY is an
excellent piezoelectric material, with a highly flexible structure
along the polarization direction. Additionally, this also
indicates that T-XY maintains stable structure and perform-
ance under external strain stimuli. We also calculated the
variation of the band gap under uniaxial strain, as shown in
Figure 4b. Under compressive strain, the band gap initially
slightly decreases and then monotonically increases with strain
(<=3%). Under tensile strain, the band gap increases almost
linearly with strain, reaching 0.86 eV at 10% strain.

Strain engineering can significantly alter the electronic
properties of T-ShP. Following this, we will continue to
explore the impact of strain on the BPV and BSPV e ects in T-
SbP. Under LPL illumination, the evolution of the charge
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current photoconductivity o) with uniaxial tensile and
compressive strains is shown in Figure 4cd, respectively.
When tensile strain is applied, there is a continuous reduction
in the conductivity ¢}, as the strain increases. When 10% strain
is reached, o, decreases from 52 uA/V? (with 4w = 0.47 eV)
to 1.45 pA/V? (with Aw = 1.12 eV), diminishing to nearly
disappearance. Additionally, besides the decrease in the peak of
conductivity, its position also undergoes a blue shift. For
applied compressive strain, o, increases continuously with
increasing strain. Under —10% compressive strain, with 2w =
0.83 eV, ¢, = 101.8 pA/V?, which is nearly double compared
to that of the unstrained state. The evolution of the spin

current conductivity oxxfz with strain is shown in Figure 4ef.
Similar to the charge current, the spin current decreases under

tensile strain and increases under compressive strain.

. . . z .
Especially, under compressive strain, axxx's increases almost

linearly with strain. Applying a small strain, such as —2%, yields
oS = —2776 UA/N?-h/2e (hw = 0.44 eV), indicating a 59%
increase in conductivity. When the compressive strain reaches
—10%, % = —6914 PA/VZA/2e (hw = 061 eV), the
conductivity increases by 296%. The charge current mx’; and

. z . - . - -
spin current a;‘y’s exhibit similar trends under strain, as shown

in Figure S8. Reviewing Figure 4a, it appears that T-XY can
withstand stronger strains. We can make a reasonable inference
that when tensile strain reaches a certain critical value (>10%),
the photocurrent will vanish, thereby achieving the application
of strain engineering in the on—o logic function of nonlinear
photocurrents. Applying larger compressive strains (<—10%)
may generate greater charge/spin currents to meet the
requirements of device design.

The charge/spin currents exhibit systematic variations under
strain engineering, and we attempt to uncover the underlying
physical mechanisms. Initially, we calculated the di erential
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Figure 5. (a—c) Di erential charge density plots of T-SbP at —6, 0, and 6% uniaxial strains, where red and blue represent electron accumulation
and depletion, respectively. (d—f) Planar-averaged electrostatic potential energy along the y-direction of T-SbP under —6, 0, and 6% uniaxial strains,

where E;, represents the built-in electric field along the y-direction.

charge density plots of T-SbP under —6, 0, and 6% uniaxial
strains, as shown in Figure 5a—c, where the isosurfaces are
shown in red for electron accumulation and in blue for electron
depletion. It is noticeable that under compressive strain, the
isosurfaces of accumulation (depletion) approach each other,
which facilitates electron transport and leads to larger currents.
Conversely, under tensile strain, the isosurfaces move away
from each other, naturally resulting in a decrease in current.
Alternatively, applying compressive strain causes the distances
between Sh and P atoms in the structure to decrease, resulting
in greater overlap of electron clouds, which facilitates the
generation of larger currents. In contrast, under tensile strain,
the distances between atoms increase, leading to smaller
currents. Second, we calculated the planar-averaged electro-
static potential energy along the y-direction under —6, 0, and
6% uniaxial strains, as shown in Figure 5d—f. In the figure, E;,
represents the built-in electric field along the y-direction, also
known as the intrinsic polar field. The built-in electric field is
defined as E, = A®/ Ay, where A® represents the potential
energy di erence and Ay denotes the distance di erence along
the y-direction. In the absence of strain, the intrinsic structure
yields E;, = 0.60 eV/A. When applying —6% strain, E;, = 0.72
eV/A, indicating an enhancement of the built-in electric field
due to compressive strain. A stronger built-in electric field in
the material can accelerate electron movement, leading to the
generation of larger currents (as observed in the changes of o)
under compressive strain). For 6% tensile strain, E;, = 0.43 eV/
A, indicating a decrease in the built-in electric field.
Consequently, the current will also decrease. Additionally, we
also calculated the planar-averaged electrostatic potential
energy along the x-direction after applying uniaxial strain
along the y-direction, as shown in Figure S9. Under
compressive strain, the potential energy along the x-direction
decreases, while under tensile strain, it increases. When the
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potential energy decreases, the current will increase (as

observed in the changes of aXXX'SZ under compressive strain).
In summary, we have employed first-principles calculations
and BPV/BSPV theories to investigate the second-order
nonlinear optical response in the piezoelectric material T-XY.
The SC photoconductivities of T-XY have five independent
nonzero components under LPL illumination, while the IC
photoconductivities have two independent nonzero compo-
nents under CPL illumination. In the direction perpendicular
to the mirror symmetry plane, electrons with opposite spins
move in opposite directions, leading to the disappearance of
charge current and the emergence of a pure spin current. The
piezoelectric materials T-XY exhibit significant charge current
and spin current in general. Among them, T-SbP exhibits the

largest charge current ﬂlxxy = 5602 PA/V? while T-BiAs

demonstrates the highest spin current ax’;sz = 3285 uA/V2n/
2e, which are 1—2 orders greater than most other 2D materials.
Furthermore, the photocurrent decreases under tensile strain,
whereas it increases under compressive strain. The close
proximity of atoms within the structure and the enhanced
built-in electric field facilitate electron transport, resulting in a
greater photocurrent. The piezoelectric material T-XY
possesses excellent piezoelectric properties, as well as colossal
and tunable nonlinear charge/spin photocurrents, thereby
endowing it with broad potential applications in nonlinear
optoelectronics and opto-spintronics.
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