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Ab initio calculations of photocurrent in solids based on Wannier function
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We present a general ab initio method based on Wannier function for simulating the photocurrent
in solids. The method is widely applicable to charge/spin DC and AC photocurrent at any per-
turbation levels in both semiconductors and metals for both linearly and circularly polarized light.
This is because the method is theoretically complete (within relaxation time approximation), that is
to say, it includes all intra-band, inter-band and their cross terms. Specifically for the second-order
DC photocurrent, it includes all of the following contributions - shift current, (magnetic) injection
current, Berry curvature dipole, gyration current and Fermi surface ones, instead of only a part of
them as in most previous ab initio methods. It is also free from the degeneracy issue, i.e., applicable
to arbitrary band structures with arbitrary numbers of degenerate bands. We apply the method
to various semiconductors and metals, including GaAs, graphene-hBN heterostructure, monolayer
WSa, a 2D ferroelectric material - monolayer GeS, bilayer anti-ferromagnetic MnBizTes and topo-
logical Weyl semimetal RhSi to simulate their charge and/or spin, DC and/or AC photocurrent.
Our theoretical results are in good agreement with previous theoretical works. Our method pro-
vides a universal computational tool for reliable and accurate predictions of abundant weak-field
photocurrent phenomena in disparate materials.

I. INTRODUCTION

The electric current generation under uniform light il-
lumination, called photocurrent, have been extensively
studied in optoelectronic physics.[IHII] Recently, the
photocurrent phenomena in solids, such as bulk photo-
voltaic effect (BPVE, also called photogalvanic effect -
PGE), second- and third-harmonic generation (SHG and
THG) and sum-/difference-frequency generation, have
drawn much attention in the research fields of condense
matter physics, opto-electronics, opto-spintronics, mate-
rial science, etc. For example, quantized circular photo-
galvanic effect (CPGE), whereby circular polarized light
generates a helicity-dependent photocurrent, in Weyl
semimetals were predicted[d] and observed[5]. Spin—
valley-coupled CPGE and its electric control was real-
ized in WSes.[6] Robust pure spin photocurrent was pre-
dicted in several materials. [7, [12] Electrically and broad-
band tunable third-harmonic generation was realized in
graphene. [13]

In this work we focus on the photocurrent under weak
fields, since such conditions are usually satisfied in the
studies of BPVE and low-order harmonic generation
(LHG) and are preferred for the related low-power op-
tical device applications. Moreover, the weak-field pho-
tocurrent measurements are invaluable in detecting ma-
terials’ properties such as topological and spin ones. This
is because the weak-field photocurrent is simply the prod-
uct of electric fields and optical susceptibilities, and the
latter are a class of materials’ properties determined by
band structure, Berry connections, spin-orbit coupling,
the scattering strength, etc.
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Predictive ab initio theories based on density func-
tional theory (DFT) appeared since the late 1990s for
SHGI9] 14] and since the early 2010s for BPVE[2] 12 [15].
These theories are invaluable for the understandings of
experimental findings and the predictions of new mate-
rials with excellent properties. The main challenge of
ab initio calculations is that very dense k-point sam-
plings are often required to converge the results, e.g.,
105 k-points may be necessary for topological semimet-
als, which makes them computationally expensive. The
k-point convergence issue becomes more serious if ab ini-
tio sophisticated forms of the scattering/relaxation pro-
cesses beyond the simple relaxation time approximation
(RTA) are employed.

To resolve this issue, ab initio methods using max-
imally localized Wannier function have been employed
for efficient calculation of the shift current, injection
current and Berry curvature dipole contributions to
the photocurrent.[I6H20] However, the current Wannier-
function-based methods have two main problems: (i)
Some important contributions to BPVE, e.g., the intrin-
sic Fermi surface effect and the gyration current proposed
by Watanabe and Yanase[21], are not considered and the
implementations for LHG are even less complete. There-
fore, large errors may present in the studies of metal-
lic systems and/or under circularly polarized light. (ii)
The Wannier interpolation of Berry connection (needed
in their methods) uses the nondegenerate perturbation
theory, so that the degenerate bands are not treated
properly.

The above problems can be removed by employing a
technique originally developed for theoretical simulations
of high harmonic generation under strong fields in Ref.[9]
where the laser term of the electron dynamics is first
expressed in the smooth “Wannier” representation and
then transformed to the eigenstate representation. In
“Wannier” representation, the basis are smooth Bloch-
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like functions of k, so that the laser term (in the length
gauge) is well defined and can be easily computed by
finite difference. Therefore, the degeneracy issue is by-
passed. Moreover, with the accurate expression of the
laser term, all contributions to the photocurrent within
RTA, including the shift current, (magnetic) injection
current, Berry curvature dipole, gyration current and
Fermi surface contributions, can be considered.

Therefore, it is promising to apply the technique of
Ref. [9 to other photocurrent properties besides HHG.
Here, we thus have developed an ab initio method based
on Wannier function of the photocurrent including BPVE
and LHG within RTA. The method is applicable to both
semiconductors and metals for both linearly and cir-
cularly polarized light, corresponding to linearly PGE
(LPGE) and CPGE respectively.

This article is organized as follows. In Sec. II, we de-
rive the formulae of optical susceptibilities via perturba-
tive treatment of the density-matrix (DM) master equa-
tion in the length gauge within RTA. We then relates
the second-order susceptibilities to LPGE and CPGE. In
Sec. III, we given the computational setups of our DFT
and photocurrent calculations. In Sec. IV, we apply our
method to various semiconductors and metals, including
GaAs, graphene-hBN heterostructure, monolayer WSs, a
2D ferroelectric material - monolayer GeS, bilayer anti-
ferromagnetic MnBi;Te4 and topological Weyl semimetal
RhSi to simulate their charge and/or spin BPVE and
LHG. In Sec. V, a summary and outlooks are given.

II. METHODS

Theoretically, the photocurrent formulae can be ex-
pressed in both the length and velocity gauges for the
laser.[22] In most theoretical works, the length gauge was
employed. This is because that although the velocity
gauge has simpler formulae, it suffers from several issues:
(i) Large number of bands are required to converge the re-
sults if additional calculations are not employed;[12} 23]
(ii) The dephasing and the general scattering term be-
yond relaxation time approximation (RTA) are hard to
be included;[24] (iii) The numerical results may diverge
at low-w (photon frequency) limit.[22]

In length gauge, the current density J¢ (¢) and spin-
current density J*v (t) are
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where p is the DM of Bloch electrons. Ve is the unit-
cell volume/area of the crystal for 3D/2D systems. j© is
the charge current operator. v is the velocity operator. r
is the position operator, H is Hamiltonian operator and

HOY is unperturbed Hamiltonian operator. In the eigen-
basis, H,gab = €rq0qp With € the eigenvalue, k the k-point
index and a (b) the band index. s, is the spin operator
along ~ direction. j®v is the conventional spin-current
operator[25].

A. DM master equation in the length gauge

We solve the quantum master equation of the single-
particle p (¢) in the Schrodinger picture as[22] 26, 27]

d%t) :_%[Hovp(t)] + D[l +Clol,  (5)
DX =5B(0) 7 ©)

where D¥ [p] and C [p] is the laser and collision terms
of the DM dynamics respectively. E(¢) is the time-
dependent electric field of a laser. % is the covariant
derivative of p.

For a laser with photon frequency w,

E(t) =E (w) ™' + E (—w) e ™! (7)
with E (—w) = E* (w) being the constant amplitude.

The covariant derivative of an arbitrary operator A -
DA 5 defined as[22]

Dk
DA dA
— =— 1A
. dup
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where % is the gradient, £ is the Berry connection

and u is the basis function or the periodic part of Bloch
wavefunction. Note that Eq. [§] above is the same as
Eq. 34 of Ref. 22 but different notations are used. The
operator % is directly related to the position operator

r as follow:

DA
Therefore, the electric-field term of the master equa-
tion D [p] can be expressed as

P[] =~ 1 [H",], (11)
HY =¢E () - r. (12)

The computation of % via Eq. |8 is non-trivial due
to the following issues: First, the basis functions wuy are
usually obtained by diagonalizing H,g at different k in-
dependently, so that u; contain arbitrary phase factors
and are arbitrary in degenerate subspaces. Therefore,
uy are in general not smooth over k, which makes g—l’i
not well-defined (except when p = f¢9). Second, the

computation of £ may suffer from the degeneracy issue,



as discussed later in Sec. [ID1l The above issues are
bypassed through the use of a Wannier-function-based

technique given below in Sec.
The collision term C [p] of Eq. [5| describes the decay
of p to its equilibrium due to various processes such as

the electron-phonon scattering, the electron-hole recom-

bination, etc. In this work, we approximate C [p] within
RTA as

Cll=-To{p-f}, (13)

where f°? is the equilibrium part of p and a diagonal
matrix whose elements are Fermi-Dirac functions. I' is
the relaxation rate matrix and I'y,, is the relaxation rate
of the electronic state (k,a) - T'xq. Hadamard product
A ® B means the elementwise multiplication of matrices
A and B.

Suppose
p =+ p". (14)
Considering that % = 0 and [, f°4] = 0, within RTA,
Eq. [p] becomes
—_— I - A =ieE (t 1
mdt + (ih ) © p~ =ieE(t) - DK’ (15)
Agab =€ka — €xb- (16)

B. Perturbative solution of pf and optical
susceptibility for charge and spin current

E:nfﬂn)

At weak fields, p can be expanded as p =

with p(™ = O (|E (w)|") and p(® = fe4. Therefore, the
nth-order master equation is
ih o + (@A —A)©p =ieE (t) - K
(17)

PP = (1= 8) o). (15)

The above equation is a first-order (for the time deriva-
tive) ordinary differential equation. If the minimum ele-
ment of I" - ',y is positive. At ¢ > me, Eq. has a
stationary solution

E (n) ZpE (n) mw) ezmwt (19)

where p: (") (mw) is time-independent. Therefore, at
t> F;liln, from Eq.
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we have,

Dp=V (m F 1)w)
Dk

PP (mw) zieZE (+w) -
+
o d- (mw), (22)

From the above equation, we can define a nth-order
DM from the following iterative formulae,
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We further define the normalized nth-order DM as

E
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Therefore, the nth-order current and spin-current den-
sities can be expressed as

~E (n)
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Since nth-order optical susceptibilities for charge and
spin current are defined as
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From the above equations, we can obtain arbitrary-
order perturbative optical susceptibilities and photocur-
rent. Considering that BPVE, SHG and THG, three of
the most important photocurrent phenomena, are deter-
mined by second- and third-order optical susceptibilities,
we present the detailed formulae of optical susceptibili-
ties in first three orders in the following.

Wn),



1.  First-order

From Eq. and [31] we have
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0%/*1% (4) determines the optical conductivity.
P y

2. Second-order

From Eq. and we have the DC compo-

nent
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and the 2w AC component
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a(i/lijz’ﬂ (—w,w) and ai{i:z’ﬂ (w,w) determine BPVE
and SHG respectively.

8. Third-order

From Eq. and [31] we have the 3w AC com-

ponent

~E7(2)

ﬁg,(j)a (w, w, w) :iew od- (3w), (38)
1Q2a3 Dkal
o2l (0r0,) =Vl [15/ 7 Py (@0,)].
(39)

02/18(32’53 (w,w,w) determines THG.

Under weak fields, the photocurrent mechanisms can
be separated into two classes[2] - (i) One is described us-
ing the single-particle electronic quantities and with the
scattering in Born approximation. The scattering is usu-
ally further simplified within RTA. (ii) Another is due
to the asymmetric scattering beyond Born approxima-
tion and is called ballistic current. Since the former class
seems more important in more cases and ab initio sim-
ulations of ballistic current are numerically difficult[28],
most ab initio works only consider the former class of
mechanisms[21].

The former class can be further separated into var-
ious types of contributions depending on if intra-

.c/sy

or inter-band parts of % and/or Jg matrices are

considered.[21] See intra- and inter-band parts of % in
Appendix A. For BPVE, the separation of different con-
tributions is systematically discussed in Ref. 21l and the
following contributions are identified: the shift current,
(magnetic) injection current, Berry curvature dipole, gy-
ration current and Fermi surface contributions. Since our
method includes both intra- and inter-band parts of %

and j;/ *7 matrices, all types of contributions belonging

to the former class are considered.

C. LPGE and CPGE

Since the electric field amplitudes E (+w) of the
linearly polarized light satisfy FE,, (—w)Eq, (w) =
E} (w) Eq, (w) is real for any «; and az and E (—w) x
E (w) = E* (w) x E (w) = 0, while those of circularly po-
larized light satisfy E (—w) X E (w) = E* (w) x E(w) is
purely imaginary, we introduce the following definitions
for for LPGE and CPGE:

Loy o, (W) =Re {Ec*n (W) E., (W)} ) (40)
1
F (w) ZEiE* (W) X E(w), (41)
c/Ss 1 c/s c/s
770/107275 (LU) :iRe <O-o/1072’5 (_wa W) + 0'0/207175 (w7 —LU)) )
(42)
W7 @) =2 i (05l (—,) 0 (0, —))
(43)
where €4,a,x is Levi-Civita symbol. We note
that La,a, (W) = Laya, (W) and 7]2/122’6 = n;/;zgﬂ.

Here we call 772/1‘232’/3 (/ii/s”’ﬁ) LPGE (CPGE) coeffi-
cient /susceptibility.
For LPGE, F (w) = 0, so that only the real parts of

02/1272’5 (Fw, +w) contribute. For CPGE, both the imag-

inary and real parts of JS/SJZ’B (Fw, tw) can contribute,

as F (w) # 0 and some of Ly, 4, (w) can be nonzero.
Using the relation

O'C/S'Y”B (_w’ OJ) — |:0.C/s»yﬂ (UJ, —OJ):| * : (44)
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the second-order dc current density for photon-
frequency w can be expressed as

J5(0) = Y Ea, (FW) Ea, (2w) 055" (Fw, 2w)

Ot1()¢2:t

Zalaz LOthéz (w) 77(034/15072’ﬁ (W)
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For CPGE, in many cases, Iii/ 8 are found much
larger than 772/12”2’5, so that 773/12”2’6 are often not con-

sidered.



Let’s consider a few special cases below:
(i) Suppose E (w) = E(1,1,0) with E a real value for
a linearly polarized light. As F (w) = 0, we have

Ty =2 Y

a1,02=2,Y

nc/s%ﬂLalaz (w) - (46)

a2

(ii) Suppose E (w) = E (1,4,0) with E a real value for
a circularly polarized light. As L, (w) =0 and F (w) =
E?(0,0,—1), we have

5" (0) =2 ( Y Lo (@) + F (w) mi/s”ﬂ) .

a=x,y

(47)

D. Wannier interpolation and the computation of

the covariant derivative %

The Wannier interpolation based on maximally local-
ized Wannier functions of electronic and electronic scat-
tering quantities has been widely employed to simulate
various physical properties.[29H34] The Wannier interpo-
lation contains four steps: (i) The electronic and elec-
tronic scattering quantities are first calculated on coarse
wavevector (k- or g-point) meshes, e.g., 6x6x6 and
12x12 for 3D and 2D systems respectively. (ii) Secondly,
they are transformed to the corresponding real-space ma-
trix elements with (real-space) localized Wannier func-
tions (WFs) as basis. (iii) Thirdly, physical quantities
are transformed back to the reciprocal space. At this
step, quantities on very fine wavevector meshes (e.g.,
2000%2000) or at many arbitrary wavevectors in Wannier
representation are obtained. In Wannier representation,
the basis are the smooth Bloch-like functions described
below. (iv) Finally, Wannier representation is replaced
by the eigenbasis representation where the basis are the
Bloch eigenstates of the Wannier-interpolated Hamilto-
nian. Thus, physical properties can be conveniently cal-
culated with quantities in the eigenbasis representation
with converged number of wavevectors.

In this subsection, different representations are used
to express electronic quantities. Therefore, for clarity, no
additional notation or superscript is used for the eigen-
basis representation, while superscript W is used for the
Wannier representation. Note that all equations above
this subsection use the eigenbasis representation.

1. Wannier representation and Wannier interpolation

The WFs are noted as |Ra), where a is the index of a
WF in the unitcell and R labels the unitcell. The smooth
Bloch-like functions are given by the phased sum of WFs

luph)y = e” ™R Ra), (48)
R

which span the actual Bloch eigenstates |uyq) at each
k. It follows that, if we construct the Hamiltonian in the
Wannier representation

H,Zgb :<ukWa’Hk |u%> (49)
and diagonalize it as
U HY Uy, =e, (50)

where Uy are the eigenstate matrix and € is the di-
agonal matrix of eigenvalues. The corresponding Bloch
eigenstates are

[uka) = Z |uky) Ukba- (51)
b

Similar to H ,ZV , the velocity and spin matrices are well
defined in Wannier representation and are noted as v}
and skW respectively. The computations of H ,L/V , VZV and
SZV are efficient and done through standard techniques
developed in Ref. [30L With Uy, the velocity and spin

matrices in the eigenbasis representation read

vy, =UjvIV Uy, (52)
Sk ZU,ZSZVU/C. (53)
Having v and sy, jc/ 7 is obtained straightforwardly

from Eq. [2] and As the basis size of Wannier rep-
resentation is usually small (same as the eigenbasis rep-
resentation), the computations of €k, Uy, vi and s are
all efficient. The computational technique of Berry con-
nection in Wannier representation f};v is slightly different
from that of H}V and is also efficient.[30]

In previous ab initio methods of the photocurrent
based on Wannier function,[I6H20] it is often necessary
to compute & (as the covariant derivative %, defined in
Eq. |8} involves &), which is expressed as

& =iDy, + &, (54)
dU,,
Dy =U] =~
k Uk dk ) (55)
gk: :Ulifl‘c/VUk7 (56)
) dul’
Ehap =1 <qu i > (57)

However, computing Dj, directly via Eq. is non-
trivial and usually done using non-degenerate perturba-
tion theory,[16], B0]

~Tpert
Dkab NDkab ) (58)
agyV
(UII dliC Uk') b if
ert - 7 ab
Dot — e e Few . (59)

0, if €xq = €xp

Obviously, DY} is problematic for degenerate bands.
This issue may be removed for two-fold degeneracy by



choosing a specific gauge of Uy, [35] but computing Dyqp
for arbitrarily degenerate bands without an approxima-
tion is still difficult. This degeneracy issue is completely
removed in our method, since Dy, is absent in the com-

putation of %7 as present clearly in the next subsection.

2. The computation of the covariant derivative %

% is called the covariant derivative because it satisfies
the following relation for arbitrary U:

Dp TDpW
ok U e Y (60)

where p"V' = UpUT. The proof is given in Appendix B.
Since

DoV dp"

Dk :W -1 [§W7PW] ) (61)
we further have

Dp dp" .

Since the basis of Wannier representation u‘,fg is

smooth over k for each index a, the derivative dg—liv is
well defined and can be computed numerically by finite

difference. We use the central difference here. Define
k, = k + dk and k,, = k — dk so that
dplV Pr. = pr.
T pk; _ T kp km,
Uk—dk Uy Uk72dk Us
ULUs, o1, UL Uk
- ~U} U, pr,, UL Us o
N 2dk ’ (63)
Define the overlap matrix
Oty =U] Uk, (64)
we have
poW ( Okk’ppkpozk = Okky, Pk, OLkm )
Ul =, = 2 . (65)
dk 2dk

Due to the use of WF, electronic quantities including
p,in) can be computed at arbitrary k. Therefore, |dk| can
be arbitrarily small and is typically chosen as 10~8, which
guarantees the accuracy of finite difference computations.

With Eq. and & computed by Eq. % is then
obtained from Eq. [62] For numerical implementation of
Eq. helpful techniques are employed as described in
Appendix C and D.

III. COMPUTATIONAL DETAILS

The ground-state electronic structure is first calcu-
lated using DFT with relatively coarse k meshes. The
DFT calculations use 12 x 12 x 12, 12 x 12 and 6 X
6 x 6 k meshes for GaAs, 2D materials and RhSi re-
spectively. We use Perdew-Burke-Ernzerhof exchange-
correlation functional[36]. For bilayer AFM MBT, the
DFT+U method is adopted to treat the d orbitals of Mn
atoms with Hubbard U parameter 4.0 eV, and its lattice
structures and internal geometries are fully relaxed us-
ing the DFT+D3 correction method[37] for dispersion in-
teractions. For graphene-hBN, the DFT+D2 correction
method [38] with scale factor s¢ = 0.5 is used to be consis-
tent with our previous work[39]. For 3D and monolayer
materials, van der Waals corrections are not important
and not considered. For GaAs, we use the experimental
lattice constant of 5.653 Aas in our previous work[26].
For RhSi, we use experimental lattice constant[40] of 4.67
A. For WS, and GeS, we use the fully relaxed lattice con-
stants. We use Optimized Norm- Conserving Vanderbilt
(ONCV) pseudopotentials[4]] [42]. The plane-wave cut-
off energies are 76, 74, 62, 44, 82 and 80 Ry for GaAs,
graphene-hBN, WSy, GeS, MBT and RhSi respectively.
For all 2D systems, the Coulomb truncation technique[43]
is employed to accelerate convergence with vacuum sizes
and the vacuum sizes are 20 bohr (additional to the thick-
ness of the heterostructures).

We then transform all quantities from plane-wave ba-
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FIG. 1. Theoretical results of GaAs. (a) DFT and Wannier
band structures. (b) LPGE coefficients nffiaz compared with
7y» from previous theoretical results. “Theory A” and “The-
ory B” correspond to Refs. [16] and [44] respectively. A scissor

correction is included as in Refs. [16] and 44l



sis to maximally localized Wannier function basis, and
interpolate them to substantially finer k meshes.[29, B0]
For the photocurrent calculations, the fine k meshes are
960 x 960 x 960, 12000 x 12000, 2400 x 2400, 2400 x 2400,
960 x 960 and 120 x 120 x 120 for GaAs, graphene-hBN|,
WS, GeS, MBT and RhSi respectively. For simplicity,
the elements of the relaxation rate matrices I'y, are all
set to the same constant, which unless specified is 0.001
eV/h for graphene-hBN and 0.01 eV/h for other mate-
rials, corresponding to a relaxation time of 666 and 66
fs respectively. All calculations are done based on the
open-source plane-wave DFT code JDFTx[45H4g].

IV. RESULTS AND DISCUSSIONS

Before presenting our theoretical results, we would like
to clarify two points: (i) We simulate the photocurrent
within RTA, so that the ballistic current is absent. (ii)
The signs of optical susceptibilities and LPGE/CPGE co-
efficients depend on the definitions of z, y, z directions.
For CPGE, the sign of mf\/S”’B depends on the definition
of F (w). Therefore, when comparing with other theoret-
ical works, we should be careful about these definitions.

A. First benchmark: GaAs

GaAs is a typical semiconductor with broken inversion
symmetry, which allows the presence of the second-order
photocurrent - BPVE and SHG. Due to its symmetry,
LPGE of GaAs is allowed while CPGE not. Without
considering the ballistic current, LPGE of GaAs is deter-
mined by shift current. GaAs was the first piezoelectric
crystal whose shift-current spectrum was evaluated using
modern band structure methods[49] and later simulated
in other method papers[I6] [44]. Therefore, we first carry
out benchmark calculations of LPGE of GaAs.

In Fig. (a)7 we compare DFT and Wannier band
structures and find that they agree perfectly. This en-
sures the accuracy of the photocurrent calculation based
on Wannier function. From symmetry analysis, it is
known that LPGE coefficient n$?,,_ are only non-zero for
permutations Sajas of xyz. Indeed, in Fig. b), nu-
merically we find that ng7 # 0 while 774 and n;7 almost
vanish. Our calculated 77 are in good agreement with
previous theoretical results[16, [44], which indicates the
reliability of the implementation of our method.

B. A 2D material: LPGE and LHG of
graphene-hBN

Since the discovery of graphene, low-frequency nonlin-
ear optical response of graphene has attract lots of at-
tention of both theorists and experimentalists. [8] 13, 50~
53] Here we simulate low-order optical susceptibilities
of graphene-hBN. The hBN substrate is introduced to

break the inversion symmetry to allow non-zero LPGE
and SHG.

Three types of photocurrent simulations using three
types of electronic Hamiltonian H° are carried out:

(i) “TB”: Minimum tight-binding Hamiltonian (as in
Ref. B3) with two atomic orbitals (in the unitcell) and
two energy parameters - gap E;,=0.0416 eV (same as our
DFT value) and a nearest-neighbor hopping parameter
t=2.8 eV. A t around 2.8 eV has been commonly used to
model graphene. Note that if choosing £;=0.03 eV as in
Ref. 53l we can reproduce their LPGE and LHG spectra;

(ii) “Wannier A”: Minimum ab initio Wannier-
interpolated Hamiltonian with two WFs (in the unit-
cell), which reproduces DFT eigenvalues within the en-
ergy window [Ep-1eV, Ep+3 eV]. From Fig. fa), it can
be seen that “Wannier A” nicely reproduces DFT bands
with tiny errors around Dirac cones;

(ili) “Wannier B”: ab initio Wannier-interpolated
Hamiltonian with 20 WF's, which reproduces DFT eigen-
values within [Ep-6 eV, Ep+7.7 eV]. From Fig. [fa), it
can be seen that “Wannier B” perfectly reproduces DFT
bands.

From Fig. [[b)-(d), we find that “Wannier A” and
“Wannier B” results of LPGE, SHG and THG suscep-
tibilities are identical, and TB leads to similar results.
The curves of TB results have the same shapes as ab ini-
tio results based on Wannier function, and the ratios of
TB results to ab initio results range from 63% to 123%,
which are insignificant. Therefore, our results indicate
that a minimum TB model and a minimum Wannier-
ization setup are good enough for simulations of LPGE
and LHG (within RTA) of graphene-hBN. This conclu-
sion however may not applicable if band structures are
complicated and/or spin-orbit coupling plays a crucial
role, in which cases sophisticated ab initio Wannieriza-
tion setups are required. Additionally, it is found that
TB results are insensitive to the nearest-neighbor hoping
parameter ¢ (not shown), so that to cure the differences
between TB and ab initio results, farther-neighbor hop-
pings are probably needed.

We next investigate the response of different photon
processes for low-frequency LPGE and LHG of the semi-
conducting graphene-hBN. From Fig. b)7 the LPGE
spectrum shows a one-photon resonant peak - a peak
right above w = FE,. This is consistent with the fact
that the formula of LPGE susceptibility contains a delta-
like function d},, (1w) (according to Eq. and ,
which has a resonant energy at w = Agy,. For SHG
shown in Fig. c), it is found that its spectrum shows
three peaks - two one-photon resonant peaks around
w = E, and one two-photon resonant peak right above
2w = E,. This is because the formula of SHG suscep-
tibility (Eq. and contains both d' (2w) and
d" (1w). For THG, its spectrum (Fig. (d)) has a sharp
three-photon resonant peak right above 3w = E,; cor-
responding to d' (3w) in the formula of THG (Eq.
and . On the other hand, the THG spectrum
shows less clear features for two-photon processes and
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(w,w,w)), SHG (Reoyy (w,w)) and THG (Reoyy (—w,w)) respectively calculated using three types of

Hamiltonians - a two-band tight-binding (TB) Hamiltonian, “Wannier A” and “Wannier B”. See more details of TB, “Wannier
A” and “Wannier B” in the text of Sec. @ Three special photon energies satisfying w, 2w, 3w = Ey4, corresponding to one-,
two-, three-photon processes respectively, are labeled in (b), (c) and (d) using vertical dashed lines.

no obvious features for one-photon processes: (i) The
second peak of the THG spectrum is a bit away from
2w = E, and relatively broad; (ii) THG susceptibilities
around w = F, are much weaker than its maximum value.

C. A 2D material: (Spin) LPGE of monolayer WS,

Besides graphene, transition metal dichalcogenides
(TMDs) are another important class of 2D materials.
Optical (spin-)current generation is critical to the TMD-
based electronic and spintronic applications and has been
extensively studied experimentally and theoretically.[12]
17, 54-56]

Here we study both LPGE and spin LPGE (SLPGE)
of monolayer 2H WS,. As shown in Fig. b), a high-
quality Wannierization is achieved, which ensures the ac-
curacy of our ab initio simulations. We first investigate
the effects of SOC on LPGE susceptibilities. From Fig.
c), our calculated LPGE spectrum is in good agree-
ment with previous theoretical results[17] and the SOC
effects are found significant. Most importantly, the first
peak near w = E; of the LPGE spectrum without SOC
is splitted to two by SOC (labeled as “V1” and “V2” in
Fig. 3{c)), and the splitting of two peaks is close to the

SOC band splitting between two highest valence bands
at K, ~0.43 eV.

Therefore, we include SOC in further ab initio simula-
tions of LPGE and SLPGE susceptibilities of monolayer
WSs, shown in Fig. [3(d) and (e). Note that spin current
is only present when SOC is turned on. We find that
charge and spin currents are perpendicular to each other
- charge current is along y direction while spin current
is along « direction under linearly polarized light. This
means a pure spin current (along x direction) is gener-
ated by SLPGE. This phenomenon is due to the different
selection rule on charge and spin currents in the presence
of in-plane mirror symmetry M,: k, — —k, for non-
magnetic 2D TMDs.[12]

D. A 2D material: LPGE and CPGE of 2D
ferroelectric GeS

Recently, ferroelectric group-IV monochalcogenide
monolayers have attract growing interests due to their
exciting properties, such as selective valley excitations,
valley Hall effects, and persistent spin helix behavior.[57]
They also show interesting nonlinear optical proper-
ties including an unusually strong SHG intensity, large
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BPVE.[57]

Here we study LPGE, SLPGE and CPGE of a group-
IV monochalcogenide monolayer - monolayer GeS. Our
results shown in Fig. [f] are in good agreement with pre-
vious theoretical ones[58,[59]. Similar to monolayer WS,,
from Fig. @(b) and (c), we find pure spin currents per-
pendicular to charge currents, which is again due to the
presence of in-plane mirror symmetry M,: k, — —k;.
Further, we observe strong CPGE (Fig. [d{(d)), 30 times
stronger than LPGE. According to previous theoreti-
cal works[2] 211 [59], as monolayer GeS is nonmagnetic,
its CPGE is mainly attributed to the injection current,

where the DC photocurrent is determined by the inter-

band parts of 2 Dp:) (Appendix A) and the intra-band

part of the current operator j/*v. Strong CPGE due
to injection current has been predicted in ferroelectric
group-IV monochalcogenide monolayers including GeS,
GeSe, SnS and SnSe, and it is attributed to various fac-
tors in these materials such as anisotropy, in-plane po-
larization and wave function delocalization.[59]

It is well known that optical susceptibilities due to in-
jection current are proportion to relaxation time 7 = 1/T
if ' > 0.[21] Therefore, we next examine the I' depen-
dence of susceptibilities of CPGE as well as LPGE and
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SLPGE. From Fig. a), it is found that LPGE is in-
dependent from I' except delta-like features around 4.6
eV. This is because LPGE of a nonmagnetic semicon-
ducting material such as monolayer GeS should be dom-
inated by the shift current contribution, which is known
independent from T'".[2 21] Calculated CPGE susceptibil-
ities k¢ are found proportional to 1/T (Fig. [5fc)) as ex-
pected. Calculated SLPGE susceptibilities n°= are found
proportional to 1/I" (Fig. [5{d)), which is probably be-
cause SLPGE is also dominated by the injection current
(the same as CPGE) as discussed in Ref.

E. A magnet: Bilayer AFM MBT

Recently, various exotic BPVE properties have been
predicted for AFM systems with the so-called PT sym-
metry, which means the systems are invariant if inversion
operation P and time-reversal operation T are applied
together.[7), 12| 21] Here we apply our method to simu-
late LPGE and SLPGE of bilayer AFM MBT, which has
the PT symmetry. Similar to Ref. 12 we have the follow-
ing observations from Fig. [} (i) SOC affects both band
structure and BPVE significantly; (ii) Pure spin currents
are present regardless of SOC. This is due to the differ-
ent selection rule on charge and spin-z currents in the
presence of the PM?* symmetry.[12] (iii) With SOC, the
charge current is present (see Fig. [6(b)) and perpendic-
ular to spin-z current (see Fig. [6d)). However, without
SOC, the charge current, which is the sum of the spin-up
and spin-down currents, is absent (see Fig. [6{(e) and (f)).
This is because the so-called inversion-spin-rotation PS
symmetry is satisfied without SOC but is broken if SOC
is turned on, according to Ref.

F. A topological Weyl semimetal: Quantized
CPGE in RhSi

CPGE serves as an invaluable tool to detect the chi-
rality, topological charge, symmetries and other proper-
ties of topological Weyl semimetals.[4], 5l [T} [19] Previ-
ously, quantized CPGE has been studied theoretically
considering only the injection current contribution, and
via model Hamiltonians[4] or Wannier-function-based ab
initio methods with the so-called diagonal tight-binding
approximation (DTBA)[LL, [19], in which ¢V is treated
approximately [16].

The so-called quantized-CPGE suggests that the rela-
tion: Tr[8(w)] = iﬂZ—zCL with Cp, topological charge,
is satisfied in a certain photon-frequency range.[4, 19
For the injection current (which dominates quantized
CPGE) with a finite relaxation time 7 = 1/T", there is
B (w) = il'k® (w).[2, 21] Therefore, the quantized-CPGE
relation becomes: 47Tr [['k¢] = C, in atomic units.

In this work, we apply our ab initio method to simu-
late CPGE of RhSi at various temperatures and chemical
potentials u. We have gone beyond DTBA and consid-
ered photocurrent contributions beyond just the injection
current. From our calculated CPGE spectra in Fig. [7]
we observe that 47Tr [['x¢ (w)] & 4 in a relatively wide
photon-energy range [0.3, 0.6] eV at both low (Fig. [f[b))
and high (Fig. c)) temperatures, if p is not too low.
Our results suggest that it seems easier to observe quan-
tized CPGE at lower temperatures and higher pu.

V. SUMMARY AND OUTLOOKS

We have developed an ab initio method based on Wan-
nier function for simulating weak-field BPVE and LHG
in solids. The method is of great predictive power and
widely applicable to semiconductors and metals with ar-
bitrary band structures for both linearly and circularly
polarized light. We demonstrated its power through its
applications into the simulations of (S)LPGE, (S)CPGE
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and LHG in various types of systems.

This method has the potential to be greatly improved
in various directions, such as: (i) By introducing a static
electric field, which can be done straightforwardly, the
so-called jerk current[61] can be simulated. (ii) The scat-
tering term within RTA with a global constant relaxation
time 7 = 1/T" can be replaced by the fully ab initio so-
phisticated scattering terms developed in our previous
works[26] 27], so that the energy-, k- and transition-
resolved relaxation and decoherence are accurately con-
sidered. This generation may have important effects on
quantized CPGE, which is predicted within RTA with
a global 7. (ili) By solving the density matrix non-
perturbatively via real-time dynamics, the photocurrent
at stronger fields can be simulated.
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APPENDICES

Appendix A: Intra- and inter-band parts of %

% can be separated into the intra- and inter-band
parts
Dp Dp intra DP inter
Dk <Dk> i (m) - (69)
Dp intra dp -
_r 7 _ intra 67
(Dk) ax Tl (67)
DP inter Cinter
<Dk> =—i[¢™ 0], (68)
;Cl'(l;ﬁlf& :6€ka€kb€kab7 (69)
}crglycr = (1 - 5€ka€kb) Skab

Viab

= (1 - 55ka5k,b) m' (70)

As £"T can be easily obtained from v, the computa-
inter

tion of ( D is straightforwardly. Then, since %

can be computed by the method given in Sec.
D intra . D intra D

(DTZ) can be obtained from (DTZ) = 3£ -

Dp inter
Dk :

Appendix B: The proof of Eq.

From p" = UpUT and Eq. . D=Ut¥ k> we have

dpWV _dUpUT
dk  dk
_dUu dp dut
T T
=P pU" + U U +Up K
dp
_ Rl 5 DT
=U (dk +Dp+p ) Ut
_y{d +[D,p] p U (71)
Ik P .
With Eq. — £ =iD + UT¢WU, we then have,
Dp dp .
m _dk —1 [57 p]
dp w
= [zD + UV, p]
_dp ) W
— 2 4D, g~ i (U U, )
gty i [UteV U, Ut )
dk ’
dp STeW W
ZUT<dk——l[§ VU
Dp"
=yt 2
=U Dk —U. (72)

Appendix C: The computation of Dg;q without finite
difference

From Eq. [3] and [10 . we have

DHO
Vikab = h Dk ab

1 d€]m 7
—ﬁﬁ(sab + %glmbAkab’ (73)
so that
hvig
Cap = — ik Ay 0. (74)
Akab

Then, we have

—i [€ks ] g =0rad (Fra — frg)
—kaab ( eq - ]jbq) (1 - 65ka7€kb)
eq _ peq
:hvkabu (1 - 6€ka>€kb) . (75)
€ka — €kb
Therefore,
szq _ Afed
( Dk >ab ; ( Ae ) pap it (76)
Afe\  _ (dfya
(50, () )
eq _ req
+ cha kb (1 - 55ka75kb) . (78)
€ka — €kb



As d{i’zz = (kpT) ™" {3 (f23 — 1) can be evaluated ana-
lytically, numerical finite difference is avoid for the com-

putation of %;q. Numerically, we have found that com-

puting %;q via Eq. with finite difference and via Eq.
[76] lead to almost the same results. Eq. [76]is preferred
since it is computationally convenient.

Appendix D: The computation of ¢ (Eq.

The accuracy of £, seems sometimes a bit worse when
DFT meshes are not so dense, compared with Hy, vi
and sy, whose accuracy is good even when DFT coarse
k meshes for constructing WFs are quite coarse[29], e.g.,
4x4x4.[30] This is because: In usual implementation of
5};‘/ (Eq. which determines ¢) using the plane-wave
DFT method, finite differences of u}’ on DFT coarse
meshes are required. Although ukW is smooth over k,
too coarse k meshes may still lead to some errors. This
issue can be removed by increasing DFT k meshes or
by using another implementation of ¢} without finite
difference. [30]
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Here we introduce another technique to improve the
accuracy of &:

From Eq. [3] [10] and [65} we have

. _l(pmH
kab _h Dk w
1 .dHWY

L dHT
=U—=U hE,e]. (79)

Therefore,

w
iV kab — (U,I dHy Uk)

ab if .
A if €xa 7 €xp (80)

fkab =
Since dgkw
without finite difference,[30] the computation of &, for

the elements satisfying ex, # €xp by Eq. above is also
accurate and efficient.

can be computed accurately and efficiently
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