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The spin photocurrents, direct currents induced by light, hold great promise for introducing new elements to
spintronics. However, a general theory for spin photocurrents in real materials which is applicable to systems with
spin-orbit coupling or noncollinear magnetism is absent. Here, we develop such a general theory of second-order
spin photocurrents. We find that the second-order spin photocurrents can be classified into Drude, Berry curvature
dipole, shift, injection, and rectification currents, which have different physical origins and symmetry properties.
Surprisingly, our theory predicts a direct pure spin rectification current in an insulator induced by photons with
energies lower than the material band gap. This phenomenon is absent in the case of the charge photocurrent. We
find that the pure spin current of BiTel induced by subgap light is large enough to be observable in experiments.
Moreover, the subgap pure spin photocurrent is highly tunable with the polarization of light and the flowing
direction of the spin photocurrent. This study lays the groundwork for the study of nonlinear spin photocurrents
in real materials and provides a route to engineer light-controlled spin currents.
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I. INTRODUCTION

Photocurrents, the current response of materials under light
irradiation, has potential in solar cell applications [1] and op-
toelectronic devices [2]. The spin version of the photocurrent
response is gaining much attention as a promising tool in spin-
tronics [3-5]. Spin photocurrents enable an optical generation
of spin-polarized currents, essential building blocks of spin-
tronics. Spin photocurrents have been intensely investigated,
both theoretically [3,5,6] and experimentally [7,8].

However, a general theory of bulk spin photocurrents is
yet to be developed, despite its importance and the interest
in it. Most of the existing studies either deal with spin-
collinear systems, where the spin-up and spin-down electrons
are completely decoupled [5,9,10], or consider a specific part
of the full response, such as the Drude current [11,12] or
the injection current [3,13,14]. The spin shift current in spin-
orbit coupled systems has been investigated in a few studies
[3,15-17] although we show that those descriptions for the
spin shift current are not complete. In addition, noncollinear
magnetism enables the generation of spin-polarized currents
[18] and spin Hall currents [19] without spin-orbit coupling.
However, current theories cannot describe spin photocurrents
in such systems. This situation is in sharp contrast to the
case of charge photocurrents [20], where a complete clas-
sification of second-order responses was recently developed
[21-26]. Thus, a complete, generally applicable theory of spin
photocurrent at the level of its charge counterpart is highly
desirable.
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In this paper, we develop a complete theory of second-
order spin photocurrents, which describes the spin and charge
photocurrents in a unified framework. Using perturbation the-
ory in the length gauge, we derive the expression for the
second-order spin conductivity tensor. We show that the spin
photocurrent can be classified into Drude, Berry curvature
dipole, shift, injection, and rectification currents. We find
that the spin shift and rectification currents can be written
in terms of the complex-valued spin shift vector, a gauge-
invariant quantity proposed in this work. Interestingly, the
spin rectification current is nonzero in insulators, in sharp con-
trast with its charge counterpart, the “intrinsic Fermi surface”
current, which is always zero in insulators [22,25,26]. Most
importantly, finite spin rectification currents can be generated
even by light whose frequency is lower than the band gap.
These subgap pure spin currents are highly tunable with the
polarization of light. We demonstrate our theory and findings
by presenting our calculations on the spin and charge photo-
conductivity of BiTel.

II. THEORY

A. Second-order spin photoconductivity

We study the response of the system to external electric
fields using the Schrodinger equation for the one-particle re-
duced density matrix [27]. We write the responses in terms of
the velocity matrix element

Uk = (k| 0“Ho(K)unxc) / i, ey

occupation factor fi = 1/{1 + exp[(&,x — n)/ksT]}, and
frequency w,,, = (¢, — &,)/h. Here, Hy(k) is the periodic
Bloch Hamiltonian, |u,) the periodic part of the Bloch wave
function of state m with crystal momentum Kk, &, the band
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energy, T the temperature, 1 the chemical potential, and 9% =
d/0k,. In the following, we omit the subscript k for brevity.
We also define f,,, = fi, — f,- We define the Berry connection
¢ = i(u,|0%u,), which satisfies

mn
rcr,m = _ivsm/wm" (2)

for nondegenerate states with m # n.
The spin current is the expectation value of the spin-current
operator, whose matrix element is

J = L lS*, v ), ®

where S° is the spin operator with s = x,y, z. We also let
j%¢ = v be the charge-current operator by defining S° to be

the identity operator. For later use, we define

Ajon = Jom = Jnn - “

(See Appendix A for the discussion on alternate forms of the
spin-current operator).

Another key quantity for nonlinear spin currents is the
spin-velocity derivative of the velocity operator, which we
define as follows.:

Jva b Ub js,a
i = o’ + )T L (S)
pm Omp p;én @np
Here, we also defined
o = LUy |{S°, 99° Ho(K)} un). (6)

The name “spin-velocity derivative” reflects the fact that for
the charge current, %% is identical to the generalized deriva-
tive of the velocity operator:

d= Oba_aa h _l(mm_ :n)vb ) (7

mn mn

For spin-collinear systems, the spin-velocity derivatives are
equivalent to the charge counterparts except for a minus
sign for the spin-down states. On the contrary, for spin-
noncollinear systems, the spin-velocity derivatives cannot be
simply related to the charge counterparts.

In this work, we focus on the second-order response, which
is the lowest order where a DC current response can occur
under AC driving fields. We consider external fields with
frequencies —2 and Q2 + w and study the second-order re-
sponse with frequency w in the DC limit w — 0 with €2 fixed.
We assume a clean system with an infinite carrier lifetime
as done in previous studies of charge currents [20-22,24—
26,28]. Thus, the DC limit should not be taken literally: the
photocurrent should be understood as that from a difference
frequency generation where Q2 > w > 1/t [22], where 7 is
the characteristic lifetime of the bands.

Watanabe and Yanase [26] applied the general results of
Ref. [27] to the second-order responses of charge currents. In
this work, we extend this formalism [26,27] to spin currents.
The second-order spin and charge photoconductivity is the
sum of five distinct responses: Drude, Berry curvature dipole
(BCD), shift, injection, and rectification photoconductivities.
The formula for each photoconductivity is as follows:

3

DI ®)

Oprude () = S5
212V Q?

) S,a b
s,a;bc —lq Jmn Ynm
5 (V) = s (a)2 )i fn— (b 0), (9)
k,m,n
m#n
s,a;bc s,a;bc
Uinj..t (Q) ‘L'Y]mJ (Q)
= AJEE 1 S(Q + W),
2 2 Z fmn ]mn mn nm mn
fz Q \%4 o
(10)
3
sabc s,bia, c s,cia, b
shlft (Q) 2h2v92 Z (dmn nm dnm mn)
X find (82 + @mn), (11)
sabc fmn
@ = Z
kmn
m#n
dsba c dsca b 2AJIA;12 rl;m ;m
Vi Vinn Omn
1 Ajljm mn Zm
x P . (12)
QA+ Om (L + On)?

Here, V is the volume of the system, and ¢ the charge of an
electron. The detailed derivation of these equations is given
in Appendix B. For the injection current, we introduced a
phenomenological relaxation time 7 [29]. This treatment is
needed to avoid divergence in the DC limit and is justified by
calculations based on the Floquet formalism [30].

The Drude [Eq. (8)] and BCD [Eq. (9)] terms contain
derivatives of the occupation factor. Therefore, the corre-
sponding currents are zero in insulators. While the shift and
injection currents originate from the absorptive (resonant)
response, the rectification current originates from the reac-
tive (nonresonant) response. The injection and shift currents
are nonzero only when occupied and unoccupied states are
resonantly coupled by light: Q + w,,, = 0. In contrast, the
rectification current does not require an energy-conserving
transition.

The charge rectification current was discovered only re-
cently [22,25,26]. It was termed the “intrinsic Fermi surface”
contribution because one can convert Eq. (12) for the charge
current case into a Fermi-surface integral using Eq. (7):

i=0,a;bc

3 b ,c
i=0,a;bc __ q a UnnVm 1
Oreet. T Hpty Z Fomd ( w2 Psz+w )
k m,n mn

mn

1

aamn mn nmP . 13
Z(f P 1)

th

k,m,n

Hence, the charge rectification current is zero in insulators.
However, we find that the spin rectification current is
nonzero even in insulators. One of the reasons for the contrast
with the charge case is that the spin-velocity derivative d?;
with s # 0 is not an actual derivative with respect to the crystal

momentum. In other words, the spin-velocity derivative, like
the spin Berry curvature [31], is not a geometric quantity.
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s,asbc

Thus, in the spin-current case, one cannot rewrite o,,q

a Fermi-surface integral.

Since the rectification current does not require a resonant
coupling of occupied and unoccupied states, it leads to a
subgap spin photocurrent: a DC spin photocurrent under ir-
radiation of light with a frequency less than the band gap of
an insulating system. Such a subgap response is unique to the
spin photocurrent, while absent in the charge counterpart.

We note that the previously reported equations for the spin
shift current [15-17] are not equivalent to our results [Egs.
(11), (22)]. Reference [15], which uses the velocity gauge,
considers only the diamagnetic two-photon output vertex and
ignores the contribution of a diagram with three one-photon
vertices. The photoconductivity formula of Refs. [16,17],
which is also based on the velocity gauge, does not take the
two-photon vertex into account. To obtain the correct result
using the velocity gauge formalism, one needs to consider all
diagrams consisted of one-, two-, and three-photon vertices
and apply related sum rules [25,28,29].

as

B. Writing photoconductiviy in terms of the complex shift vector

To understand the physical mechanism behind the spin
shift and rectification currents, we now show that these cur-
rents can be written in terms of the “spin shift vector” which
is a gauge-invariant quantity we introduce in this work.

For incident light with polarization vector £, the second-
order DC current response reads

O_s,a;E(Q) — Zas,a;bC(Q)gbg*c. (14)
b,c
We also define
O Z 05, (15)

for any vector or tensor operator O. For a Hermitian matrix
O, the following holds:

(16)

Zoa g4 —

Following Ref. [24], we define the complex shift vector
between two different bands m and n for light polarization

J

3
Tq s,E:a 5*
2h2V§22 Z (4

o5 £
shltl ( ) mn Onm

£ &

mn nm

£ as

Eﬂl
g}’Vl n

Note that we consider a fixed light polarization because the
shift vector does not transform like a vector with respect to
the rotation of the light polarization. By using Eq. (2), the
complex shift vector can be written in terms of the velocity
matrix and its generalized derivative:

Ri'a_ (doga AU:;zr:)
Wpn '

Vi
The standard shift vector [20] is the real part of the complex
shift vector:

Rga = "= Smm - srm + i0“ log i:mn a7

(18)

REa_ a

mn — Smm

— ReR¢“

mn °

— &, — 0% argé,, = 19)

where “arg” denotes the argument of a complex number. This
real-valued shift vector describes the change in the position of
the electron in the transition from band » to m.

Now, we define the spin shift vector as the spin generaliza-

tion of Eq. (18):
d;lfa A-]mn
=i
vE Wpn

mn

The spin shift vector is invariant to the gauge transformation
[tpic) = | )e’® and thus represents a physical quantity. By
an analogy to the charge case, the real part of the spin shift
vector can be interpreted as the shift in the spin position in the
transition from band n to m. However, in contrast to the charge
case, it is not possible to write R‘ £ directly in terms of the
matrix elements between bands m and n and their derivatives
due to the nongeometric nature of the spin-current operator.

To rewrite the shift photoconductivity [Eq. (11)] and the
rectification conductivity [Eq. (12)] in terms of the spin shift
vector, we use the following property:

(20)

s.&xa
(ﬁY,E;a)* - _ l<dmn AJmn)
mn Ufm O
s,E%a -s.a
- _ l-<dnm _ AJnm)
v,‘;’; Wnm
= — R, @21

Then, by substituting Eq. (11) into Eq. (14), we can write
the spin shift current for light polarization £ in terms of the
spin shift vector as

— d5EE ) fund (2 + @)

E*\E

: 3
g v U v U
q z :<_le£a & vE +A];i1:1l mn Znm Rsé‘ a ;:,‘mvin_A .s,a “nm mn)fmns(g"f‘wmn)
w

ToRvQ?

k,m,n
_ ing
TRV Q2

k,m,n

Z Re(REE) fun |65, 78(S2 + wu).

kmn

mn nm

D (—IRE + RS ) foun b e e (2 + On)

(22)

045201-3



JAE-MO LIHM AND CHEOL-HWAN PARK

PHYSICAL REVIEW B 105, 045201 (2022)

In the last equality, we used Eq. (21). For the charge case
s =0, Eq. (22) agrees with the known formula for the shift
current under linear and circular polarization [20,24,26].
(Note that according to our derivation, the shift current
due to circularly polarized light corresponds to the “gy-
ration current” term in Ref. [26]). The novel finding of
this work is that the spin shift current can be written
in the same form by defining the spin shift vector as
Eq. (20).

The last line of Eq. (22) has the form of the Fermi golden
rule. Hence, the spin shift current can be interpreted as the
current due to the spin density dipole generated by the transi-
tion from state n to m. This interpretation parallels the case of
charge shift current [20,32]. However, in contrast to the charge
case [Eq. (19)], it is not possible to write the spin shift vector
R° £ only in terms of the low-energy wave functions due to
the nongeometric nature of the spin-current operator.

For the spin rectification current, we find

I - 2A j59pE & 1 A i5ay€ €
rsecatg(gz) = 2 Z fmn dlzmga & + dY &%a rfm _ Jmn Vinn Vi P Jove v
2RV k,m,n ®mn Q4+ Wmn (Q + Wpmn )2
m;ﬁn
mn I . . 1 A g*
. Z Fon | (iRt o, — RS ot )P iy Vi
2fl K,m,n mn Q + Wmn (Q + wmn)
m;ﬁn -
1 Ajs,a
, Im RsSa P _ e .
h2 ka:n le1|: mn ) Q+ Omn 2(9 + wmn)z] |Emn ( )
m#n

In the last equality, we used Eq. (21).

Interestingly, the shift and rectification currents are pro-
portional to the real and imaginary parts of the shift vector,
respectively. While the real part of the shift vector has been
understood as the positional shift of the electron wave packet
[20,32], we find here that the imaginary part plays an im-
portant role in the charge and spin rectification currents. The
physical meaning of the imaginary part remains a subject of
future study.

C. Symmetry of photoconductivity

Next, we study the symmetry properties of the photocur-
rents. To represent the symmetry properties, we use the Jahn
symbols [33,34]. Let us briefly explain the Jahn symbols.
Each “V” term corresponds to the vector indices. The number
of V corresponds to the tensor rank. V’s inside [ ] and { }
denote symmetric and antisymmetric indices, respectively.
Symbols “e” and “a” denote that the tensor is axial and odd
under time reversal, respectively.

The real symmetric (imaginary antisymmetric) compo-
nent of the photoconductivity tensor, Re(o®®t¢ 4 g%ach)
[Im(o5%be — gsachy] corresponds to the generation of a cur-
rent under linearly (circularly) polarized light. In Appendix C,
we derive the symmetry transformation properties of the five
charge photoconductivity tensors using the symmetry of the
velocity matrix elements.

One can easily derive the symmetry of the spin photo-
conductivity from the symmetry of the corresponding charge
photoconductivity. The second-order spin photoconductivity
0% is a rank-four tensor due to the additional vector de-
scribing spin polarization. Equation (3) shows that the spin
velocity transforms under symmetry operations like the prod-
uct of the charge velocity and the spin polarization vector.
The same relation holds for the spin and charge conductiv-
ity. The spin polarization vector is a time-reversal odd, axial

(

vector. Thus, the Jahn symbol for the spin photoconductivity
can be obtained by multiplying “aeV” to the Jahn symbol of
the corresponding charge photoconductivity. The only excep-
tion is the Drude current. As explained in Appendix C 1, the
charge Drude current has an additional symmetry for swap-
ping the current and field direction indices [Eq. (C13)]. An
analogous expression does not exist for the spin Drude current
because the spin velocity ji:¢ for s = x, y, z is not a derivative
of some quantity with respect to the crystal momenta.

In Table I, we summarize the symmetry of the charge and
spin photoconductivity tensors. The nonzero, independent co-
efficients for the photoconductivity tensors of a given material
can be easily identified using the MTENSOR program [34].

Let us focus on the role of the spatial inversion P, time
reversal 7, and space-time inversion 7. The properties of
the second-order charge conductivity in inversion- or time-
reversal-symmetric systems were recently studied [24,26].
Here, we extend the analysis to the spin conductivity.

TABLE I. Jahn symbols for the second-order charge and spin
photoconductivities in the clean limit. Symbol “0” indicates that the
corresponding currents are always zero.

Jahn symbols
Current type Linear pol. Curcular pol.
Drude a[V3] 0
. Berry curvature dipole 0 V{V2}
Ch 0,a:bc
agea Shift VIV2] av{v2}
Injection, Rectification aV[V2] V{V2}
Drude eVV[V2] 0
Spin o5 Berry curvature dipole 0 aeVV{V2}
P Shift aeVV[V2] eVV{V2}
Injection, Rectification eVV[V2] acVV{V2}
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Spatial inversion P flips the sign of odd-rank vectors
and gives an additional minus sign to axial tensors. Since
the charge photoconductivity is an odd-rank polar (nonaxial)
tensor, it obtains a minus sign under 2. The spin photoconduc-
tivity is an even-rank axial tensor, so it also obtains a minus
sign under P. Therefore, in an inversion-symmetric system,
both the spin and charge second-order photoconductivity is
always zero.

Time-reversal operation T flips the sign of time-reversal-
odd tensors, which have “a” in their Jahn symbols. Therefore,
among the second-order photoconductivities, only those with-
out “a” in their Jahn symbols in Table I are allowed in a
’T—symmetric system. Therefore, in a ’7A‘-symmetric system,
the spin (charge) shift current is induced by circularly (lin-
early) polarized light, and the spin (charge) injection and
rectification current is induced by linearly (circularly) po-
larized light. Also, the spin Drude (charge BCD) current is
induced by linearly (circularly) polarized light.

For a P77 -symmetric system, the relation is the opposite:
only the photocurrents with “a” in their Jahn symbols are
allowed. The reason is as follows. All second-order spin and
charge photoconductivities are odd under P. For the P7-
symmetry operation, the (—1) factor from P is multiplied
from the sign factor coming from 7. Thus, for both the
spin and charge cases, if the photoconductivity is even (odd)
under 7, it is odd (even) under P7. In a 757%-symmetric
system, only tensors that are even under 27 can be nonzero.
Therefore, among the second-order photoconductivities, only
those with “a” in their Jahn symbols (i.e., those which were
not allowed in 7 -symmetric systems) are allowed in a P7-
symmetric system.

The injection and rectification currents have the same sym-
metry properties. To distinguish these contributions, one can
use a subgap light, which induces only the rectification cur-
rent. Another way is to measure the spin current for samples
with different carrier lifetimes (e.g., due to different impurity
concentrations) and use the fact that only the injection current
is proportional to the carrier lifetime.

III. RESULTS

Now, we apply our theory to the charge and spin pho-
tocurrent response of bulk BiTel. BiTel is a nonmagnetic
polar direct-gap semiconductor with a giant Rashba-type spin
splitting [36]. Here, we calculate the charge and spin pho-
toconductivity of BiTel using a Wannier-function-based ab
initio tight-binding model [37]. Figure 1 shows the crystal
structure and Brillouin zone of BiTel, and Fig. 2 shows the
band structure of BiTel.

In Fig. 3, we show the charge and spin $” photoconductiv-
ity. Spin $* and S* photoconductivities are shown in Fig. 5.
Since BiTel is an insulator, the charge rectification current
is zero in the entire frequency range. In contrast, the spin
rectification current is nonzero, even for subgap frequencies.
Therefore, our theory predicts pure spin currents in the subgap
frequency regime. We note that the spin rectification current
diverges when €2 approaches the band gap in the limit of zero
smearing. In reality, this divergence will be regularized by the
finite broadening of the bands arising from the finite lifetime
of the electronic states.

FIG. 1. (a) Crystal structure of BiTel. (b) Brillouin zone of BiTel.
The crystal structure is drawn using the software VESTA [35].

The o..%** component of the subgap spin photoconductiv-
ity, which describes the spin $” current along the x direction
with irradiation of light linearly polarized along the y direc-
tion, has a magnitude around 20 uA/V? fi/e for an infrared
light with frequency 0.30 eV. The magnitude of this subgap
spin response is larger than the calculated spin shift currents of
collinear antiferromagnets BiFeO; and hematite [5]. This pure
spin current could also be detected by using spin-to-charge
conversion methods such as the inverse spin Hall effect [38].

Remarkably, the polarization of the spin current can be
tuned by the polarization of the light. Figure 4 shows the spin
polarization of the subgap spin conductivity as a function of
light polarization angles:

US’H(Q,(f)) Zo_sabCAbAc (24)

where 1 = (sin 0 sin ¢, sinf cos ¢, cos ) denotes the direc-
tion of the light polarization. The energy of the incident pho-
ton is 2 = 0.30 eV, below the calculated band gap of 0.35 eV.
Both the direction and magnitude of the spin polarization

E —E¢ (eV)

E —E¢ (eV)

r A L H A

r M K

FIG. 2. Electronic energy band structure of BiTel calculated us-
ing density functional theory (DFT) and Wannier interpolation. The
green horizontal dotted lines indicate the center of the band gap.
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FIG. 3. (a) Schematic illustration of light-induced spin currents in BiTel. (b)—-(d) Charge and (e)—(g) spin $* photoconductivity of BiTel.
The vertical dashed lines indicate the band gap of 0.35 eV. The conductivity for linearly and circularly polarized light corresponds to the real
symmetric and imaginary antisymmetric components of the conductivity tensor, respectively.

can be highly tuned by changing the light polarization. Also,
the spin polarization depends significantly on the direction
of the spin current. These remarkable tunabilities are not
only scientifically important by themselves but may also open
doors to novel spintronics applications.

IV. DISCUSSION

For a material to produce a large spin photocurrent driven
by spin-orbit coupling, it should consist of atoms with high
atomic numbers, have a large structural asymmetry [39], and
have a small band gap [40]. BiTel, which is well known for
the large Rashba effect and has a band gap of around 0.3 eV,
is one of the materials satisfying all these criteria. Monolayer
SnS and SnSe, which contain the heavy Sn atoms and host
large charge photocurrents [41], are also good candidates.
One could search for other materials that can host large spin
photocurrents based on these basic principles.

In this work, we considered the clean limit and found
that only the spin injection current depends on the lifetime.
It has also been numerically tested that the relaxation time
indeed has little effect on the spin and charge photocurrents
[16,21]. The effect of various scattering processes [8,42—44]

Current flow along x

Current flow along (X + y)/V2

beyond the simple phenomenological relaxation-time approx-
imation on spin photocurrents may be a subject for a future
study.

Recently, Kaplan et al. [45] proposed that a subgap charge
photocurrent exists in systems without time-reversal sym-
metry. Within our theory, the subgap charge photocurrent
is always zero, with or without the time-reversal symmetry.
We first note that since BiTel has a time-reversal symmetry,
the subgap charge photocurrent is zero in both theories. The
prediction of subgap photocurrents in a time-reversal sym-
metric system is unique to the spin-current response. Also,
in this work, we first take the clean limit of infinite quasi-
particle lifetime and then take the DC limit @ — 0 as in the
previous studies [20-22,24-26,28], while Ref. [45] takes the
clean limit after the DC limit. Thus, the two theories describe
different physical situations. Concretely, our results should be
understood as describing the difference frequency generation
scenario, where w > 1/t [22]. Also, while the subgap charge
photocurrent of Ref. [45] depends on the details of how the
clean limit is taken, the subgap spin rectification photocurrent
that we report is independent of such details. The relation
between the subgap spin rectification current and the subgap
charge photocurrent of Ref. [45] is a subject of future study.

Current flow along y

— T | 7 oy'a‘[
£ 7 >
3 Lb ox@
j R 20 A2 - hje
R—— , T ] o* (AN -hje)
90 180 O 90 180 O 90 180 EE
Diight - pol. (°) Blight — pol. (°) Diight - pol. (°) -10 0 10

FIG. 4. Spin polarization of the subgap spin rectification conductivity o** [Eq. (24)] of BiTil. The arrows and colors indicate the in-plane
and out-of-plane spin polarization of the current, respectively. Light frequency is &2 = 0.30 eV, below the calculated band gap of 0.35 eV.
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FIG. 5. (a)—(c) Spin $* and (d)—(f) spin S° photoconductivity of BiTel. The vertical dashed lines indicate the direct band gap of 0.35 eV.

V. CONCLUSION

In conclusion, we developed a complete theory of second-
order spin photocurrents, which is generally applicable to
systems with spin-orbit coupling or noncollinear magnetiza-
tion. The spin shift vector, which is a gauge-invariant quantity,
governs the spin shift and rectification responses. We found
that subgap light can induce a DC spin-current response in
a nonmagnetic insulator, which does not occur in the charge
current case. This phenomenon enables an optical genera-
tion of pure spin currents, whose spin polarization is highly
tunable by the polarization of light or the flow direction of the
spin current. We applied our theory to BiTel and found that
the calculated subgap spin photoconductivity is large enough
to be detectable in experiments. Our study paves the way for
theoretical and experimental studies of the nonlinear optical
generation of spin currents.

Note added in proof. Calculation of the spin shift [Eq. (11)]
and rectification current [Eq. (12)], as well as the spin shift
vector [Eq. (20)], requires a sum over an infinite number
of bands. In this work, we used the diagonal tight-binding
approximation, which involves an artificial truncation of
the bands. Reference [46] presents an efficient method to
calculate these quantities from first principles without any
band-truncation error.
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APPENDIX A: DEFINITION OF THE SPIN CURRENT

In the presence of spin-orbit coupling, spin is not a con-
served quantity. Thus, the conventional definition of the
spin-current operator [Eq. (3)], which is used in most studies
including ours, does not describe a conserved current. There-
fore, it is actually still debated whether this conventional, most
widely used definition of the spin-current operator should be
modified or not.

A modified definition of the spin-current operator as j*¢ =
d(rS*)/dt has been proposed for an inversion-symmetric
system in Ref. [47]. However, this definition gives a conserved
current only if the “spin generation in the bulk is absent.”
In the case of light irradiation, which is a prerequisite for
photocurrent response, the light-induced spin polarization is
always present [16]. Moreover, the spin generation in the bulk
through spin-orbit coupling is not forbidden in general when
the bulk is inversion asymmetric, which is another prerequi-
site for having a second-order photocurrent response. Thus,
even this modified definition of spin current does not give a
conserved current in the study of photocurrents.

Furthermore, there are some theoretical works claiming
that the conventional definition should be used as in [48]
because the nonconservation of spin current is a physical phe-
nomenon with possible experimental outcomes. Also, it has
been estimated numerically that the difference between the
conventional and modified spin currents will be on the order
of 10%-20%, indicating that the computational results will
not be qualitatively affected by the choice of the spin-current
operator [16]. Most importantly, the conventional definition
has been tested against experiments in the context of spin
Hall effects and gave good agreement on the spin Hall an-
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gle [49,50]. Therefore, we used the conventional spin-current
operator in our work.

We also note that to our knowledge all previous works on
the spin photocurrents, including Refs. [3,14,16], also used
the conventional spin-current operator.

One interesting property of the conventional spin-current
operator is that a nonzero spin current exists in equilibrium
[51]. We note in passing that this equilibrium spin current is
an intrinsic property of the spin current [48]. As we study only
the spin currents that occur in response to the external light,
we did not consider the equilibrium spin current.

APPENDIX B: DERIVATION OF SPIN
PHOTOCONDUCTIVITY

In this section, we derive the spin photocurrent conduc-
tivity. We assume nondegenerate bands. (For P77 -symmetric
cases, the recipe in Appendix B of Ref. [26] can be used.)

1. Perturbative expansion of density matrix

Under the independent particle approximation, the electron
Hamiltonian reads
H() = ngkéflnkémk'
k,m

Here, e,k is the band energy of state m with crystal mo-
mentum Kk, and 6;1( and ¢,k are the electron creation and
annihilation operators, respectively. Using the Bloch theorem,
one can write an eigenvalue equation for the band energy and
the periodic part of the Bloch wave function:

HO(k)|umk> = 8mk|umk>' (B2)

In the following, we omit the subscript k for brevity.
In the length gauge and the dipole approximation, the per-
turbation due to the electric field is given by

V(1) = —grE*(1), (B3)

(BI)

where g is the charge of an electron, and E¢ and r¢ are
the electric field and position operator along the direction a,
respectively. The sum over repeated superscripts is implied.
Here, #¢ is the position operator, whose matrix element is [52]

= im0 + &, (B4)

where we defined 0 = 0 / 0k, and the Berry connection &, =
i |0%uy) .

The Schrodinger equation for the one-particle reduced den-

sity matrix 0, is [27]
d mn t
i dPmn(0)
dt
Defining the Fourier transformation as

= hwmnpmn(t) - an(t)[ra’ ;O(t)]mrr (BS)

do .

paslt) = / T puy(@), (B6)
T

|

,O(X) _ /da)ldwz b
mn (2 )2

(@1)E (02)p2 XN (w; w1, 02)278(w — 01 — w2) + [(b, w1) <> (¢, w2)]

the Schrodinger equation in the frequency domain becomes

a2
h(a) - a)mn)pmn(w) = _Q/ EEQ(Q)[”“: /0(60 - Q)]mn‘
(B7)
Regarding the electric field as a perturbation, one can ex-
pand p as

p(@)=Y " p"(w), (B8)

where p™ is of order O(E"). The zeroth-order term is the
Fermi-Dirac distribution:

PO (@) = 278(w) fuba- (BY)

Using the perturbative expansion of the reduced density ma-
trix, the nth-order charge and spin-current responses can be
calculated as

Jsa(a)) —

!
o v 2 Dl (©):

Kk,m,n

(B10)

Here, V is the volume of the system.

In this work, we focus on the second-order response, which
is the lowest order where a DC current response can occur un-
der AC driving fields. We define the second-order conductivity
tensor 054 (w; wy, w,) as

Jo (@) = %af*“”’"(w;wl,wz)Eb(wl)E"(w)
X 2m8(w — ) — ). (B11)
To investigate the DC photocurrent, we set
w=—-2, wm=+4+w B12)

and take the DC limit w — 0. In other words, we study
o5 (0; —Q, Q). We assume a clean system with an infinite
carrier lifetime as done in previous studies on charge-current
responses [20-22,24-26,28].

Watanabe and Yanase [26] showed that the matrix elements
of the second-order reduced density operator can be divided
into terms originating from the intraband (i) and interband (e)
position operators as

Pom = Po T Oy + P+ Oy - (B13)
Following Ref. [26], we define the contribution of each term
of Eq. (B13) to the conductivity as os)’(“);bc for X =ii, ei, ie,
and ee, and we calculate each term. The physical phenomena
are quite different from the case of charge currents if we apply
this reduced density matrix to the calculation of spin currents.
Let us define p2¢®)(w; wy, wy) to satisfy

(B14)
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for X = 2, ii, el, ie, and ee. Then, pﬁ'ﬁl(z)(w; w1, wy) can be decomposed as follows [26]:

pmn(2)(w wi, wy) = Z Pmn(x)(a) i, w2), (B15)
X=ii, ei, ie, ee
pmn(u)(w w1, (1)2) — (_lq)Zamndwdw wla 3 fm’ (B16)
oo @; 01, 02) = —ig?dg,d” " Ep, 0 frmn, (B17)
pbc (1e)(w w1, wy) = _qudw [8b(dlt;1)n w]f;ﬂnémn) - (Smm - sr?n)dr(:z)r?wl fmnsrfm]v (B18)
pmn(ee)(w wiy, 602) = q2 Z dr(;t)n dw wlsb éc f"P - d:ﬂl);wl sﬁné’ilpfpm] (Blg)
pFm,n
Here, we defined
1
P S (B20)

M hw + 10T — oy,

with 0" a positive infinitesimal value that ensures causality of the response. We write the diagonal components d%, as d®
since its value does not depend on m. Note that the constraint p # m, n is included in the definition of pr (ee) [Eq. (B19)] to
make sure that the intraband effect is excluded. The intraband effect is considered in ,omn(‘e) [Eq. (B18)]. Equations (B16)—-(B19)
corresponds to Egs. (16)—(19) of Ref. [26].

Using Egs. (B10), (B11), and (B14) we find the following expression for the second-order spin photoconductivity:

(sxa)bc(“’ w1, @) = v Z o phe O (w3 wy, w2) + [(b, 1) < (¢, w2)]. (B21)

k,m,n

Using the expressions for the second-order density matrix elements [Eqgs. (B16)-(B19)], the second-order spin photoconductivity
can be computed as follows:

P (w1, w2) = o (03 01, 02) + 005 (@ 01, @) + 055 (s w1, ) + o (@5 w1, w)), (B22)
oy " (@ 01, 0) = oo Z —J5ad?d 30 f,, + [(b, ) < (c, )], (B23)
oy (s w1, ) = 261; an:n —ij5ad® dED 9 fum + [(b, @1) < (¢, )], (B24)
o (@i o1, 02) = g D i[85 Fans) = (60, — Ep )i Fun] + 10, 01) <> (e, )], (B25)
k,m,n
Tty (@01, ) = = Z Juade [dogr £ fup — di2El Ex fon] + [(b, @1) < (¢, 02)]. (B26)
Yy

Now, we take the DC limit [Eq. (B12)] and analyze each term.

2. Drude current

First, we show that the DC limit of U(Y"‘)l sbe (w; w1, wy) is the Drude conductivity [Eq. (8)].

3
sabc : q s,a 1 1 bac
00—, @) = lim 7 kEm —Jmm<Q —+t 5 Q)a 9 fon

3°9 £,
a)—>0 2h2 Z]mm(9+ )Q f

saaba -
2h2V§22 Z /
= o550 Q). (B27)
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3. Berry curvature dipole current

s,asbc

Next, we show that the DC limit of Oleiy

(w; w1, wy) is the Berry curvature dipole current contribution [Eq. (9)].

3 sab

oS% bc Jmn Vnm
0;,—Q, Q O frum + [(b, —2 Q
e )= MZV S Z oz 0 o (0. =) < (€ Q)
m;én
3 -5,a b -5,a b
q Jni Jm
— nm mna - mn nma " _ b
Mzmé)ﬂ( oz 0 = f) (b <o)
t;l#;l
i3 Im ( is,.a b )
lqg Jynn Vnm s,a;bc
= 0 fin — (b < ¢) = oy (). (B28)
2 2 BCD
Ve o Wi
m#n
Defining the spin Berry curvature [31]
]v a,b
QY ab _ _oTm Z Jmn “nm nm (B29)
nsm mn
one can rewrite Eq. (B28) as
s,a;bc s,abqc s,ab bys,ac
Opny = QP f — (b maﬂ,,; —3782,%). B30
BCD 2h2V52 Z S —( )= 2h2 Z /i ) (B30)

Equation (B30) clearly reveals that Uéélé’ “ is proportional to the momentum space dipole of the spin Berry curvature.

4. Injection, shift, and rectification currents

Finally, we derive the formulas for the injection, shift, and rectification photoconductivities [Eqs. (10)—(12)] by showing that
the sum of aée‘; b and G(Se:;bc can be reorganized as the sum of injection, shift, and rectification currents.

Ya(,‘

(ce.dy» Which is the component of o} ¥ [Eq. (B26)] with m = n:

First, let us consider o )

(ee d) (a) Cl)] [} 602) - 2V Z Jl;quw dﬂ)z émpépmﬁnp d,?;;;é:pmgmpfpm] (b (1)]) <~ (C wz)]
k,m,p

3

2FlVa)

Z Ajsadest g fo, + (b, o)) < (¢, )]

3
q c » »
= srve Z gmpgpm Sup(diy + d32). (B31)

k,m,p

Since we are interested in o*%"(0; —Q, Q), using

1 1
o, +de, =
mp + ZRQ 10" — Famy T (@ + @)+ 07 — iy
w
= —27i8(h2 + hwyy) — ——————— + O(w?), B32
TR + o) = s + 0?) (B32)
we find
3
sabc q b g&c q b sc
E mn8(§2 + @ E m————— + 0
(ee d) (w) h2 o ]mnsmngnmf ( +CL) ) 2V o~ ]mllsmngnlnf (hQ+h0)mn)2 + (a))
3 s,a,,b ¢
_”Tq s,a. b q fmn A]n;nvmnvnm
mnA mnvmnvnm(s Q +(1)mn — + 0 ). B33
T Ve@ an / ( 'y kZ o2 @+ o2 O (B33)

The first term of Eq. (B33), which contains the 1/ divergence, is the injection-current contribution:

s,a;bc ”Tq s,a..b
Uinj~ ( h2V 02 Z fm"A]mnvmnvnma(Q + 6‘)mn) (B34)

k,m,n
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The 1/w divergence in the injection current [Eq. (B34)] indicates that the photocurrent increases linearly with time. This
divergence can be avoided by introducing a phenomenological relaxation time t [29], which is justified by calculations based on
the Floquet formalism [30]. The DC injection conductivity then becomes

3

s,abc __ s,asbc __ s,
Oinj.,r = Tnmj - BZQZV Z fmnAJmn mn nma(Q + @mn). (B35)

k,m,n

The second term of Eq. (B33) is a part of the rectification current:

3 S,
s,asbc __ q fmn AJmn mn nm
Orect.,1 = _2h2V ; n (Q +U)mn)2 (B36)

)
m#n

Next, let us consider o} ¢ In the DC limit, one finds

s,a,bc q . 5. 1 c
U(i;:)b = W —Upn —— e [ ( fnmsnm) - (snn - grim)dr%nfnmgnm] + [(b’ _Q) <~ (C’ Q)]
i
7 b A, b b I o
- 2 8 __ 45a mn + . +5.a _ d - c + b, —Q , Q
2V W~ [( ]mn) -]mn a)mn l-]mn (Enn Emm)i| hwmn nmf S}’lﬂl [( ) < (C )]
mn
- 3 ) 's,aAb o
= IS (G - B ) T g e 416, -0 > (e, )1 (B37)
2nV N Wpn Wmn
m#n
In the second equality, we used partial integration. We also defined
Ab = b (B38)
and the generalized derivative
T = 0% = i Ep — &) (B39)

Note that the generalized derivative j;:% b is an actual derivative with respect to the crystal momentum, while the spin-velocity

derivative d*5* is not.

) Last, let us consider the remaining component of G(Lg)bc with m # n, which we denote as o’ é’g) In the DC limit, o fé)
ecomes

’;
s,a,bc q\ ~5.a 1 c
Tt =2 Y et (da £ o fup — dibEDEC fn) + [(B, =) < (¢, Q)]

mn
2v Komon,p hwmn

m#n, p#£m,n

rigkpn  Jnm .
2;,V Z Z ( - - p>fmnd53n +[(6, =) < (¢, Q)]. (B40)

np
k,m,n

pF m n
In the second equality, we changed the dummy indices (m, n, p) to (m, p, n) and (p, n, m) for the first and second term in the
parentheses, respectively.
To add Eq. (B37) and Eq. (B40), we use the following formula:

:s,a;b b is,agb :s,a b
-]mn Amn ]"117 pn JP" mp
R +i + —
@mn wmn Wmp Wnp
;ﬁm n
-s,ab b +s,d &b
]mn %_ _ mn 4 ‘]’"P%-P” i ‘]P” mp
- pn mp] pn -] mn
wmn P?én @mn pFm mn pF#m,n ©mp p#m,n Onp
-s,ab A .5, aA . J'S,a%-h w . j‘v,a%-h W
— ]mn _ Jmn mn _ Jmn Bmn + l mp3pn=pn + ! Z pn Smp=2mp
- 2 Z
Wmn Wmn @ W petmn W p Wpn pmn Wnp
-s,ab s,a b -5,a b :s,a b b :s,a
_ Jmn AJmn mn Jmn A + 1 -]mp pn + 1 vmp]pn
- 2 2
Winn Winp Wi Wmn pmn Wmp Wimn o np
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-5,d b b ss.a -s.a b
Im Unp Aj
.s,ab mp P” mpJ pn mn Ymn
- (e iRy ) A
p#m @mp p#n np mn
dlYnlflj “ AJI;IE fnn (B41)
WOmn a)mn
From Egs. (B37), (B40), and (B41), we find
-3 -s,a;b :s,a &b :s.a b
. g 7 JnpSpn Eon Tpnm
O,;,a,bc + O,A,a,bc — mn mn + + )4 4
@ie) (ee.od) T oy G| omn Z O Wnp
mn c;éa b
X fuml& + [(b, =Q) < (¢, Q)]
lq3 drfu?’a A]mn mn c
=—— — ) o E 4 (b, —Q) < (¢, Q). (B42)
21V =\ O wh,
mn
Now, let us separate d5}, into the delta function part and the principal value part:
1 1
d = = —in8(hQ + hwyy) + P—. B43
R0t 4 ey D)t S o) (B43)
The delta function part is the shift current:
. 3 s, h aye S,
s,a;bc __ rq d nm AJmn mn nm
Ochift — 2h2V = ( a)’znn - w;,m >fnm6(9 + (l)mn) + [(b Q) (C, Q)]
mzn
3
g s,ba c s,C5a h
=— d —d,, a0 (2 4+ Wi B44
2RV Q2 kZ = i) ' .
The principal value part is
O_S»(l;bc :_q3 Z f d;;”l:a 'le _ A-]mn mn nm P 1 + [(b —Q) PN (C Q)]
w2 TRty A T 0], w3, Qtom ’
rﬁ;én
dsba +dscab 2A]sab c 1
o mn _ mn ~mn nm P . B45
2h2 ké:nf ( w%m a)Sm ) Q + Winn ( )
m#n
Adding Eq. (B36) and Eq. (B45), we obtain the rectification current:
Lasbe Jazbe N
Ursec(lt. = Uri::t.,l + Uréegt.,Z
Z f dvha C oy gscay b ZAJIYnZ gm rCLm LP 1 _ A‘];ﬂ’al fnn Iim (B46)
2712 " Y D @2, Lt om0, (LA Op)?

k,m,n

m#n

APPENDIX C: SYMMETRY ANALYSIS OF
PHOTOCONDUCTIVITY

In this section, we study the symmetry properties of the
second-order photoconductivity tensors. The real symmetric
(imaginary antisymmetric) component of the photoconduc-
tivity tensor, Re(o*%" 4 g*%) [Im(o*%b¢ — o%4P)] cor-
responds to the generation of a real-valued current under
linearly (circularly) polarized light. In other words, the pho-
toconductivity tensor for linearly (circularly) polarized light

(

is symmetric (antisymmetric) with respect to the exchange of
indices b and c. For later use, we define

Uﬁ',a;bc — %Re(o_s,a;bc + O,s,a;cb) (Cl)
and
s,a;b 1 ,a;b ,a,ch
O'éa czilm(o,sa C _ gSac ) (Cz)

The symmetry of the charge shift and injection conductivi-
ties were studied in Ref. [24]. Here, we complete the analysis
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by studying the symmetry of the Drude, BCD, and rectifica-
tion conductivities as well as the spin photoconductivities. Let
us begin with the charge case.

Following Ref. [24], we first study how the matrix el-
ements transform under a point-group symmetry operation
and the time-reversal operation. We do not assume that the
system is invariant under the symmetry operations. Instead,
we study the relationship between the matrix element and con-
ductivity tensors of the transformed and the original systems.
We denote the quantities of the transformed system with a
prime.

First, let us consider a point-group symmetry operation M
whose real 3 x 3 transformation matrix is M. We denote the
Hamiltonian of the original and transformed systems by H
and H) = M Hy, M, respectively. Also, Hy(k) = exp(—ik -
r)Hyp exp(ik - r) and Hj(k) = exp(—ik - r)Hj exp(ik - r). The
periodic parts of the Bloch states of the two systems satisfy
[u),) = My aq-1i). The eigenvalues satisfy €k = EnM-1k-
The velocity matrix element transforms as a vector:

U () = 1 (11,319 Ho () [ )
=h" (Mumelkwa[exp(—ik r)
x MHyM ™" exp(ik - £)]| Muyaq-1x)
=i~ Mty pq 1] M 9 [exp(—ik - M)
x Ho exp(ik - Mr)IM™! IMuannk)
=1~ (Mg -1 M 3
x [Ho(M ™ K)IM ™ Mty pg-1ie)

M TTK), 5
T Bk,

X (MR [t pq-110)
=M 02 (MTK)

ity pg-1k1(0°Ho)

= My 02, (M7'K). (C3)
The derivative operation also transforms as a vector:
, - M 'k
Y (00) = 9 FM k) = 2L oy g1
= Mab(abf)(M_lk)~ (C4)

Similarly, one can easily show that the generalized derivative
d%P transforms as a rank-two tensor,

" (&) = MaaMppdy“(MT'K),  (C5)
and that each of all the charge photoconductivity tensors
(Drude, BCD, shift, injection, and rectification conductivity
tensors) transforms under M as

= Ma’aMb’ch’co—O’a;bc- (C6)

o
o 10,a";b'c¢

Thus, the second-order charge photoconductivity o%%% is a
rank-three tensor.
Next, let us consider the time-reversal operation 7. The

periodic parts of the Bloch states of the transformed and the

original systems satisfy

) = T lt—xc).- (C7)
The velocity matrix element transforms as
U (K) = A aty |0 Hi (K) |y )
=h ‘W x| 3 [THo(=K)T "1 T 1t xc)
=0 (T tti| T [Ho(—K) 1)
=1~ (0“[Ho(—K) x|tk

(@ Ho ) (—K )tk )
— 2, (—K). (C8)

nm

In the fourth equality, we used (Tu|Tv) = (v|u). The deriva-

tive operation also transforms as
(@°f) (k) =3 f(—k) = (3" /) (—k). (€9

The generalized derivative d%:”¢ transforms as

k k
400y = Joat(_ig) + 3 Lon T (R
mp( k)
pF#Em
Z pm( k)v ( k)
i wnp(—K)
= dp7 (= K). (C10)

Now, using the symmetry properties of the matrix ele-
ments, we study the transformation of charge conductivity
tensors under 7.

1. Drude

Equation (8) shows that the charge Drude conductivity is
always symmetric in the exchange of b and c. Hence, we find

O.abe _ 11y ( 0,a;bc 0»“;"17) =0 (C11)

Drude,C — 2™ %prde ~ ODrude

Further from Eq. (8), one can easily show that the charge
Drude conductivity transforms as

10,a;bc __ 0,a;bc
Obrude — ~ODrude *

(C12)

The (—1) factor shows that the charge Drude conduc-
tivity is odd under 7. Thus, in a 7 -symmetric system,
the charge Drude conductivity is zero because o ¢ =

10,asbc __ 0,a;bc
ODrude _GDrud% holds.
a Ve

One can use j,;» = vy, = 0%, /h and partial integration
to rewrite the charge Drude conductivity as follows:

3
0,a;bc -0,a
O = E ava¢ m
Drude 2h2vQ2 ‘] f

2h3v > Z(a“smxa”a f)

Z(a“a"a%mm (C13)

2h3vsz2
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Hence, the charge Drude current is symmetric under the per-
mutation of all three indices.

2. Berry curvature dipole

For the BCD current, Eq. (9) shows that it is always anti-
symmetric in the exchange of b and c. Hence, we find

g = Reloged +obs) =0, (€14
The summand of Eq. (9) transforms under T as
Im(jpvm) oo ]
[%(me)] (k)
Im -]il)llffvlfqn C
= [%(—3 fm):|(_k)
I (Jit V) o
=|——= 0w [(=K). (CI5)

Hereafter, we use the notation that the arguments k and —k as
well as the prime apply to all matrix elements inside the outer-
most parentheses on its left. In the last equality of Eq. (C15),
we used the Hermiticity of the current operators. Thus, the
charge BCD conductivity is symmetric under 7

10,a;bc ___0,a;bc

BcD — 9BCD - (C16)

3. Shift

Next, let us consider the shift conductivity. Using Egs. (C8)
and (C10)), we find that the matrix element in Eq. (11) trans-
forms as

(dO,b;a vc _ d,?,;f;avb )/(k)

mn nm mn

= (s, — dOSt ) (—k)

mn nm

= (d%enl — dirvt, ) (—k).

nm nm mn

(C17)

Note that the time reversal exchanges the field direction in-
dices b and ¢ without a sign flip. Thus, the charge shift
conductivity transforms under 7 as

ot = oG (C18)
The shift conductivity for linearly polarized light transforms
under 7 as

e = IRe(ogbi™ + o)
= JRe(ogi” + o) = ogiit,  (C19)
while that for circularly polarized light transforms as
Gt = Him(oghe — o)
= Lim(ods” — o) = —olie. (©0)

The shift conductivity for linearly (circularly) polarized light
is even (odd) under time reversal.

4. Injection

Next, let us consider the injection conductivity. Using
Egs. (C8), we find that the matrix elements in Eq. (10) trans-

form under 7A‘ as
(FrmA %008 06,) (&) = —(fumn A JO00E 06, ) (—K). (C21)

The time reversal exchanges the field direction indices b and
c and gives a sign flip. Thus, the rectification conductivity
transforms under 7 as

10,a;cb . _0,asbc
Oinj. = ~Oij.

(C22)

The injection conductivity for linearly polarized light trans-
forms under 7 as

oup % = [Re(oy 0™ + a0
= —IRe(o 1 ob) = —obl. (C23)
while that for circularly polarized light transforms as
ix/l;).%bc = %Im(air/lg).’a;bc - ir/u‘(?'a;c'b)
= _%Im(ai(l)lfwb - i?qf;bc) = i?qf;cbc- (C24)

Note the sign difference between Eqs. (C19) and (C20) and
Egs. (C23) and (C24). The injection conductivity for linearly
(circularly) polarized light is odd (even) under time reversal.

5. Rectification

Finally, let us consider the rectification conductivity. Using
Egs. (C8) and (C10), one can show the term in the inner
parentheses of Eq. (12) transforms under 7 as

ZAJSJ:UIZHUIL‘;H’[ >/(k)

0,bia,.c 0,c:a, b
<dmn Vim + dnm Vi —
Wmn

ZAjO,avb Ve

mn “nm-mn

mn nm
Wmn

== (d,?,;f;“vfm + Vo — )(—k>.

(C25)

The time reversal exchanges the field direction indices b and
c and gives a sign flip. Thus, the rectification conductivity
transforms under 7 as

O_/O,a;cb _ _ O.abc
rect. - rect.

(C26)

which has the same form as Eq. (C22). Thus, the symmetry
property of the rectification conductivity is identical to that of
the injection conductivity. This result completes the symmetry
analysis of second-order charge photocurrents.

6. Spin shift vector

Now, let us discuss the symmetry transformation property
of the spin shift vector, which we have proposed as a key
quantity that describes the spin shift and rectification currents.
Note that in the shift vector R, one should not treat the
light polarization £ as a tensor index because the shift vector
does not transform like a tensor for that index [see the second
term of Eq. (20)]. Hence, we treat £ as an external parameter
that is transformed together with the system.

First, let us consider a rotation operation M, whose real
3 x 3 transformation matrix is M. The light polarization
vector transforms as £ = M. If an operator O%(k)
transforms as 0%, (k) = M,,0% (M™'Kk) under a rotation
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FIG. 6. Spin polarization of the subgap pure spin current along
the z direction. The arrows indicate the in-plane spin polarization
of the current. The S° component is zero due to symmetry. Light
frequency is 2 = 0.30 eV. The scale of the arrow is smaller than in
Fig. 4.

M, we find that O% transforms as

(OF,) (k) = O (K)E™ = MM Ol (M K)ES
= 8,00 (MT'K)ES = OF (M'K).

mn mn

(c27)

In other words, the inner product of two vector quantities
[O¢ (k) and £9] transforms as a scalar. Then, one finds that

mn

the spin shift vector [Eq. (20)] transforms as

— ds/"(";a/ A -s’,a/ !
(Rye) (o) = i(—"”g — S ) (k)
mn Winn

d.&,é’;a A j5a
= iMs’sMa’a< mg - ﬂ)(M_lk)
w,

mn mn

= MMy oREC(MK). (C28)

For an improper rotation, the spin shift vector gets an addi-
tional —1 factor because the spin-current operator is an axial
vector.

Next, for the time-reversal operation, the light polarization
transforms as £ = (£9)*. If O° transforms under time rever-

sal as O (k) = £[0¢ (—Kk)]*, Of transforms as

mn mn

(0%,) (k) = O W)E" = +[0% (—K)] (€D

mn

=+[0%,.(-K)]". (C29)
Then, for s # 0 we find
~ o ds,ﬁ';a js,a /
Rs,g,a K)= | mn o mn K
Ry wo=[i( e - 5 ) oo
ds,f,';a js,a *
— mn _ mn —k
l|:< Ungm Wmn >( ):|
= —(R5(—Kk))". (C30)

In the second equality, we included the —1 factor that occurs
because the spin-current operator is odd under time reversal.
For the charge case, one finds

(R:E9) (k) = (R%E(—k))". (C31)

APPENDIX D: COMPUTATAIONAL DETAILS
1. Details of density functional theory calculations

We used the QUANTUM ESPRESSO package [53] to perform
density functional theory calculations. For the self-consistent
field calculation, we used an unshifted 16 x 16 x 12 k-point
grid, a kinetic energy cutoff of 80 Ry, fully relativistic
ONCV pseudopotentials [54] taken from the PseudoDojo
library (v0.4) [55], and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [56]. The lattice parameters
and atomic coordinates were optimized until the stresses and
forces were less than 1.0 x 107® Ry/bohr® and 6.0 x 10~*
Ry/bohr, respectively. The optimized lattice parameters
were a = 4.44 A and ¢ = 7.39 A, consistent with those of
Ref. [57]. Although the PBE functional overestimates lattice
parameters compared to the experimental values [36], it gives
band-gap and Rashba splitting in reasonable agreement with
experiment [57].

Charge shift current 0%%"¢ (LA/V?)
abc = xxx abc = xxy abc = xyy abc = xxz
50 r : T 1L :“\~‘ T 1L : T 1L : T ]
i ' i b
QO [ T - i—\w = T - EA.M,:D%
S I | IS | 3 B |
abc = xyz abc = xzz abc = yxx abc = yxy
50 r i T 1L i T 1L L‘_‘\ R 1L i T ]
) T o 1\ R —— w/ diag. TBA
] : ' NS ! w/o diag. TBA
S D | I | 3 B |
abc = yyy abc = yxz abc = yyz abc = yzz
sof T 1F1  1fT  1fFT ]
! P | ! e !
0= ;—;A‘; - T = i——-:;.—/-ﬂ-ék - ]
=50 :"/" 1 1L E 1 1L E 1 1L E 1 7
Q (eV) Q (eV) Q (eV) Q (eV)

FIG. 7. Charge shift current calculated with and without the diagonal tight-binding approximation (diag. TBA).

045201-15



JAE-MO LIHM AND CHEOL-HWAN PARK

PHYSICAL REVIEW B 105, 045201 (2022)

Spin 57 injection current nj; be (109 A/V2s)

abc = xxx abc = xxy abc = xyy abc = xxz
5 [ : T ] [ : T ] [ y') T ] [ : T ]
E M ,‘ = N i i.‘l i
o 17 ! A Vaa il
_5 L :V' 1 1LC i 1 1LC i - 1 1LC i 1 1
abc = xyz abc = xzz abc = yxx abc = yxy
C i T 1L i T 1LC i T 1L V'l‘ T ] |
0 p—= : ! i\ —— w/ diag. TBA
o S— : : VU A/ w/o diag. TBA
138 BN | 3 DR 8 SRS | 3 B
abc = yyy abc = yxz abc = yyz abc = yzz
[ : T ] [ : T ] [ : T ] [ : T ]
1 1 1 1
: D : :
0 1 [ 1 1
1 1 1 1
138 DN | 3 DN 3 S | 3 S
Q (eV) Q (eV) Q (eV) Q (eV)

FIG. 8. Spin S* injection current calculated with and without the diagonal tight-binding approximation.

We used the WANNIER9O package [58] to construct the
Wannier-function-based tight-binding model. The Brillouin
zone was sampled with an 8 x 8 x 6 grid for Wannierization.
We construct 18 Wannier functions using the atomic p orbitals
as initial guesses. Disentanglement was not used since the
target bands are isolated from other bands. To preserve the
crystal symmetries, we did not perform the maximal local-
ization step. The centers of the Wannier functions for the

tight-binding model were calculated using the translationally
invariant formula: Eq. (31) of Ref. [37].

2. Details of photoconductivity calculations

We used a modified version of WANNIER9O [58] for the
Wannier-interpolation calculation of the photoconductivity.
We sampled the Brillouin zone using a grid shifted by half the
grid spacing along all axes. Using the shifted grid speeded up

Shift Injection Rectification
gh?ftbc ([JA/VZ) r’mJa bc (109 A/Vz ) fegt bc (IJA/VZ)
60 (b) coh | — N=800
2> ! | == N=400
2540 0 |
o 25 1 .
58 20 i
gS o
© i
1

Spin SY photo-
conductivity / (h/e)
|
N

1
Q (eV)

FIG. 9. Convergence of photoconductivity with respect to the size of the k-point grid. (a)—(c) Charge and (d)—(f) spin S* photoconductivity
calculated with an N, x N, x N k-point grid. The plotted photoconductivity tensor components are those plotted in Figs. 3(b)-3(g).
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FIG. 10. Convergence of photoconductivity with respect to 5. (a)—(c) Charge and (d)—(f) spin S° photoconductivity calculated with n = 1
and 0.1 meV. The plotted photoconductivity tensor components are those plotted in Figs. 3(b)-3(g).

the convergence. The photoconductivity was calculated using
a dense k-point grid of 800 x 800 x 800 to obtain converged
values. A fixed numerical smearing of 20 meV was applied
to the delta functions and principal values involving the en-
ergy difference between the initial and final states. A detailed
convergence study is shown in Figs. 9-11. The Fermi-Dirac
occupation was calculated at zero temperature.

To avoid numerical problems related to near-degenerate
states, we regularized the denominator including intermediate
states, such as 1/w,;, in Eq. (5), to Re[1/(w,, + in)] [59,60].
The broadening parameter was set to = 1 meV unless noted
otherwise.

R 10? [ j T T T ]
o
>
~
3
= 1071} :
o
g
0o .
1=} _3 Broadening n
x 1077 | e 1.0 meV T
© 0.1 meV
S == 0.01 meV

| L L L L P |

102 103

Ny

FIG. 11. Convergence of charge rectification conductivity. The
maximum absolute value is calculated in the 0-2 eV window. The
size of the k-point grid is N, X N; X N,. The lines are a guide to
the eye.

We use the diagonal tight-binding approximation (TBA)
within which the position matrix elements between different
Wannier functions are neglected [60]. This approximation
is needed because using the existing Wannier interpolation
methods, it is theoretically impossible to calculate the spin-
velocity derivative [Eq. (5)] without erroneously truncating
the summation over bands. By using the diagonal tight-
binding approximation, the sum rules are modified to include
only a finite number of bands [60] and are satisfied without
any truncation error.

The accuracy of the diagonal tight-binding approximation
can be tested by calculating the charge shift current and charge
and spin injection currents without the approximation. Such a
calculation is possible because the injection current [Eq. (10)]
does not involve the spin-velocity derivative, and a truncation-
error-free expression exists for the charge shift current [60].
In Figs. 7 and 8, we show that the diagonal tight-binding
approximation changes the photoconductivity only slightly.

APPENDIX E: ADDITIONAL COMPUTATIONAL RESULTS

Figure 5 shows the spin $* and S* photoconductivity for
currents flowing along the x direction.

Figure 6 shows the spin polarization of the subgap spin
conductivity for currents flowing along the z direction as a
function of light polarization angles. Note that the size of the
spin conductivity shown in Fig. 6 is an order of magnitude
smaller than that of Fig. 4. The spin photocurrent flowing
along the z direction in BiTel is small because the correspond-
ing group velocity of the carriers is small in BiTel, a layered
compound.
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In Figs. 7 and 8, we show the charge shift and spin
injection currents calculated with and without the diago-
nal tight-binding approximation. We find that the diagonal
tight-binding approximation changes the photocurrent only
slightly.

Figures 9—-11 show the convergence of the photoconduc-
tivity with respect to the k-point grid size. In Fig. 9, we

find that all photoconductivity elements are already con-
verged at a 400 x 400 x 400 k-point grid. Figure 10 shows
that all photoconductivity elements are converged with re-
spect to n at n = 1lmeV. In Fig. 11, we show that the
charge rectification current converges to zero in the limit
of an infinitely fine k-point grid as n — 0, as expected in
insulators.
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