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Bulk photovoltaic effect in antiferromagnet: Role of collective spin dynamics
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Inspired by recent advancements in the bulk photovoltaic effect which can extend beyond the independent-
particle approximation (IPA), this study delves into the influence of collective spin dynamics in an
antiferromagnet on photocurrent generation using a time domain calculation. In the linear and photocurrent
conductivity spectra, we observe peaks below the band gap regime, attributed to the resonant contributions of
collective modes, alongside broadband modifications resulting from off-resonant spin dynamics. Notably, the
emergence of spin dynamics allows various types of photocurrent, which are absent in the IPA framework.
Furthermore, we emphasize the importance of energy scale proximity between electronic and spin degrees of
freedom in enabling efficient feedback. These findings offer new avenues for efficient energy harvesting and

optoelectronic applications.

DOLI: 10.1103/PhysRevB.109.064407

I. INTRODUCTION

The photovoltaic effect is a phenomenon in which light
is converted into an electric current known as a photocur-
rent. It can be understood as an even-order optical response,
hence requires inversion breaking in the system. This ef-
fect is commonly observed in heterostructures such as p-n
junctions [1], where inversion symmetry is artificially bro-
ken. Recently, the growing demand for energy harvesting has
provoked the exploration for photocurrent generation in bulk
single-phase crystals without inversion symmetry, termed the
bulk photovoltaic effect (BPVE) [2,3]. BPVE has attracted
much attention due to its distinct features. For instance, unlike
conventional PVE, photovoltage is not limited by the band
gap energy, and the Shockley-Queisser limit [4] could be
overcome [5].

Extensive studies have revealed the complete classification
of BPVE in nonmagnetic and magnetic systems based on
the independent-particle approximation (IPA) [6-8]. For a
representative example, BPVE in insulators can be classified
into two contributions: shift current and injection current. The
shift current [9-12] arises from the difference in intracell
coordinates of excited carriers and is related to the geometric
quantity called Berry connection. On the other hand, injec-
tion current results from the group velocity difference of
the excited electron-hole pair. Based on this classification,
extensive searches for efficient BPVE have been carried out
across a wide range of materials, including Weyl semimet-
als [13], topological insulators [14], and transition metal
dichalcogenides [15].
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This classification is based on the IPA with the rigid-band
picture. However, recent progress in theoretical studies of
BPVE has revealed that electron correlation effects in solids
also play an important role in photocurrent generation [16,17].
In particular, photocurrent can originate from elementary ex-
citations below the band gap, such as excitons [18,19], soft
phonons in ferroelectrics [20], electromagnons in multifer-
roics [21], and collective modes in excitonic insulators [22].
Understanding these phenomena requires explicit considera-
tion of collective dynamics beyond the IPA.

In this paper, we focus on the BPVE in an antiferromag-
netic system and discuss the effects of the collective spin
dynamics, exploring BPVE beyond IPA. BPVE in magnetic
materials is particularly intriguing for several reasons. First,
there are various kinds of magnetic textures, in some of
which the magnetic order breaks the inversion symmetry and
thereby ties the charge degree of freedom with spins. This
strong spin-charge coupling is also attracting much attention
from the field of multiferroics [23-25] and antiferromagnetic
spintronics [26-29]. Second, the spin textures accompany the
breaking of time-reversal symmetry, which may allow the
nonzero contribution from injection current under linearly
polarized and unpolarized light. This is advantageous because
the amplitude of the linear injection can dominate that of
the shift currents, particularly in clean systems, potentially
enabling highly efficient photovoltaic devices. Third, not lim-
ited to the antiferromagnetic system, the external magnetic
field can tune the magnetic structures, and we can expect
a significant modulation of photocurrent response. In fact, a
recent study on the BPVE effect in magnetic systems within
the IPA shows that photocurrent direction can be controlled
by external field [30,31], demonstrating the high tunability of
the photocurrent in magnets [32]. As illustrated, BPVE phe-
nomena in magnetic systems exhibit rich characteristics, even
within the IPA framework. In such systems, the role of spin
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dynamics on BPVE remains largely unexplored. Especially in
antiferromagnetic systems, the energy scale of the collective
spin dynamics typically lies in the THz regime, which is
proximate to that of the electronic system. Hence, we expect
that the spin dynamics significantly affects the response of
the electronic systems. Moreover, the emergence of fictitious
fields by the spin dynamics may lead to richer optoelectronic
properties, which are absent within IPA [22]. By investigating
the effects of spin dynamics on PVE, we aim to provide a
more comprehensive understanding of BPVE, moving beyond
the IPA.

In this paper, we investigate the role of collective spin
dynamics in BPVE in a simple model representing a one-
dimensional antiferromagnet. We employ a unified framework
for a real-time simulation of conduction electrons and lo-
calized spin moments based on the methods introduced in
previous studies [22,33]. This approach allows us to inves-
tigate the influence of collective modes on BPVE and gives
a comprehensive understanding of their impact on the optical
response. By employing the symmetry analysis, we identify
an optically active collective mode and investigate its role in
both linear and nonlinear optical responses. In the conductiv-
ity spectrum, we observe a peak below the band gap regime
stemming from resonant contributions of collective modes
and broadband modifications resulting from off-resonant con-
tributions of collective spin dynamics. Additionally, we found
that photocurrent arising from the spin dynamics can be clas-
sified into several types, which are absent in the IPA. Here,
the symmetry and the phase degrees of freedom of the driven
forces play crucial roles. Furthermore, we demonstrate the
significance of proximity in energy scales between collec-
tive modes and electronic excitations. This insight provides
a guiding principle for harnessing substantial photocurrents
from spin dynamics.

II. METHOD

In this section, we elaborate on the model and explain
how we incorporate the effect of collective spin dynamics on
optical responses. First, we introduce the model used in this
study, then move on to our time-dependent simulation scheme.

A. Model

This study focuses on a locally noncentrosymmetric sys-
tem in one dimension, where conduction electrons are coupled
to localized spin moments with a canted antiferromagnetic
structure (see Fig. 1). This model is a simple representative
example of magnetoelectric materials [34], where we expect
large spin and charge coupling.

The Hamiltonian of the model is expressed as

7:2 = ;qele + ﬁexc + Hspin + I}:ZE (1)
The first term,
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FIG. 1. (a) One-dimensional chain model with canted antifer-
romagnetic order. (b) Band dispersion of the system with the
parameters t, = 1,A = 0.8,/ = 0.6, K, = 0.2, h, = 0.2.

is the Hamiltonian of the electronic system, consisting of the
nearest-neighbor hopping #, and the sublattice-dependent an-
tisymmetric spin-orbit coupling A (SASOC). 6;0 (k) [Cuo (k)]
is the creation (annihilation) operator of the electron on sub-
lattice « (¢ = A, B) having spin ¢ (o =1, |), and k is the
wave vector. g(k) is called the g vector, and satisfies g(—k) =
—g(k). We set g(k) = (0, 0, sin 2k), implicitly assuming the
presence of ligand structure around each sublattice which
breaks the local inversion symmetry. This SASOC is the essen-
tial ingredient to enhance magnetoelectric coupling [34-36].
The second term

Fee =—=T )Y Y &l (00 - Sa(0)]” tar (k) (3)
k

o oo’

corresponds to the interaction between electronic degrees of
freedom and localized spin moments with coupling constant
J. Here we assume that the localized spins S, are classical
spins and set |S,| = 1. We note that, in Eq. (3), we assume
that the spin configuration is commensurate with the lattice
structure as in Fig. 1 and the local spins can be classified only
by the sublattices.

The third term

Hapin = — _ [K:(S3)" — 1,S2] )

o

is the Hamiltonian for the localized spins. To stabilize the
antiferromagnetic order along the chain direction (z direction),
we consider the uniaxial anisotropy K,. We also apply the
external magnetic field perpendicular to the chain direction
(v direction) to induce the canted configurations. This is be-
cause, without this canted moment, the light-induced spin
accumulation on each sublattice, which acts as spin transfer
torque for the localized spin moments, would be parallel to
S«. Therefore, there would be no spin dynamics induced by
light irradiation.
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The last term

=—E0))y Y. Z [1—5(k k') i|ckwckrw )

kk'  «

describes the light-matter coupling in the length gauge, where
E*(t) is a time-dependent light field along the chain direction,
where we set lattice constant a = 1, and elementary charge
e = 1. In the expression Eq. (5), we assume that the Wannier
state of a conducting electron is well localized at a given
site and ignore the light-matter coupling originating from its
spatial extension. This light-matter coupling is the same as the
celebrated Peierls substitution in the dipolar gauge [37]. The
difficulty of dealing with the k derivative of the delta function
in Eq. (5) can be resolved in the following subsection.

B. Calculation scheme

Here, we introduce two coupled equations that describe the
dynamics of electronic degrees of freedom and localized spin
moment. First, the time evolution of the conduction electrons
can be described by the single-particle density matrix (SPDM)

pgg/(k) = (6;\1;(7,(k)60,(7 (k)), and SPDM satisfies the following
equation called the von Neumann equation [38],
op(k,t k,t
PO il K1), ol )] - B0 R0
ot ak
- V(p(kv t) - peq(k))' (6)

Second, the time evolution of the localized spin system is
described by the Landau-Lifshitz-Gilbert (LLG) equation,

ds, 1
dt — 1+4+d2

[HE" x Sy + a6Se x (Se x HN)], (D)
8Hspin
88y

In Eq. (6), H(k, t) is the time-dependent electronic Hamilto-
nian at each k point defined as follows:

et + Hexe = Z YD IHK, 0155 6, (K)eger (k). (9)

af oo’

H" = —J(o,) + 8)

The k derivative of the delta function in Eq. (5) becomes
the k derivative of the SPDM, which is computationally
manageable. In the LLG equation Eq. (7), (o,) is the
sublattice-dependent spin density of itinerant electrons, and
this can be calculated from SPDM. This method allows us to
capture both the dynamics of electronic and spin systems in
the time domain.

Additionally, real materials exhibit relaxation of excited
carriers due to electron-electron correlations, electron-phonon
interactions, and impurity scattering. To ensure a physically
reasonable response to light, we account for these effects
phenomenologically by using the relaxation time approxima-
tion in the von Neumann equation as y (p(k,t) — peq(k)) in
Eq. (6), and the Gilbert damping «¢ in Eq. (7). Here peq(k)
is the SPDM in the equilibrium at the temperature 7 = 0 as
shown below.

The SPDM at equilibrium p, (k) represents the SPDM in
the initial state at temperature 7 = 0. SPDM in the band basis
Peq(k) is diagonal, and the diagonal component represents the
occupation number ®(p — €, ), with €, being the eigenvalue

of the Hamiltonian H (k). Therefore Peq (k) is written as

[i)eq(k)]nn’ = 8nn’®(/fL - Gnk)- (10)

By using this expression, the SPDM in the original basis
Peq(k) can be calculated by

Peq(k) = U (k)peg(k)U (k) )

with U being a unitary matrix which diagonalizes the Hamil-
tonian as

U (OH (k)U (k) = E (k), 12)

LE (k) = S €ntc- 13)

To obtain initial spin configuration, where the localized spin
moment S, (t = 0) is parallel to the effective field HS" acting
on S, (¢t = 0), we perform the self-consistent calculation.

In each time step, the current density is evaluated from
SPDM as follows. The current operator in the length gauge
is expressed as

0[H (k,
J) = ZZZ [ ( t) Wi (k) (14)
af oo’
= Z S U® & k). (15)
af oo’

It is noteworthy that since the 7-Alexc term in the Hamiltonian
does not depend on momentum k, the current operator is
independent of local spin dynamics.

We solve the coupled equations Eq. (6) and Eq. (7) by the
fourth-order Runge-Kutta method. In each time step, we cal-
culate the sublattice-dependent spin density using the SPDM
and update the exchange Hamiltonian with the newly obtained
spin configurations. Additionally, the expectation value of the
current operator is obtained by using the density matrix as

J(0) =) TelJ(pk. 1)]. (16)
k

To evaluate the dp(k, ¢)/9k in von Neumann equation Eq. (6),
we use symmetric derivative

ap(k,t)  pk+dk,t) — p(k —dk,t)
ok 2dk ’

where dk = /N, with N = 5000.

Based on this scheme, we calculate the linear and nonlin-
ear susceptibility to the light field from the obtained current
response, which will be shown in the next section. In the
following calculations, we use the parameters #, = 1, A =
0.8,/ =06,K,=02,h,=0.2,a6 =0.01,y =0.01, oth-
erwise explicitly mentioned. In Fig. 1(b), we show the band
structure of the system in equilibrium. Due to the inversion
breaking and time-reversal breaking in the system, the band
structure is asymmetric about k, namely €(k) # e(—k). We
set the chemical potential p to be 0 within the band gap.

a7

III. RESULTS

This section presents the result of the light-induced dynam-
ics of the system. Starting from the symmetry analysis, we
clarify the optically active collective excitations in Sec. IIT A.

064407-3



JUNTA IGUCHI et al.

PHYSICAL REVIEW B 109, 064407 (2024)

y

B-mode

a-mode

FIG. 2. Collective mode of canted antiferromagnetic moment.
The red (blue) arrow indicates the spin moment in the A (B) sub-
lattice, respectively. The black arrow denotes the summation of the
sublattice spin moment.

Second, in Sec. III B, we investigate the effect of spin dy-
namics on optical response in the linear response regime. In
Secs. III C and III D, we study the effect of collective mode on
photocurrent conductivity. Here, we decompose the photocur-
rent into different processes, where the linear susceptibility
of spins to light field obtained in Sec. III B plays a crucial
role in photocurrent generation. The last subsection, Sec. III E,
is dedicated to demonstrating the tunability of photocurrent
generation by changing the canted angle of the local spin
moments.

A. Symmetry analysis

In this subsection, we analyze the collective spin dynamics
that is linearly coupled to the external light field based on
the symmetry analysis. Since photocurrent response is largely
restricted by the symmetry of the system and the external field,
symmetry analysis of collective dynamics lays the foundation
of our study.

The system has the following symmetries and belongs to
the magnetic point group G = 2'mm/, explicitly given by

g =11,62,,2,,602,). (18)

Here, 1,0, 2,, and 2, are the identity operator, time-reversal
operator, twofold rotation around the a axis, and rotatory
inversion about the a axis, respectively.

Let us identify the collective modes in the canted anti-
ferromagnetic moments. Since our method is based on the
momentum-space formulation, we only consider the k =0
magnon or antiferromagnetic resonance. As we show in Fig. 2,
two collective modes exist in our system, named the & mode
and B mode [39]. In the « mode, the total spin moment
oscillates along the y direction, whereas the 8 mode denotes
the precession of net spin moment around the y axis.

To determine which mode is optically active, we analyze
the sign of observables under the symmetry operation of G.
For example, the 2, operation can be explicitly expressed as

2y = (_ia_v) ® Ty, (19)

where o and t are Pauli matrices representing the spin and
sublattice degrees of freedom. Under this operation, staggered
spin moment along the x direction o, ® 7, can be transformed
as

20(0:® )2 =0, @ .. (20)

TABLE I. Sign under symmetry operation of magnetic point
group G. M“ means ferroic configurations of spin moment along the a
direction, while L means staggered spin moments along a direction.
+ means the observable does not change its sign, while — means the
observable flips its sign under the operation.

1 02, 2, 02,
E: + - + —
J? - + + +
M - — - +
L + - + —
M + - + +
L + + - -
M: + + - —
L: + - + +

Therefore, o, ® 7, does not change its sign under the 2, op-
eration. In Table I, we summarize how the physical quantities
change their sign under the operation in G. Here E?, J* are
light field and electric current along the z direction, respec-
tively. M? means ferroic configurations of spin moment along
the a direction, while LY means staggered spin moments along
the a direction. Owing to the incompatibility of the exter-
nal light field E* and M*, L”, M?, under iy operation, the
mode is not linearly coupled to the light field. Although the
symmetry of M”, L%, and E* are different under the 62, 62,
operations, these can be linearly excited by electric current J=.
This is because, in nonequilibrium phenomena, time-reversal
symmetry is effectively broken by the dissipation process.
This can be viewed as an extension of the frequency response
of the magnetoelectric effect and Edelstein effect [40,41].
Consequently, only components related to L*, M”, and L*
can be linearly excited by light, indicating that the  mode
can be linearly coupled to the light field. Since the symmetry
argument does not depend on frequency profile, it is valid for
both the resonant and off-resonant conditions.

There is no symmetry operation inverting the electric cur-
rent J* since the model shows the polar symmetry along the
z axis similar to that of the typical photodiodes. Notably, the
electric current changes its sign under the time-reversal oper-
ation, coinciding with the symmetry of the toroidal moment.
At the same time, the electric polarization is forbidden to be
in the chain direction due to the antiunitary symmetry. This
unique combination of magnetic and polar symmetries leads
to the absence of shift current and the presence of injection
current within the IPA, as proved in Appendix C.

B. Linear response functions

Before we move on to the nonlinear optical response, we
examine the optical response in the linear response regime,
which provides valuable insights into the mutual interaction
between charge and spin degrees of freedom. Here, we in-
vestigate the two types of linear response functions. The first
one is the electromagnetic susceptibility, which has direct
information on the spin collective mode induced by light. The
second one is the linear optical conductivity of the system,
by which we can understand how the collective excitation of
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the local spin affects the optical response of the electronic
systems. Electromagnetic susceptibility is defined as

 AMY()

xveg (@) = Ew) 21
 AL%)

xue(w) = o) (22)

Here, AM“(w), AL*(w) are the Fourier components of the de-
viation of the spin configurations from the equilibrium states,
which are defined as

AM“(1) = [ASG () + ASE(@)], (23)

ALY(1) = $[ASS (1) — ASG(0)]. (24)

We define the spin dynamics and electromagnetic susceptibil-
ities related to the w-mode component as

AS(w) = (AL*(w), AMP (w), AL*(w)), (25)

Xse (@) = (Xue(@), xwe (@), xize(@))”. (26)
By using these quantities, spin dynamics linearly coupled to
the light field are characterized by
AS(w) = xsp(W)EY(w). 227)
Additionally, linear conductivity is defined as
J () = o(w)E*(w). (28)

Here, J*(w) is the Fourier transform of the J*(¢).
To calculate these response functions, we applied a Gaus-

sian pulse light field
Ey (t —10)°
—_— . 29
2o P < 202 @)

We choose 7y so that E(t) ~ 0 at7 < 0. In the limit of 0 — 0,
the Gaussian pulse Eq. (29) becomes E*(t) = E(4(t), contain-
ing all the frequencies. The linear response functions can be
calculated by the Fourier transform of the resulting response
in the time domain. For example, the linear optical conductiv-
ity is obtained as

E*(t) =

1 2 R
0_(0)) — Eezﬂw /2€zwto / elwtjz(l‘)dl. (30)
0 0

We plot the frequency dependence of the linear response
functions xgy (@) and o (w) in Fig. 3. In Figs. 3(a-1)-3(a-3),
we show the electromagnetic susceptibility xsg(w). Electro-
magnetic susceptibility exhibits the resonance structure below
the optical gap of the electronic system. This resonant struc-
ture corresponds to the optically active @ mode. Additionally,
there are off-resonant contributions in the above-band-gap
regime, coming from electronic excitation. Moreover, in the
higher frequency around w ~ 1.5, xgr shows small ampli-
tude, indicating that the local spins are unaffected by the
light field. This is because the local spin moments with small
resonance frequency cannot follow the fast oscillations by the
external field. In the linear response calculations, we con-
firmed that only the @« mode is linearly coupled to the light
field, in agreement with the symmetry analysis.

In Fig. 3(b), we show the linear optical conductiv-
ity Reo®(w). The blue dashed line, denoted as without

(a-1) 10

F |
|
—10t i
—20 + . ‘} — Im XLw‘E E— ReXL‘”E
@2) O T
|
—107¢ I — Imxmve — Rexmve

—20
10 T
(a_3) ' —— Imyxp:g — Rexwv:E
0 ;J_;
. |
10 T
L) I
3 61 — with LLG A |
5 4| S EHiREE
/mo2f NG
0 A I i
0.0 0.5 1.0 1.5

Wp

FIG. 3. (a) Linear electromagnetic susceptibility to the external
light field. (b) Linear optical conductivity of the system. The red solid
line and the blue dashed line indicate the calculation with and without
updating the spin configurations, respectively. The black dashed line
indicates the band gap frequency.

LLG, shows the linear conductivity spectra without updating
the spin configuration, which corresponds to the IPA. The red
solid line, denoted as with LLG, indicates the conductivity
spectrum with the effect of spin dynamics. There are three
characteristics of the effect of spin dynamics. First, Re o (w)
with LLG simulation shows the resonant peak in the in-gap
regime, which is absent in the IPA. The frequency of this peak
corresponds to that of the @« mode we saw in the electromag-
netic susceptibility. Second, the presence of spin dynamics
introduces a suppression of optical conductivity within the
regime above the band gap. This suppression arises due to
off-resonant contribution from collective spin dynamics. It is
noteworthy that due to the sum rule f Re o (w)dw = constant,
the emergence of the in-gap peak results in the suppression of
conductivity in the above-gap regime. Lastly, deviations from
the TPA calculation become negligible in the higher frequency
region around w ~ 1.5, as Im ygj loses its amplitude.

C. Photocurrent spectra

Now, we show the result of photocurrent spectra, revealing
the effect of collective spin dynamics on the BPVE. The
second-order BPVE can be described as'

Ji(w =0, w,) =05(0; wp, —0,)E*(0p)E*(—w,)
+ o %0y —p, Wp)E*(—wp)EX(wp). (31)

Here J(w = 0, wp,) is the DC component of output current
along chain direction z induced by the light field with fre-
quency w,. To calculate the photocurrent spectra, we apply

‘Here GZ;ZZ(O7 wp, _wp) — 02;22(0, —wp, (Up)* — Uz;zz(o, —w,, wp)
holds.
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FIG. 4. (a) Photocurrent spectra. The blue dashed and red solid lines indicate the IPA calculation and calculation incorporating the spin
dynamics, respectively. (b), (c) Dependence of photocurrent conductivity at the above-band-gap frequency (w, = 0.8) on (b) electric-field
strength Ej, and (c) relaxation time 7. The blue and red lines indicated the IPA calculation and calculation incorporating the spin dynamics,
respectively. The black solid line in (b) indicates the line which is proportional to EZ.

the continuous light field E*(t) = Ej sin w,t. Here we define
the photocurrent conductivity o (0; w,) as

o (@ =0;0,) = 3[0%%(0; ), —w,) + 075(0; —w), ).
(32)

In this definition, the photocurrent conductivity is calculated
by the following formula [22]:

2 Lt +NT,
=0; = — JA(t)dt. 33
o0 =00 = pi / © (33)

Here T, = 27 /w), is the period of the external light. We set
ts large enough so that the system reaches the time-periodic
steady state and use N > 10 to get the average.

In Fig. 4(a), we show the photocurrent spectra, with and
without the contributions from spin dynamics. The blue
dashed line indicates the IPA calculation, and the red solid
line indicates the photocurrent spectra with the effect of spin
dynamics.

First, we observed the sharp resonant contribution from
collective spin dynamics in the in-gap regime. This corre-
sponds to the o-mode resonance we observed in the linear
response functions in Fig. 3. Second, we confirmed the
substantial enhancement above the band gap regime, which
comes from off-resonant spin dynamics. Moreover, we ob-
served the dip structure at the band edge frequency, which
comes from the interference effect of the external field and
internal spin dynamics, as shown below. Unlike the case of
linear optical conductivity in Fig. 3(b), there is no sum rule
regarding photocurrent conductivity [42]. Therefore, the pho-
tocurrent response in the in-gap regime is not subject to a
trade-off relation with that in the above gap. In Figs. 4(b)
and 4(c), we show the field amplitude and the relaxation time
T = y~! dependence of the photocurrent at the above-band-
gap frequency w, = 0.8. Although the photocurrent response
obtained in our method includes a higher-order nonlinear
optical response to the light field in principle, we confirmed
that the second-order response is dominant. Additionally, the
relaxation time dependence of the photocurrent spectra scal-
ing linearly to the relaxation time indicates that the injection
current contribution is dominant, which agrees with symmetry
analysis. It is noteworthy that our time-dependent calculation
captures photocurrent not only from resonant contributions

but also from off-resonant contributions of collective spin
dynamics, which were not discussed in the earlier studies
[21,43] of BPVE from magnetic excitation.

D. Decomposition of photocurrent

To obtain further insight into the role of spin dynamics on
the BPVE, we decompose the photocurrent contributions into
three distinct processes. Our calculation is essentially equiv-
alent to the random phase approximation [44,45], wherein
the light-induced internal spin dynamics can be considered
as an additional external field applied to the conduction elec-
trons [see Eq. (3) and Eq. (9)]. Consequently, as illustrated in
Fig. 5(a), three distinct processes contribute to the photocur-
rent response, described as

T = 0;0p) = J5(@p) + I p(@p) + I o (@p),  (34)
where
Jé(a)p) = UE;EZ(O; —Wp, a)[,)EZ(—a)p)EZ(a)p)

+ 05 (0:0p —w)EX(@p)E (~wp).  (35)

Jeorg(@p) = Z GE;SZA(O; —w,, 0p)EX(—w,)ASH(@,)

A
+ Z UEEA(O; Wp, _wp)EZ(wp)ASA(—wp),
A
(36)
‘]gol—col(wp) = Z USZ;SM(O; —Wp, Cl)p)ASV(—a)p)AS)“(a)p)
A

+ Y 00 0p, —wp) AS" () ASH (—wp).
VA
(37

Here we use the spin dynamics AS(w) defined in Eq. (295),
and indices v, A represent the components of AS(w). First,
Jo depicts the photocurrent in the absence of collective spin
dynamics, described by the photocurrent conductivity ogg.
This contribution corresponds to the IPA. The second contri-
bution is J.o.g, Where the external light field and light-induced
spin dynamics synergistically generate the photocurrent, and
is characterized by ogs. This can be understood as inter-
ference between the external light field and collective spin
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(@)

(b) 200}
100 é
0 L
— - UO(WP)
—100F ___ Tcol-E(Wp)
»»»»»» Ucol—col(wl’) 0.35
0.0 0.5 1.0 ;-
Wp

FIG. 5. (a) Schematic picture of three different processes of the
photocurrent in the presence of collective spin dynamics. The wavy
and dashed lines indicate the light field and interaction J, respec-
tively. ® represents the output photocurrent. The solid triangles
describe the photocurrent susceptibility evaluated with the IPA. AS is
the light-induced spin dynamics. (b) Photocurrent spectra originating
from the three different processes. The inset shows the magnified
view of ooz component around the collective mode frequency @, ~
0.35.

dynamics. The third contribution J.o.co1 involves solely the
light-induced internal spin fields, to generate the photocurrent,
and is characterized by osgs. Given that we have confirmed the
linear coupling of spin dynamics to the light field, all these
components yield a second-order response to the light field.
We emphasize that ogg, ogs, oss are calculated within the
IPA framework. The detailed expressions of them are given in
Appendix B. In linear response, the total output current with
multiple fields is simply the superposition of the individual
outputs for each field. However, in nonlinear response, the to-
tal output is influenced by interference effects that result from
the interaction of different fields. Based on the photocurrent
classification in Eq. (35), Eq. (36), and Eq. (37), we can define
photocurrent conductivity in the presence of collective spin
dynamics as

Jo(wp) = 200(0; 0,)E*(wp)E*(—w)p), (38)

Jeore(@p) = 20601E(0; 0p)EX(wp)E*(—wp),  (39)

Jeotcol(@p) = 20¢o1c01 (0; 0p)E*(wp)E*(—wp), (40)
where

00(0; wp) = 3[055(0; —wp, wp) + 055 (0; 0y, —w))], (41)

1 :
et (03 0p) = 5 > 050 —wp. 0 xs £ (@))
A

1 .
+5 ;agg*(o; Wpy 0p)xsiE(—wp),  (42)

1 .
Ucol—col(O; wp) = E Z Uszé )L(O; —Wp, U)p)XS"E(_wp)XS"E (a)p)
VA

1 .
+ 2 Z Oss H(0; p, —wp) xsvE(@))
VA

X XskE(_C{)p). (43)

Here we use electromagnetic susceptibilities defined in
Eq. (26). Our time-dependent calculations naturally give the
decomposition as follows. First, og(w,) corresponds to the
calculation without updating spin configurations. Second,
Ocol-col(wp) can be calculated by switching off the external
light field E*(¢) and updating the Hamiltonian with S(r)
obtained in the calculations with the LLG equation. The
ocolE(@p) spectrum can be calculated by subtracting og(w))
and o¢ol-col(@p) from o (wp).

In Fig. 5(b), we show the photocurrent spectra correspond-
ing to each component. oy(w),) is the same as the blue dashed
line in Fig. 4(a). The oco.e(w,) component undergoes sign
change near the band gap frequency. This sign change may
come from the interference effect between the external light
field and field-induced spin dynamics, which might give a new
way to control the photocurrent direction. In addition, we con-
firmed that the strong resonance peak mainly comes from the
Ocol-col (@) component. Since the resonant structure of o (w,)
in the in-gap regime originates from the resonant structure in
XsE(®p), Ocol-col X (XSE )? gives a shaper resonance peak than
Ocol.E X Xsg does.

It is worth noting that symmetry relations and the phase
degrees of freedom of driving fields constrain the types of
photocurrent generated. As a general case, let us focus on non-
interacting electrons and consider the photocurrent induced by
two external fields X(w,) and Y (w,) within the IPA frame-
work. This process can be written by using the photocurrent
conductivity oxy (0; wp, —w,) as

Jxy (a)p) = oxr(0; —Wp, wp)X(_wp)Y(wp)

+ oxy (0; w,, —wp)X (@)Y (—w)). (44)

As we show in Appendix B, oxy can be classified into the
following four components,

Oxy = OXYshift T OXY,gyro T OXY,Mnj + OXY,Enj- (45)

Here, oxy shitt and oxy gyro correspond to shift current and
gyration current, while oxymy and oxy g correspond to
magnetic injection current and electric injection current, as
discussed in the context of normal photocurrent [7,8]. These
contributions are different in terms of relaxation time de-
pendence. oxy shire and oxy gyro are independent of relaxation
time, whereas oxy v and oxy gy are proportional to relax-
ation time. Additionally, oxy shift, Oxy,Mnj (OXY,gyro> OXY,Enj)
are the real (pure-imaginary) quantities, which describe the
counterpart of the photocurrent induced by linearly (circu-
larly) polarized light. Therefore, oxy shifi, Oxy,mnj are finite
only when two fields X (w,), Y (w,) are in-phase to each other,
while oxy gyro, Oxy,Enj are finite only when X (w,), Y (w,) are
out-of-phase to each other. Besides this restriction from phase
degrees of freedom, the symmetry of the two fields also re-
stricts the type of photocurrent.
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TABLE II. Photocurrent generation induced by the light field
and spin dynamics. For instance, light field £ and uniform spin
dynamics along y direction M induce oyir; and Ogpj. Oghife is induced
by in-phase component of £ and M”, while the og,; is induced by
out-of-phase component of E and M’. The detailed expressions for
Oshift» Tgyro» OEnj» OMnj are given in Appendix B.

E L M L
E OMnj OMnj> Ogyro Oshifts OEnj Ohifts OEnj
L* OMnjs Ogyro OMnj Ofshifts OEnj Ofhifts OEnj
\Y Oshift> OEnj Oshift» OEnj OMnj OMnj
L® Oshift, OEnj Oshifts OEnj OMnj OMnj

In our case, the field X (w)), Y (w,) corresponds to the light
field E(w,) and/or the spin dynamics S”(w,). For instance,
we confirmed that the spin dynamics L*(w,) and M*(w)
have both in-phase and out-of-phase components, and their
signs under 62, are different. This fact restricts the photocur-
rent generation from these fields to shift current and electric
injection current similar to the photocurrent response to time-
reversal-symmetric systems [8]. A similar argument can be
applied to the case of the photocurrent originating from the
interference of light field and collective spin dynamics de-
scribed by ogs. We summarize the photocurrent classification
in Table II.

From this analysis, we reveal that unlike oy, oss and
ogs can include the component of the shift-current-like con-
tribution. Moreover, although we consider the photocurrent
induced by the linearly polarized light, oss and oggs have
OEnj» Ogyro cOmponents which are the counterpart of the cir-
cularly polarized induced photocurrent. Practically, we can
observe that the in-gap resonant structure in ocorg(@p) 1S
mainly coming from the injection-current-like contribution,
since Re xsg (Im xsvg) represents the in-phase (out-of-phase)
component of spin dynamics to the light field (Appendix C
for a more detailed discussion). Here, we reveal that the fic-
titious fields arising from the spin collective dynamics result
in various types of photocurrent, which is not allowed in the
IPA.

In Fig. 6, we show the relaxation time t dependence of
photocurrent spectra. Photocurrent spectra increase linearly
with relaxation time, indicating the injection-current-like con-

(a) o0(wp) (b)

Ocol-E (wp) (C)

- —10
3
T —20
>;_‘4
—30
E — —h, =01
by =02
—40 t i
——h,=03
—50
b
( )1200* o(w = 0;wp) — go(w = O50p) ——h, =01
—-—hy, =02
—h, =03
900 f
600
300
0 L
0.0

FIG. 7. (a) Magnetic field dependence of linear electromagnetic
susceptibility Im xi+£(w) to the external light field. (b) Photocurrent
spectra o (w = 0; w,) — og(w = 0; w,) with modulating the canted
angle of antiferromagnetic moments by changing the magnetic field
along the y direction.

tribution is dominant. Although we have revealed the presence
of the shift-current-like contribution in o.o.g and o¢ej-co1, the
primary contributions to oo and ogoco1 are the injection-
current-like ones, namely ogj, Omy;-

E. Tuning of photocurrent by external magnetic field

Here, we demonstrate the tunability of photocurrent by
applying the external magnetic field perpendicular to the chain
direction, changing the canted angle of antiferromagnetic mo-
ments. In Fig. 7, we show xgz(w,) and the photocurrent
spectra originating from spin dynamics by changing the am-
plitude of the external magnetic field.

In Fig. 7(a), we show the linear electromagnetic suscepti-
bility of Im x . As we increase the magnetic field along the
y axis, the amplitude of Im y+g gradually increases, showing
the strong modulation of feedback between charge and spin
degrees of freedom by the external field. This modulation

O col-col (wp)

800

——7=50
150 —o—7=100
——7=150 y
o— 1= 200 600
—v—7= 250
100 |
—o—1 =300 400
50r 200
0t : . . . 0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0

FIG. 6. Relaxation time dependence of photocurrent conductivity given by (a) Eq. (38), (b) Eq. (39), and (c) Eq. (40). The insets in (b) and
(c) show the magnified view of photocurrent spectra around the collective mode frequency w, ~ 0.35.
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arises from the fact that the alteration of the canted angle
induces changes in the optical gap of the system and the
energy scale of the collective spin mode. Consequently, this
modulation allows us to tune the strength of the feedback from
spin dynamics.

Consistent with the modulation of the electromagnetic
susceptibility, the photocurrent conductivity spectra also ex-
perience large modulation due to the external field, as shown
in Fig. 7(b). As explained in the previous subsection, xgz(®))
plays a critical role in photocurrent generation in the presence
of collective spin dynamics. Therefore, larger xgz(w,) results
in a more significant modulation in photocurrent generation.

As these results demonstrate the importance of energy
scale matching between collective modes and electronic exci-
tations, we can expect substantial modulation of photocurrent
from magnetic excitation in the narrow gap system with the
higher collective mode frequencies.

IV. SUMMARY AND DISCUSSION

We investigated the effect of antiferromagnetic excitations
on linear and nonlinear optical responses by a real-time calcu-
lation method. First, we observed the optical response arising
from an electrically active antiferromagnetic resonance mode,
which aligned with our symmetry analysis. We further found
that collective spin dynamics, originating from both resonant
and off-resonant contributions, can significantly enhance the
photocurrent response. In addition, we delved into a compre-
hensive analysis by classifying it into different processes. The
component includes the unique photocurrent arising from the
interference between the light field and the internal spin field,
which is inherent to the nonlinear response. Moreover, based
on the symmetry analysis, we revealed that the emergence
of the spin dynamics allows the various types of photocur-
rent, which are totally absent in the IPA. Additionally, we
showcased the tunability of the photocurrent in our system
by varying the canted angles and emphasized the significance
of matching in the energy scales of collective modes and
electronic excitations.

Now, we estimate the strength of modulation by spin dy-
namics. We assume the energy scale of hopping #;, = 0.1 eV
and lattice constant ¢ = 0.5 nm. Additionally, to compare
the obtained photocurrent conductivity in a one-dimensional
system to that of a three-dimensional system, we assume
the three-dimensional stack of one-dimensional chains with
a lattice spacing of 1.0 nm [46], and realistic spin-orbit cou-
pling A = 0.1 [47] (see Appendix A). In this condition, the
modulation of the photocurrent conductivity by spin dynamics
Ocol-E + Ocolcol Teaches the order of ~1.0 mA/V?, which can
be comparable to that of Weyl semimetals [13], demonstrating
the significance of the effect of spin dynamics on photocurrent
response.

While our calculations are limited to the simple two-
sublattice model, we can extend these to more complex
systems, like skyrmions [48-50], and hedgehogs [51]. The
essential ingredient is the optically active collective spin dy-
namics, whose energy scale is close to electronic degrees of
freedom. Therefore, searching for a real material should be
in the realm of inversion broken narrow gap semiconductors
with optically active magnons, such as MnBi, Te4 [52,53].

ACKNOWLEDGMENTS

This work is supported by Grants-in-Aid for Scientific
Research from JSPS, KAKENHI Grants No. JP23K13058
(H.W.), No. JP21H05017 (Y.M.), No. JP21H04990 (R.A.),
No. JP21H04437 (R.A.), No. JP20K14412 (Y.M.), and No.
JP19HO05825 (R.A.), JST-PRESTO No. JPMJPR20L7 (T.N.),
and JST-CREST No. JPMJCR1901 (Y.M.), and No. JP-
MICRI18T3 (R.A)).

APPENDIX A: J, . DEPENDENCE OF THE
PHOTOCURRENT SPECTRA

Here, we supplementally discuss the effect of collective
spin dynamics on BPVE by changing the strength of spin-
charge coupling J and spin-orbit coupling A. As we discussed
in the main text, electromagnetic susceptibility xsg(w) de-
termines the spin dynamics correction to the photocurrent
response. In Fig. 8, we show the J and A dependence of
| xLe(w)|. White dashed lines indicate the band gap energy
of the system. First, by changing J, the resonance peak of
| xLe(w)| is more prominent when the energy scale of the
spin resonance and the electronic band gap are proximate to
each other. A critical insight here is that altering J affects
both the electronic structure and the frequency of collective
modes, leading to a nontrivial relationship where larger J does
not necessarily yield larger feedback from spin dynamics.

|XL1'E|
15.0

12.5

10.0

0.20.40.60.81.0 0.20.40.60.81.0 0.20.40.60.81.0 0

J J J
(b) o(w=0,wp) — oo(w =0,wp)
800 L  7_08
| [\ —J=0.4
600 ]\
1\
I
400 |
“' ! A
200 | I ~
(| /\/
0 i e

FIG. 8. (a) J, A dependence of amplitude of electromagnetic
susceptibility. The white dashed lines indicate the band. The param-
eterst, = 1, K, = 0.2, h, = 0.2, y = 0.01 were used. (b) Change of
Photocurrent spectra arising from spin dynamics o (w = 0;w)) —
oo(w = 0; w,). Parameters are f, = 1, A = 0.8, K, = 0.2, h, = 0.2.
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FIG. 9. Photocurrent spectra with smaller spin-orbit coupling.
The parameters #, =1,A=0.1,J=04,K, =02,h, =02,y =
0.01 were used. The blue dashed and red solid lines indicate the
IPA calculation and calculation incorporating the spin dynamics,
respectively.

Therefore, as discussed in the main text, the energy scale
proximity of the electronic and spin systems is important to
obtain a large response from the spin dynamics. This obser-
vation aligns with the result of photocurrent modulation by
spin dynamics in Fig. 8(b). Here, moderate exchange cou-
pling facilitates energy scale proximity between the electronic
band gap and collective mode frequency, thereby enhancing
photocurrent generation from spin dynamics. Additionally,
comparing the |xp.g|(w) with different spin-orbit coupling
in Fig. 8(a), we can see the tendency that the value of
spin-orbit coupling A determines the amplitude of the light-
field-induced spin dynamics. In the case of large spin-orbit
coupling, we observe a large amplitude of light-induced
spin dynamics. Note that with smaller J, we cannot dis-
tinguish the in-gap resonant excitation from the above-gap
off-resonant excitation since the resonant frequency of local
spin dynamics overlaps the continuum excitation of electronic
systems.

Furthermore, we estimate the photocurrent generation with
the smaller value of spin-orbit coupling to make a realistic
estimation. In Fig. 9, we show the photocurrent spectra with
and without the effect of spin dynamics. Here the param-
eters 1, =1,A=0.1,J =04,K, =0.2,h, =0.2, y = 0.01
are used. Contrary to the photocurrent spectra in Fig. 4(a), the
resonant structure below the band gap regime is suppressed
due to the smaller magnetoelectric coupling. However, even
with the small spin-orbit coupling, we can see significant
modification from off-resonant spin dynamics above the band
gap spectra. Using these parameters and assuming the re-
laxation time 7 ~ 60 fs, we can estimate that the enhanced
photocurrent response can reach the order of ~1.0 mA/V?,
which is comparable to Weyl semimetals [13].

APPENDIX B: NONLINEAR OPTICAL RESPONSE
FUNCTIONS BASED ON DENSITY MATRIX FORMALISM

This section is dedicated to showing the formalism of
perturbative expansion of the von Neumann equation Eq. (6)
in the presence of both the light field and light-induced spin

dynamics. The Hamiltonian for electrons under an external
light field and effective magnetic fields from the spin dynam-
ics is expressed as

H@) = Ho + AH(®). B1)

AH(t) is the perturbative Hamiltonian and consists of
an external light field and light-induced spin dynamics
defined as

AH() = AHE () + AHpin (1), (B2)
AMg = —r"E", (B3)
AHgpin(t) = —JA* ASH(1), (B4)
AS(1) = (AL¥(r), AMP (1), ALZ(1))", (B5)
A = (0,1, 0,70, 0.T.)" . (B6)

Here, o#, t# are the Pauli matrices that describe the spin
and sublattice degrees of freedom, respectively. Hy is the
nonperturbative Hamiltonian given by

(2 )d Zekac,mcka (B7)

Here C;a (ckq) 1s the creation (annihilation) operators of the
Bloch state |yg,) = exp(ik - v)|ugy). |ur,) is the cell-periodic
part of the Bloch state and satisfies the following equation:

Ho(K)|uka) = €xalttia)- (B8)

According to [54], in the infinite-volume limit the position
operator in Eq. (B3) is written in the Bloch representation as

[rilay = iVibap + &, (B9)

Here &, is the Berry connection defined as &, =
i{ugq| Vi |ugp). In the following calculation, k£ dependence is
omitted, otherwise explicitly mentioned.

As we explained in the main text, the von Neumann equa-
tion of SPDM p,, = (CZbCka> is given by

iapab(t)

o = (H, play = [Ho, plap + [AH(), plyp-  (B10)
We define the Fourier transformation as
d o
f(t) — / ﬁf(w)efl(w#»lﬂ)t’ (Bll)

and we get the frequency-space representation of the von
Neumann equation,

. dw;
(@ +in — €wp) pap(@) = / E[AH(Q)])’ p(@ — @1)]gp-
(B12)

Here, we introduced the infinitesimal parameter 7, to describe
the adiabatic application of the external field. We can pertur-
batively expand this equation by introducing the o, which
is the nth order with respect to the external field,

d
(@ + in—ea)p D (w)= f o AH @), o7 (@ — o)l
(B13)
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We introduce matrix d(w) as

1
dop () = =P

—imd(w — €gp),
a)+i77_€ah ( ab)

(B14)

w — €y

and by using the Hadamard product (A © B).» = AupBap [55],
the von Neumann equation Eq. (B13) can be recast as

d
oV (w) = / %{d(a)) O [AH(@1), p™ (@ — ©1)}ap-
(B15)

In the following calculation, we solve this equation with the

boundary condition of ,oflg)(w) = 21 8(w) fupbap. Since we fo-

J

where

cus on the second-order response to the external field, we
solve the equation

d
pa (@) = / %{d(w)G [AH(@n), pV(@ — o)

da)lda)z
= | “2ny {d(w) O [AH(®1), d(w — 01)O

x [AH(@2), p V(@ — 01 — 02)1}a-

(B16)

Considering both the light field and the spin dynamics, o>’ (w)
can be divided into three components as

2)

,06(,;, (0) = peE.ap(®) + PES,ap(@) + Ps5,a6(®), (B17)

1 dwid
PEE.ap(@) = = / D12 BV () E* )l (@) O [, d(@ — 1) © [r*, p (@ — w1 — @) la + [(v, @1) < (., @2)].

2) @n)?
B18
J dw|dw2 v A v A 0) ( )
PEs.ap(@) = 5 2n ) E"(0)S*(w){d(w) O [r", d(w — w1) O [A", p (@ — w1 — w2)]]}ap
J [dwid
+3 %S*wowwz){d(w) O A", d(@—w) O [, P — o — o) l}ws (B19)
J? (dwdw, N v A (0)
pss,ap(®) = 7/ 2n)? S (w)SH(@){d(w) O [A”, d(w — 1) O [A", p™ (0 — w1 — W) Tar + [(v, @1) < (4, @2)].

(B20)

Here, we symmetrize the expression of p since the perturbative calculation should be invariant under the arbitrary exchange of
external field. Based on this decomposition, we formulate the photocurrent formula in the presence of spin dynamics.

1. Light-field-induced photocurrent

Here we derive the light-field-induced photocurrent based on the pgg. It is convenient to decompose the position operator in

Eq. (B9) into inter- (r,) and intraband (r;) components as

()ap = 8ap(iVk + &aa),

(re)ap = (1 — 8ap)bap- (B21)
Based on this decomposition, pgg (@) can be classified into the following four components,
PEE.ab (@) = PLR iy Pk ap T+ PEE b T PE ab (B22)
Each term is explicitly written as
(i) l fdwdw, A v A (0)
e =73 | oy £ @)E (){d(@) O [r}, d(@ — @) O [r}, p V(@ — w1 — )]]},, + [V, 01) < (1, @2)]
da)ldwg v A
i T E"(01)E" (02)dap(@)dap(@0 — 1)0,,0; f (€ka)Sap2 8 (@0 — w1 — w2) + [(v, 1) < (A, w2)],  (B23)
(ie) 1 doydw, A v A (0)
Prea =7 | “any E’(@)E*(@){d(@) O [r].d(@ — 1) O [r}, p V(@ — 01 — w)]]},, + [(v. @1) < (A, @2)]
I dwjw v 3 Py eV v A
=73) Gy E" (0))E*(@2)dap(@)[ 0y (dap(@ — 01)EL fun) — i(5ay — &) dan(@ — @01)E, fup] + [(v, ©1) < (A, @2)],

(B24)

: 1 dwid
Prw= 5 / D B @)EM@n)]d(@) 0 1!, d(@ — o) 0 [rh, 0@ — w1 — 00)]]},, + [(v, @1) < (G @2)]

(2m)?
i da)lda)z

=—= EY (01)EM(@02)dap(@)dga(@ — @1)E5 3 fup2 8 (0 — 01 — @) + [(v, 01) < (h, )],

2 (2m)?

(B25)
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(ee) _ 1 da)]da)z
pEE,ab - E (27[)2

1 dwd
=3 f D2 B (0)E* (@02)dap(@)[dep(@ — 01)ELE" fre — duc(@ — 01)ELED fra]2708(0 — 01 — 1)

EY(@nNE*){d(@) O [r}, d(@ — 1) © [}, p V(0 — 01 — @)]]},, + [(v, 1) & (1, @2)]

2m)?
+ [V, 01) < (&, @2)]. (B26)
Due to the Fermi surface factor 9, f, pi, ps vanish in the limit of cold insulators. In the following calculation, we neglect

these components and derive the shift and injection current formula.
Using pgk.q», we can get the following second-order current response,

dk
Jpp(@) = / anyl foprE,ba(w)

da)lda)z ll VA

an (w, w1, w)E"” (a)l)E’\(a)z)Zm‘S(a) w; — wy). B27)

As we divide the SPDM into the four different contributions, ag;;”’\ (w, w1, ) is also decomposed into the corresponding four
components defined as

w; v)» VA VA VA JIRN
OFE EE.Gi) T OFE (ie) T OFE.(eiy T OEE (ce)- (B28)
Photocurrent conductivity can be obtained by setting
w=0,w =—2,w = Q. (B29)

In the following calculation, we focus on 05;;5”?55»)’ agg’?“), from which we will derive shift current and injection current
conductivity.

2. Injection current

First, we focus on o (ee) with the diagonal component of the current matrix denoted as o, (ee ot

1

Zfaadm(w)[ ca(® — 016 &l fae = dac(@ — 01)ELES fer] + [(v, 01) < (&, @2)]

GEE (ged)(a) Wy, ) = (2 )d

1 1
= 3ot (zmd Z [deal@ — 01)ELEL fac] + [(v, @1) & (h )]

11 .
2ot (Zn)d Z — JL)em &l fucldea(® — 1) + dye(@ — @2)]

ZA En £l facldea(® — 01) + dac(@ — o). (B30)

1
Ew—i—ln (27‘[)’1

Here we introduced velocity difference matrix AY, = Jb — JH = 0,,¢, — 9,€p. In the w — 0 limit, the expression diverges due
to the factor of 1/w + in. We can eliminate this unphysical divergence by considering the infinitesimal parameter 7 as finite
system relaxation y. By using this method and relation Eq. (B14), we can obtain the injection current formula as

JIRN 7T

0‘EI;:",inj = (27‘[)d Z AscéacsgafaCS(Q Eca) (B31)

VA . . .
Here we decompose the o nj INtO real and imaginary parts as

") T
Of i vy = / (2 ﬂ)d ZA" Re [£2.8), | facd (R — €ca), (B32)

v .7T
gE )ILEnJ (2 )d Z AZL Im Sacgcka]fdc(s(gz - Gca)' (B33)

oMnj (Oknj) 1s called the magnetic (electric) injection current, which is induced by linearly (circularly) polarized light.
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3. Shift current
Here we derive the shift current formula based on o}y, and o/}, First, we consider o}y, with the off-diagonal

component of the velocity operator denoted as Ggg.?em):

1
b (0 52 ) = / ot 2 L O DELEL o = doe(ELEL L] + 10, =) > G )

atbte
1
3| o X e Odes Q5o — dhe (L o] + 1. =) > G )]
astbitc
1
/ ot 2 e D o — i (DELE L] + 10, =) > (1, )
atbc
1
3 | o X e — k)o@ + [0, - < (. )]
a#b#c
1
. / e Z([Dﬂs e — D€, 8 e @) + [0, —) <> G, Q1. (B34)

In the last line, we defined the U (1)-covariant derivative

90w
(D" 0Ly = 7 = (8l — &) O (B35)

and applied the following formula under the condition of a # c:

[D"E"),c — [D"E"1pe = Y i(ELy &N — EiEL,)- (B36)

b

: VA .
Next, we consider the oz ;) component:

OFE (ie)

pk (0 -9,Q) = —= o )dZ abdba<w>[ak [dsa( ) frak, — i (sz—sg‘b)dba(snfbag;a]}+[<v, ~Q) < (., )]

=—i = )deeabsu,,dw)[akv [da(2) foabi, — i (s”a—ébi)dba<9>fbusa,]}+[<u, —-Q) < (1, Q)]

1
(27r)" ZS [akv [d5a(2) foab,] — i(E0s — &b )dha(Q)fbaE;,a] [(v, =) < (1, Q)]

1
= — (2 )d Z[D”S“]abdba(ﬂ)fbaéba [(v, =) & (&, Q2)]. (B37)

By summing up these contributions, we obtain

JLVA __H3VA VA .
OLE (ee;0)+(ie) — UEE,(ee'())(O’ —Q, Q)+ 0pp 1)(0; =2, Q)
1

(2 )d Z[D“s L&l fardea () + [(v, —Q) < (1, Q)]

1

(2 )d Z[D“s L Savoa(Q) + [D*E Nk, fandpa(— Q)

/ Qryl Xb: [[D"€" wkp, + [D"él]baéa”b]fabPQ—

— €ba

-2 o D 1€ e, ~ 10" Lt b — . B38)
#b
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The absorptive part §($2 — €;,) corresponds to the shift current conductivity, and we divide the real and imaginary parts as

UgEU)Sthfl ﬂ (2 )d ZIIII DM%_ ]abgba [Dﬂgk]baé:;b]faba(g_éba)v (B39)
ag;;ymz—’” o )dZRe (D" 1wy, — (D" 1a Ly D (R — €3a). (B40)

Oshift (Ogyro) are called shift (gyration) currents, which are induced by linearly (circularly) polarized light.

4. Spin-dynamics-induced photocurrent

Here, we derive the photocurrent formula induced by spin dynamics. Using the SPDM pgs, current response to the spin field
can be expressed as

Js = (2 )d Z 5P555a() (B41)

da)ldwz MVX a
= an ) (w, w1, ) AS” (1) AS* (02)28(w — w1 — w2). (B42)
b4

In the previous subsection, we derive the photocurrent conductivity based on the perturbative expansion of the von Neumann
equation and obtain the shift current and injection current formula. In the same manner, we can get the shift-current- and
injection-current-like formula, using pss, just by replacing the Berry connection term & related to the external light field
appearing in the ogg by spin operator A. As a result, we get the shift-current- and injection-current-like formula induced by
spin dynamics:

s it = Pz / o )d Im [[D*A" 1A}, — [D*AM AL | fand (2 — €pa) (B43)
ol =~ / o )dZRe [1D"A" Ly, — D" A 1paA ] Furd (R = ). (B44)
R (2n )d Re [ALAY ] £uc8(Q — €ca), (B45)
oty =1 / (271)" e I [AL AL £uc (R = €ca). (B46)

5. Interference of light field and spin dynamics

Following the previous subsection, we derive the photocurrent formula generated by the interference of the light field and
spin dynamics. Using pgs, the photocurrent formula can be written as

Jgs(@) = / =y Z TP (@) (B47)
da)lda)z ~M VA N
= / 2n ) (w, w1, )E” (01)AS" ()27 8(w — w1 — w2), (B48)

where 653" can be classified into the following four components:

dk
=% / Gyt 2o M (D78 T, — (DA 1k ] furd (2 = ), (B49)
ka =_Ji£ iZRe[[DMEv] be —[DMA)‘] Sv]f S(Q—E ) (BSO)
OFs ,gyro 2 (27[)‘1 ab*ba baSap |J ab ba),
O’ﬁsv&m - / (27‘[ )d gc Re [Eac ca]fat(g(g2 €ca)s (B51)
Opsbn = = (2 )d Z Al I [£,. A% 1 facd (2 — €ca)- (B52)
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APPENDIX C: SYMMETRY ANALYSIS OF THE
PHOTOCURRENT

In this section, we show the symmetry analysis of pho-
tocurrent in the presence of spin dynamics. Due to the 02,
symmetry of the system and phase matching between the
different fields, the photocurrent generation is restricted. Here,
we consider a one-dimensional system, applying the light field
along the z direction and observing the photocurrent along the
z direction, as in the case of the main text. In the following
calculation, we assume the wave vector k to be scaler.

Under the 62, operation, the wave vector along the z
direction transforms as k — k. Therefore, Bloch states that
momentum k is related to those with the same momentum &k,

02 ua(k)) = |ua(k)). (ChH

Since (92,)% = 1, there is no Kramers degeneracy. Therefore,
by choosing the phase factor, we can assume

02, ua(k)) = |ua(k)). (€2

Due to the 62, symmetry, Berry connection &7, (k) satisfies the
following relation:

&p (k) = (ua (k)10 |up(k))
= (up(k)|(02,)idk (02,) " [ua (k)
= (up(k)| — i0x|uy(k))
= =&, (k). (C3)

Moreover, the A” under the 02, symmetry satisfies the follow-
ing relation:

Ay = (ua(k)IA” [up(k))
= (up(K)(02:)(A") (02 |ua (k)
(up(k)1(62:)(A")(62:)|ua(k))
= o (up(K)|A" [uq (k)
= opvA,,. (Cc4

Here o, is the sign under the 62, operation. As for the spin
operator coupled to the « mode, o4v satisfies the following
relation:

Oo,t. = -1, Ogyrg = I, Oo,1, = 1. (CS)

1. Light-field-induced photocurrent

Drawing on the previous subsection, the photocurrent
along the z direction induced by the light field along the z
direction can be written as

. dQ
e = | o

where o %% can be classified into the following four contribu-
tions,

Z dk 252 z 752 z
0Lk shift = f o 2 M {IDE Nk, — DS, )
a#b

opp(0;—Q, QE(—QE*(Q),  (C6)

X fab8(§2 — €ap), €N

y i [ dk
Gg’g,‘gyro = _7 / E ZRe {[Dzsz]abglfa - [Dzsz]b“ ;}’}
a#b
X fup0(2 — €ap), (C8)

Z iz
OEE Mnj =

AL Re [E468 | faund (R — €pa).

(€9
iz dk
OFE Enj — / ZA Im Ejhéha]fabS(Q—éba)
a#b
(C10)
In Eq. (C6), since the left hand side is real, and

E* (SZ)[E ¢(2)]* is also real, o35 () should be real. Therefore
only ot Oy, can contribute o the photocurrent generation.
Moreover due to the 62, in the system, the covariant derivative

[D*E%).p€,, satisfies the following relation,

a Zz
[D°E% i, = [ e i

&y, .. 2 Vg2 g2
= [ e - e e

agza * Z Z z z
= |: az _l(gl;b_ aa)%‘bu] ab
= [D*E%1p,6,
= (ID€1wés,) "

Therefore the oy, contribution vanishes under the 62, sym-
metry, while oy, remains intact.

sw]%

(C11)

2. Spin-dynamics-induced photocurrent

Photocurrent induced solely by collective spin dynamics
can be expressed as

Jgszf‘;—ﬂ 1% 0; —Q, Q)AS" (—Q)ASH(Q)

- ‘;S L0, —Q, Q)[AS" ()] ASH(RQ).

Here o5 can be classified into the following four components:

Z Im {[D"A"1,,AL,

(C12)

T
VA 2
O3S shifc —

(271 )d

- [DMA*]baA;b} SabB(2 — €pa),

A z”T A
ol =y /Qﬂzmmm%%
#b

(C13)

- [D”Ak]baA;,,}faba(Q — €pa), (C14)
VA v
SMS MnJ (2]_[ )d M RC [AmAi\a]fuca(Q - Gca)»
(C15)
VA in v
O-gS LEnj — = 2 / (ZJT)d I [AacA?a]faca(Q - Eca)-
(C16)
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By considering the 62, operation, the matrix elements in each
photocurrent conductivity satisfy the following relations:

Re {[DFA" 1A}, — [D*AM1pAL)
:1+0+%(DZA loAl, — (DA ]AL), (C17)

Im {[D°A" A}, — [D*AM 1AL}
:1;—;WM([DZA”],1;,A,M [D°AMAL,),  (C18)
Re [ALAL] = HZ—AM’“AZM%’ (C19)
Im[A}A}] = ! GzAVUAAAVbA (C20)

In Eq. (C12), when two fields S” and S* are in-phase (out-
of-phase), the quantity [ASY(22)]* AS*(R) becomes real (pure
imaginary). Consequently, the photocurrent induced by two
fields that are in phase with each other can be characterized by
the real part of oss, namely 0ss shift and oss mnj. Conversely,
the photocurrent induced by two fields that are out-of-phase
with each other can be characterized by the imaginary part
of oss, namely 0ss gyro and ossgnj- In our calculation, we
confirmed that M” and L? are in-phase with each other, while
L* is not perfectly in or out of phase with M¥ and L*. Com-
bining this phase analysis with the 62, symmetry constraints
in Eq. (C5), we can identify the photocurrent contribution as
summarized in Table II. Although we consider the photocur-
rent response to the linearly polarized light, oss contains the
ognj Which is the counterpart of circularly polarized induced
photocurrent. Moreover, the photocurrent induced by spin
dynamics can contain the shift current contribution, namely
Oshite and Ogyro, Which may survive in the disordered system
[56].

3. Interference of light field and spin dynamics

Photocurrent generated by the interference of light field
and spin dynamics can be described as follows:

Jio = d—mo —Q, QEY(—Q)ASH(Q 21
s = | 5 ( JES(—Q)AS* ().  (C21)

Here a,fﬁé)\ have four contributions and are explicitly written as
follows:

O =I5 / n )dZIm {[DE 1AL, — [D°A Tnak, )

X fabS(§2 = €pa), (C22)

z;zh
O—Eé ayro = — (2 )d [DZ

ElupApa— D“Ak]basab}

X fabS(Q - Eba)a (C23)

T[
o =17 [ I

(C24)

it in
aEé EnJ (2 )d Z A chﬁa]facMQ - eca)-
(C25)

Under the 62, operation, the matrix element related to pho-
tocurrent generation satisfies the following relations:

Im {[D°6"],Ay, — [D'A Ly, )
IZUAA{[DZS lirApe = (DA}, (C26)

Re {[D%" 1Ay, — [D*AM k], |
-- D% LAl — [DZAk]abs,fa}, (€27)
Re [£,A7,] —1 %, (C28)
Im [£;.47,] = HT”AEJCA;. (C29)

Besides the 62, symmetry restriction, phase degrees of free-
dom between the light field and fictitious spin field play an
important role in determining the photocurrent contribution.
Rewriting the Eq. (C21) by using the electromagnetic suscep-
tibility xg.g to the light field, we get

dQ ZZ)\. z V4
JES_/ 7 OEs (0= ) xsp ()EX(—S)E(Q)

/ 92 590, ~Q, Q)[Re x5+ () + i Im x5 ()]

X [EX(Q)]E*(Q)
Y; ZZA /().
= E[ReaEs (0; —Q, Q) Re xs1p: ()

— Im o4 (0; — R, Q) Im xg ()| [EX(T E(Q).
(C30)

Here, we used the fact that the left-hand side is real, and
[EX(2)]*E*(2) is also real. By considering the symmetry
constraints, the photocurrent generation by the interference
of light field and spin dynamics is summarized in Table II.
Unlike the case of IPA, the generation of various kinds of
photocurrent can be allowed in the ogs.
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