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ABSTRACT
Among antiferromagnetic materials, Mn2Au is one of the most intensively studied, and it serves as a very popular platform for testing various
ideas related to antiferromagnetic magnetotransport and dynamics. Since recently, this material has also attracted considerable interest in the
context of optical properties and optically-driven antiferromagnetic switching. In this work, we use first principles methods to explore the
physics of charge photocurrents, spin photocurrents, and the inverse Faraday effect in antiferromagnetic Mn2Au. We predict the symmetry
and magnitude of these effects and speculate that they can be used for tracking the dynamics of staggered moments during switching. Our
calculations reveal the emergence of large photocurrents of spin in collinear Mn2Au, whose properties can be understood as a result of
a non-linear optical version of the spin Hall effect, which we refer to as the photospin Hall effect, encoded into the relation between the
driving charge and resulting spin photocurrents. Moreover, we suggest that even a very small canting in Mn2Au can give rise to colossal
spin photocurrents that are chiral in flavor. We conclude that the combination of staggered magnetization with the structural and electronic
properties of this material results in a unique blend of prominent photocurrents, which makes Mn2Au a unique platform for advanced
optospintronics applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0149955

I. INTRODUCTION

In recent years, antiferromagnets (AFMs) have attracted enor-
mous interest in the context of spintronics applications due to a set
of unique properties that make them often more favorable when
compared to conventional ferromagnetic materials.1–3 For exam-
ple, random access memory devices based on antiferromagnetic
materials have already been realized,4 and THz switching of antifer-
romagnetic memory devices via current-induced spin-torques has
been demonstrated.4,5 However, in order to gain reliable control
over antiferromagnetic THz dynamics, one has to move away from
conventional electronics, which are not sufficiently fast for the pur-
pose. To overcome this speed limitation, the concept of all optical

switching was proposed,6–9 where switching and read-out are per-
formed optically, often with THz laser sources. As a consequence,
optical manipulation, and in particular the read-out of the Néel vec-
tor during optical dynamics in antiferromagnets, becomes a matter
of grave importance.10,11 In this context, the properties of optically
generated photocurrents occupy a special place.12–16

Some of the major promises of antiferromagnetic spintronics
hinge on our ability to get control over the properties and timescales
of ultrafast antiferromagnetic dynamics triggered by optical excita-
tions. In the context of antiferromagnetic spintronics, Mn2Au has
emerged as a very successful representative, as it can be easily fab-
ricated, it allows for Néel type spin–orbit torques that are linear
in the field and can be used to switch the staggered magnetization
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in this material,17–19 and it is a good metal with a very high Néel
temperature, which is key for pronounced magnetotransport and
magneto-optical response at room temperature. Owing to its relative
structural and chemical simplicity, in the field of antiferromag-
netism, Mn2Au has long been a guinea pig for testing novel concepts
relying on robust antiferromagnetic order and emergent function-
alities. The optically driven dynamical properties of Mn2Au have
become a target of recent attention as well. For example, recently, an
optical manipulation of magnetic order in Mn2Au has been achieved
by a combination of laser pulses and strain.20,21 However, in order
to move forward in pursuing optical implementations based on
Mn2Au, it is important to understand in detail the optical response
of this material, in particular the behavior of photocurrents and
the inverse Faraday effect (IFE), in relation to its electronic and
magnetic structure.

In this work, we use the ab-initio-based Keldysh formalism,
which we have applied in the past to various materials, to address
the photo-response characteristics of bulk Mn2Au. In particular, we
study the microscopic origin, symmetry, and magnitude of charge
photocurrents in this material as a function of laser frequency, light
polarization, band filling, degree of disorder, and Néel vector direc-
tion. We identify qualitatively different types of photocurrents and
demonstrate that by carefully measuring the evolution of photocur-
rents, it is possible to track the optical magnetization dynamics of
Mn2Au. We also predict the magnitude and properties of the uni-
form and staggered laser-induced spin polarization, i.e., the inverse
Faraday effect. In addition, by considering the laser-generated cur-
rents of spin, we introduce the notion of a photospin Hall effect and
a photospin Hall angle, which characterize the ratio between the
transverse photo-induced currents of charge and spin. Finally, we
demonstrate that breaking the symmetry in the system even by a
small canting of staggered moments unleashes colossal chiral spin
photocurrents whose sign can be controlled by the sense of canting.
Overall, we provide an important qualitative and quantitative under-
standing of photo-induced phenomena in Mn2Au, which may prove
vital not only for further integration of this material into the optical
realm but generally for engineering the optical properties of wider
classes of antiferromagnets.

The article is structured as follows. In Sec. II, we outline
the assumed electronic structure and use computational methods.
Section III B discusses the dependence of charge photocurrents on
the Néel vector orientation, while in Sec. III C, properties of charge
photocurrents are discussed for a fixed Néel vector orientation along
the magnetic easy axis. In Sec. IV, we analyze the inverse Faraday
effect and report a large staggered response on the Mn sublattices.
Section V discusses laser induced spin currents with a proposed pho-
tospin Hall effect in Sec. V C. In Sec. VI, we analyze the effect of
canting. Section VI A discusses the emergence of chiral photocur-
rents in the canted scenario. In close analogy, we report on large
chiral spin photocurrents driven by the chiral inverse Faraday effect
in Sec. VI B. The manuscript ends with conclusions.

II. ELECTRONIC STRUCTURE AND COMPUTATIONAL
DETAILS

The spatial inversion symmetry 𝒫 is broken in Mn2Au by the
staggered magnetic moments on the Mn sublattices [see Figs. 1(a)
and 1(b)], and thus only magnetic photocurrents are expected to

survive. These are expected to strongly depend on the orienta-
tion and strength of the magnetic moments. On the other hand,
Mn2Au possesses a combination of spatial inversion 𝒫 with a time
reversal operation 𝒯 , known as 𝒫𝒯 -symmetry. The characteristic
𝒫𝒯 -symmetry of Mn2Au is expected to suppress extrinsic contribu-
tions like the side-jump and skew-scattering contributions22 making
Mn2Au the ideal candidate to study the properties of pure magnetic
photocurrents.

Mn2Au has a tetragonal unit cell with space group I4/mmm23

[see Fig. 1(a)]. The experimental lattice constants a = 6.291a.u. and
c = 16.142 a.u. were assumed for the calculations.23 The magnetiza-
tion in the two Mn layers along the z-axis has collinear antiferromag-
netic ordering24 and is assumed to be along the easy [110] direction
unless specified otherwise. In Fig. 1(a), we show the assumed struc-
ture. Electronic structure calculations were performed with the
full-potential linearized augmented plane-wave code FLEUR.25 For
self-consistent calculations, we used a plane-wave cutoff of 4.0 a.u.−1

and a total of 1728 k-points in the three-dimensional Brillouin zone
(BZ). The plane wave cutoffs for the potential (gmax) and exchange-
correlation potential (gmax,xc) were set to 12.0 and 12.0 a.u.−1, respec-
tively. The muffin-tin radii for Mn and Au atoms were set to 2.53 and
2.60 a.u., respectively. The nonrelativistic Perdew–Burke–Ernzerhof
(PBE)26 exchange-correlation functional was used. The spin–orbit
coupling was included in the second variation.

To reduce the numerical effort, the size of the basis set was
decreased by half by using a reduced representation of the unit
cell containing only three atoms, as shown in Fig. 1(b). For the
initial projections of the maximally localized Wannier functions
(MLWFs),27 s-, p-, and d-orbitals were used for both Mn and Au
atoms resulting in 54 Wannier functions for the case with three
atoms in the unit cell. In Fig. 1(c), we show the computed ab initio
bands in cyan and magenta for the spin up and down states,
respectively, while Wannier-interpolated bands are plotted in black.
Within the frozen energy window, set to 13.6 eV , which is 4.2 eV
above the true Fermi level, the interpolation shows a negligible devi-
ation from the ab initio band structure, which allows us to perform
simulations of optical effects with frequencies up to hω = 4.2 eV
when evaluated at the true Fermi level. The electronic structure of
Mn2Au is manifestly metallic in nature. The density of states (DOS)
for spin up (left) and spin down (right) states is shown in Fig. 1(c).
In the relevant energy region for optical transitions of about 4 eV
around the Fermi level, the largest contribution to the DOS comes
from the interstitial region, with a similarly large contribution from
the Mn atoms. The states of Au dominate the DOS only deeper
into the valence bands (below −4 eV). The DOS exhibits a large
peak at +1.2 eV above the Fermi level and a group of similar peaks
between −1.6 and −3.2 eV. The two Mn DOS (red and blue) undergo
a visible spin flip when crossing from the group of peaks below
the Fermi level to the region above it. The corresponding accumu-
lation of states in these regions of energy may be associated with
regions of pronounced response in some of the cases, as discussed
further.

In our work, we investigate second-order optical effects: charge
and spin photocurrents, as well as non-equilibrium optically-
induced spin density, known as the inverse Faraday effect.7,28–30

Namely, we calculate the spin accumulation, charge, and spin pho-
tocurrents that arise at second order in the perturbing electric field
of a continuous laser pulse of frequency ω by using the expressions
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FIG. 1. The unit cell of Mn2Au with staggered magnetization along the [110] direction. Cyan and magenta balls indicate Mn atoms with arrows depicting the magnetic
moments. Golden balls represent Au atoms. (a) Regular tetragonal unit cell hosting six atoms. (b) Reduced unit cell with three atoms. (c) Electronic properties of Mn2Au with
staggered magnetization along the [110]-direction. The left panel shows the ab initio density of states (DOS) of spin down states decomposed into contributions from the
interstitial region (green curve) and individual atomic sites Mn↑, Mn↓, and Au (cyan, magenta, and golden curves). The right hand panel shows the DOS of the spin up states.
In the center panel of (c), the ab initio bandstructure (cyan and magenta dots for spin-up and spin-down states) is compared with the Wannier-interpolated bandstructure
(black curve).

that were previously derived by us in Ref. 30 within the framework
of the Keldysh formalism, and applied to various systems.31–33

Within our approach, the electric field is modeled as a coherent
wave of the kind

E(t) = −
∂A(t)
∂t

= Re[E0ϵe−iωt
], (1)

where E0 is the real valued field strength, ϵ its polarization vector,
ω the frequency, and A(t) is the vector potential. In our work, a
circularly polarized pulse propagating, for example, in the z direc-
tion is described by ϵ = (1, λi, 0)/

√
2, where λ = ±1 is the helicity.

Linearly polarized light along, for example x or y axes is described
by ϵ = (1, 0, 0) and ϵ = (0, 1, 0), respectively, while generalization
to arbitrary axes is obvious. The corresponding perturbation of the
Hamiltonian reads:30

δH(t) = ev ⋅ A(t), (2)

wherev is the velocity operator. To model the photocurrent J associ-
ated with the second order current response to the electric field,34–37

we use the Keldysh non-equilibrium Green function technique,
wherein expectation values can be calculated by coupling their asso-
ciated operator to the lesser Green’s function G<.38 For example, a
current J is obtained by coupling the velocity operator v to the lesser
Green’s function G<,39

J =
h̵
2i

Tr [vG<]. (3)

To obtain the lesser Green’s function G< of the nonequilibrium sys-
tem relevant for the calculation of various photogalvanic effects,
we plug the perturbation of Eq. (2) into the Dyson equation
on the Keldysh contour38 and iteratively evaluate it up to terms
quadratic in δH(t). A full expression of the resulting nonequi-
librium lesser Green’s function can be found in Appendix A of
Ref. 30. Combining the second order lesser Green’s function G<2 of
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Ref. 30 with Eq. (3) yields an expression for the second order pho-
tocurrent density (which we refer as the current for shortness of
notation),39

Ji =
a2

0eI
h̵c
(

EH

h̵ω
)

2
Im∑

jk
ε jε∗k φi jk, (4)

where a0 is the Bohr radius, EH = e2
/(4πε0a0) is the Hartree energy,

e is the elementary charge, h is the reduced Planck constant, and I is

the field intensity. The field intensity is given by I = ε0cE2
0/2, where

ε0 is the vacuum permittivity and c is the speed of light. Throughout
this work, the assumed intensity of the pulse was set to 10 GW/cm2,
which corresponds to typical values of the fluence of the order of
0.5 mJ/cm2 for a 50 fs laser pulse.40 Since the laser intensity enters
the formalism only as a prefactor [see Eq. (4)], the results can
be easily converted to other intensity values. The quantity φijk,
to which we refer below as the second order conductivity tensor,
is defined as39

φi jk =
2

a0EH
∫

d3k
(2π)3 ∫ dE Tr [ f (E)viGR

k (E)v jGR
k (E − h̵ω)vkGR

k (E) − f (E)viGR
k (E)v jGR

k (E − h̵ω)vkGA
k (E)

+ f (E)viGR
k (E)vkGR

k (E + h̵ω)v jGR
k (E) − f (E)viGR

k (E)vkGR
k (E + h̵ω)v jGA

k (E)

+ f (E − h̵ω)viGR
k (E)v jGR

k (E − h̵ω)vkGA
k (E) + f (E + h̵ω)viGR

k (E)vkGR
k (E + h̵ω)v jGA

k (E)], (5)

where vi is the i-th component of the velocity operator, f (E) is
the Fermi–Dirac distribution function, and GR/A

k is the equilib-
rium retarded advanced Green’s function, respectively. In order to
describe the effect of disorder in the electronic states on the com-
puted quantities, the method of constant lifetime broadening Γ,
naturally included in Keldysh formalism, was used,41

GR
k (E) = h̵∑

n

∣kn⟩⟨kn∣
E − Ekn + iΓ

. (6)

The advanced Green’s function is defined as a complex conjugate of
the retarded Green’s function GA

k (E) = [G
R
k (E)]

†. A 256 × 256×256
k-mesh has proven to be sufficient to obtain the convergent results
of Eq. (5) throughout the article.

As discussed, e.g., by Ibañez-Azpiroz et al.,37 we introduce
the photoconductivity tensor σijk such that the photocurrent in
Eq. (4) is given by Ji = Re∑ jk 2σijkE jE∗k , similarly to the definition
of Eq. (7) in Ref. 37. By inserting30 the laser intensity I = ε0cE2

0/2
into Eq. (4), consequently, σijk = i a2

0eε0
2h̵

φijk
2 , where φijk is the ten-

sor defined in Eq. (5). The expression for the spin photocurrent
Qs

i flowing in the direction i with spin polarization along axis s
is obtained by replacing the velocity operators vi in Eq. (5) with
the operator of the spin velocity {vi, τs}, where τs is one of the
Pauli matrices. To obtain Qs

i , the prefactor a2
0eI/h̵c in Eq. (4) is

replaced with the prefactor −a2
0I/4c. For quantifying the inverse

Faraday effect, the expression for the photo-induced spin density
δSi is obtained by replacing the velocity operators vi in Eq. (5) with
the operator of (local) spin; the prefactor a2

0eI/h̵c in (4) is replaced
with −h̵ a3

0I/2c.

III. PHOTOCURRENTS OF CHARGE
First, we focus on the properties of the photocurrents of charge

in Mn2Au. We start by discussing the dependence of the photocur-
rent on the orientation of the Néel vector within the xy-plane, then

fix the Néel vector to the [110]-direction, and after the analyzing
symmetry properties of the k-resolved photocurrents, proceed with
the discussion of the spectral properties of the photocurrents. We
conclude our discussion by analyzing the influence of lifetime broad-
ening and identifying magnetic photocurrents by considering the
broadening values of the positive and negative signs. For the sake
of simplicity, below we will refer to currents arising in response to
linearly and circularly polarized light as linear and circular, respec-
tively. This should not be confusing, keeping in mind that both types
of responses we compute are manifestly second order in the applied
field.

A. Symmetry analysis
In order to determine which components of a response matrix

are allowed by symmetry, one usually first determines if the response
coefficients transform like an axial or polar tensor. Next, one uses
Neumann’s principle in order to find out which tensor components
are allowed by symmetry. The classification of response matrices
into axial or polar categories is often sufficient, in particular for nor-
mal metals and ferromagnets. However, in antiferromagnets, these
two categories may be insufficient. Therefore, in Ref. 42, we explain
that the response coefficients in antiferromagnets can be discussed
in terms of axial (a), polar (p), staggered axial (sa), and staggered
polar (sp) tensors.

In the collinear scenario, Mn2Au can host various photocur-
rents that are of first order in the Néel vector N,

Ji = χ(4sa)
ijkl E jE∗k Nl, (7)

where χ(4sa)
ijkl is a staggered axial tensor of rank 4. We find that 10

staggered axial tensors of rank 4 are allowed by symmetry in Mn2Au.
We list them in Table I, where we employ the notation

δ(i jkl)
nopq = δinδ joδkpδlq = ⟨ijkl⟩. (8)
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TABLE I. List of staggered axial tensors of rank 4 allowed by symmetry in Mn2Au.
The notation introduced in Eq. (8) is used. ∥ and � refer to Néel vector directions
in-plane and out-of-plane, respectively.

No. χ(4sa)
ijkl No. χ(4sa)

ijkl

1 ⟨3321⟩ − ⟨3312⟩ ∥ 6 ⟨3213⟩ − ⟨3123⟩ �

2 ⟨1121⟩ − ⟨2212⟩ ∥ 7 ⟨2313⟩ − ⟨1323⟩ �

3 ⟨1211⟩ − ⟨2122⟩ ∥ 8 ⟨2133⟩ − ⟨1233⟩ �

4 ⟨3231⟩ − ⟨3132⟩ ∥ 9 ⟨2221⟩ − ⟨1112⟩ ∥

5 ⟨2331⟩ − ⟨1332⟩ ∥ 10 ⟨2111⟩ − ⟨1222⟩ ∥

B. Néel vector dependence of the charge
photocurrents

Since the inversion symmetry 𝒫 in Mn2Au is broken only by
the magnetization on the Mn sublattices and not the crystal struc-
ture itself, the resulting photocurrents are expected to be of purely
magnetic origin. The orientation of the magnetic photocurrent is
thus expected to depend directly on the orientation of the Néel vec-
tor. Indeed, in a recent experiment, the magnetic linear dichroism
was found to have a distinct dependence on the relative orientation
of the linearly polarized light and the Néel vector.20 Furthermore,
the nonlinear anomalous Hall effect (AHE) was recently proposed
to measure the Néel vector orientation.43

We first compute the photocurrents Jx and Jy for the Néel vec-
tor lying in the (001)-plane along the x- and y-directions for the
frequency of linearly polarized light of 1.55 eV and a lifetime of
100 meV. We find that in the case of the Néel vector aligned along
x, the Jy component shows the largest response of almost 90 × 1010

A/m2 when the polarization is along y, while for the light polar-
ized along x, the current response switches signs and is reduced
in amplitude to ∼ 70 × 1010 A/m2. The Jy component in response
to light linearly polarized along the x and y-directions corresponds
to symmetry tensors Nos. 9 and 10 in Table I, respectively. The Jy
component in response to light linearly polarized along z is given
by symmetry tensor No. 5. The Jx component in response to light
rotating in the xy-plane corresponds to tensor No. 2. Table I sug-
gests that the situation is reversed when the Néel vector is instead
aligned along the y-direction. As a result, the overall angular depen-
dence with respect to the plane of light polarization is shifted by
90○ between the two Néel vector orientations with an additional
sign reversal of the resulting current, yielding

Jy(N∥x; ε∥y) = −Jx(N∥y; ε∥x),
Jy(N∥x; ε∥x) = −Jx(N∥y; ε∥y).

(9)

The fact that this symmetry property is generic is confirmed
by calculations of the band filling dependence of the photocur-
rents, shown in Fig. 2 for linearly and circularly polarized light of
hω = 1.55 eV and Γ = 100 meV for N along x [left column, (a)]
and N along y [right column, (b)]. In both scenarios, the largest
photocurrent is flowing perpendicular to the staggered magnetiza-
tion, while the photocurrent parallel to N is an order of magnitude
smaller. The perpendicular current is maximized for linearly polar-
ized light, while the parallel response is only driven by circularly
polarized light. For the current perpendicular to the Néel vector,
the finite response to circularly polarized light is sizable; however,

it remains helicity-independent and is shaped by responses to lin-
early polarized light. This indicates that the circular responses are
just the averages of the linear responses spanning the plane normal
to the direction of incidence of circularly-polarized light (e.g., the
light blue curve in Fig. 2 is an average between the red and the yellow
curves). This behavior is characteristic of the magnetic linear photo-
galvanic effect (magnetic LPGE), while the circular responses can be
interpreted as the magnetic circular photogalvanic effect (magnetic
CPGE). The data presented in Fig. 2 shows that the correspon-
dence between the two scenarios is universal over the entire energy
range.

C. Photocurrents for Néel vector along the easy axis
Here, we study the photocurrents for the case of N along the

easy [110] direction.44 For this case, the symmetry tensors of the sys-
tem are given by combinations of the symmetry tensors from Table I
for the scenarios of the Néel vector along the x- and y-directions.
For example, currents in the xy-plane in response to linearly polar-
ized light will be given by combinations of tensors Nos. 5, 9, and 10.
From now on until the end of the chapter, for brevity, the responses
will be discussed in terms of their projection onto N as ∥N, and as
�N marking the projection onto the [110] direction. Since the [110]
and [100] directions are the easy axes and the z-direction is the hard
axis,44 we will refer to components within the xy-plane as “in-plane
(IP)” and z-components as “out of plane (OOP)” responses. The
laser field polarization ε will be projected onto these directions as
well, with linear polarized fields denoted by ε∥N, ε � N and ε∥z. For
circular polarized light rotating in the xy-plane, we use ε↺ λy

x for
counter- and ε↻ λy

x for clockwise rotation. Besides light rotating
within the magnetic easy plane, we also consider circular polar-
ized fields rotating in the plane spanned by z with the two in-plane
directions ∥N and �N, which will be denoted by ε↻ /↺ λz

∥N and
ε↻ /↺ λz

�N.

1. Band-resolved contributions
Before proceeding with a detailed analysis of the behavior of

the integrated photocurrents, we would like to get an impression
of the “internal” band-resolved and k-resolved constituents of these
integrated quantities. We start by scrutinizing the role of so-called
resonant transitions,33 i.e., contributions to the photocurrents that
involve only two distinct band transitions, as opposed to a more
general case where three distinct band transitions are involved (i.e.,
non-resonant transitions). The resonant transitions can be seen as
transitions where the initial and final states are the same. It is
known that the LPGE is given by such resonant transitions, while the
CPGE effects can only be described by non-resonant transitions.45,46

Indeed, as we have checked by explicit calculations, the magnetic
LPGE currents J�N discussed below are solely given by resonant
transitions, while the magnetic CPGE currents J∥N and Jz originate
solely in non-resonant transitions.

The resonant transitions can be naturally presented and dis-
cussed in a band-resolved manner in the reciprocal space.33 In Fig. 3,
we show the parallel and perpendicular photocurrents, given by res-
onant transitions, arising in response to blue hω = 3.0 eV light for
linear polarization parallel and perpendicular to the Néel vector. As
discussed earlier, the parallel component of the photocurrent inte-
grates to zero over the Brillouin zone (BZ), with the perpendicular
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FIG. 2. Jx and Jy components of the charge photocurrent in Mn2Au for the direction of the Néel vector along x (a) and y (b), in response to red laser light with hω = 1.55 eV
as a function of band filling. The broadening was set to Γ = 100 meV.

component being dominant. However, large resonant contribu-
tions are visible not only in the perpendicular scenario, shown in
Fig. 3(b), but also in the case of the parallel component, shown
in Fig. 3(a).

Let us first compare the two scenarios for light polarized along
the Néel vector, ε∥N (upper panel of Fig. 3). Clearly, at a given
k-point, electronic transitions occur between bands that are sepa-
rated by a frequency of 3.0 eV. For example, a prominent transition
takes place between X and M points from −0.3 to +2.7 eV, visi-
ble both in (a) and (b). In the case of nonvanishing perpendicular
current, both energy regions contribute positive values, while in the
case of parallel current, the conduction and valence bands provide
a response that is opposite in sign. In other regions of the BZ, both
currents are very similar in strength and sign (see, for example, the
transition along ΓX or ZR). Along RA, the transitions are of com-
parable strength but of the opposite sign between two cases. The
regions from M to Γ and from A to Z host much more pronounced
contributions to J∥N.

In the case of linearly polarized light with polarization perpen-
dicular to the Néel vector (lower panel of Fig. 3), the distribution of
significantly contributing transitions is notably different. Especially
the transitions taking place along the ZRA are dominant. Another
prominent contribution is visible along MΓ for both components

of the current. However, overall, the transitions ignited by linearly
polarized light are visible along the high symmetry lines for both
cases of J∥N and J�N, often at the same k-points with only a differ-
ence in the sign and strength of the transition. Transitions do take
place in the case of the symmetry-suppressed response J∥N, which
suggests that they are canceled by transitions of the opposite sign in
other regions of the BZ.

To get a better impression of the distribution of resonant tran-
sitions in the BZ, we analyze the distribution of the photocurrents in
three slices of the BZ, which are parallel to the (001)-plane at kz = 0
and k0

z = ±0.25 in relative units (see Fig. 4), which shows the paral-
lel (left column) and perpendicular (right column) photocurrents as
contour plots over these slices. In the case of the overall nonvanish-
ing J�N, the distribution of transitions has perfect mirror symmetry
between the +k0

z and −k0
z slices (see right part of Fig. 4). For J∥N, on

the other hand, the transitions are not only mirrored, but they also
change sign as we change the slice from that at +k0

z to that at −k0
z ,

thus integrating to zero over the entire BZ. The observation that
while the integrated response is vanishing, the local contributions
are pronounced suggests the possibility that the k-contributions can
promote an integral response to linearly polarized light in J∥N upon
strain, canting (discussed further), or by going to third-order in the
field responses.
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FIG. 3. Resonant band contributions to the photocurrents plotted along high symmetry lines in the Brillouin zone for the scenario of the Néel vector along [110]. The left
column shows the photocurrent flowing parallel to the Néel vector in response to (ai) light linearly polarized along the Néel vector J∥N(ε∥N) and (aii) perpendicular to the
Néel vector J∥N(ε � N). The right column shows the photocurrent flowing perpendicular to the Néel vector in response to linear polarized light (bi) along the Néel vector
J�N(ε∥N) and (bii) perpendicular to the Néel vector J�N(ε � N). Here, the laser frequency is hω = 3.0 eV, Γ = 25 meV, the true Fermi level is indicated by the horizontal
gray line, and the edges of the selected energy interval [EF − hω, EF + hω] are indicated by blue lines. The strength of the response at a given k-point is indicated by the
band thickness and color.

2. Frequency and band filling dependence
We next study the frequency dependence of J�N currents. In

order to compare the strength of the photocurrents to the values
available in the literature, it is convenient to refer to the conductiv-
ity tensor as defined in Sec. II. We further project the conductivity
tensor onto the [110]-direction via σ�N jk = (σxjk − σyjk)/

√
2 and use

the following rules:

σ�N(ε∥N) ∶=
1
2
(σ�Nxx + σ�Nyy) +

1
2
(σ�Nxy + σ�Nyx),

σ�N(ε�N) ∶=
1
2
(σ�Nxx + σ�Nyy) −

1
2
(σ�Nxy + σ�Nyx),

σ�N(ε∥z) ∶= σ�Nzz ,

(10)

so as to bring the conductivity into a shape compatible with the sense
of linear polarization of the light.

In Fig. 5(a), we present the frequency dependence of the con-
ductivity tensor as defined in Eq. (10) for different linear polar-
izations. We observe sizable values of photoconductivity for all
polarization flavors across the complete presented frequency range
of hω ∈ [0.20, 3.10] eV. For laser frequencies below hω = 1 eV, the
conductivity is negative in all cases. At hω = 0.8 eV, the conductiv-
ity exhibits a peak of about −150 μA/V2, similar in magnitude for
all polarizations. Another peak of about +100 μA/V2 is present at
hω = 1.20 eV if the laser light is linearly polarized within the xy-
plane, while at the same time, the z-linear conductivity (orange
line) shows a much smaller peak at this frequency. These con-
ductivity values are comparable to those reported in the literature;
e.g., Ibañez-Azpiroz et al.37 reported a maximum conductivity of
∼40 μA/V2 for the bulk semiconductor GaAs, and more recently,
Zhang et al.46 predicted a photoconductivity of almost 200 μA/V2

in the two-dimensional van-der-Waals antiferromagnet CrI3.
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FIG. 4. Photocurrents resolved in the Brillouin zone for blue laser light of hω = 3.0 eV at Γ = 25 meV in different kz-layers. The left column shows the parallel photocurrent J∥N,
and the right column shows the perpendicular photocurrent J�N. The columns show different orientations of the linearly polarized light: in the first column, light is polarized
along the Néel vector ε∥N; in the second column, light is polarized in the (001) plane but perpendicular to the Néel vector ε � N; and in the third column, light is polarized
linearly along ε∥z.

In the range of hω = 1.20 eV up to about hω = 2.00 eV, the con-
ductivity is positive for all polarizations. At hω = 2.00 eV, the two
in-plane-polarized conductivities (blue and red lines) are suppressed
and start to oscillate with frequency up to 3.1 eV, remaining predom-
inantly opposite in sign. This may prove useful; indeed, for example,
the conductivity σ�N can be switched in sign between identical mag-
nitude values of ±25 μA/V2 at a laser frequency of hω = 3.00 eV by
simply rotating the linear polarization vector by 90○ in the xy-plane.
Owing to the conveniently opposite sign of the two in-plane polar-
ized responses at hω = 3.00, this frequency will be used as the default
for the remaining discussion.

By staying at hω = 3.00 eV in Fig. 5(b), we present the depen-
dence of J�N on band filling. As discussed earlier, the circular
responses (symbols) are helicity-independent and are determined by

an average of the two linear responses spanning the plane of rotation
of the pulse. Data shown in Fig. 5(b) reveal that the aforementioned
opposite sign between J�N driven by light with ε∥N and ε � N (red
and blue lines) is robust with respect to the band filling for a range of
almost 2 eV around the true Fermi level. At about 0.5 eV below the
true Fermi level, the photocurrents for two in-plane linear polariza-
tions have identical magnitude and opposite sign; this can be directly
seen from the vanishing response to circularly polarized light rotat-
ing in the plane of the Néel vector (pink symbols), which vanishes
there as a result of being an average over two currents of opposite
sign. Notably, the band filling behavior is manifestly different from
that exhibited by the photocurrents at another frequency and band
smearing, shown in Fig. 2, and we will scrutinize the sensitivity of
the photocurrents to disorder next.
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FIG. 5. Properties of in-plane photocurrents perpendicular to the Néel vector for
hω = 3.00 eV and a broadening of Γ = 25 meV. (a) Frequency dependence of
the conductivity tensor projected onto the [110] direction for different cases of
linearly polarized light. The Fermi level was set to the true Fermi level of Mn2Au.
(b) Photocurrent J�N as a function of band filling in Mn2Au. At the true Fermi level,
the largest photocurrent arises in response to laser light linearly polarized along z.
Note the difference in the band filling behavior compared to the case with another
frequency and lifetime shown in Fig. 2.

3. Effect of quasiparticle lifetime
In this section, the dependence of the photocurrents on

the quasiparticle lifetime when approaching the clean limit (i.e.,
broadening parameter Γ→ 0) is analyzed. We consider positive
and negative Γ values to identify the magnetic origin of pho-
tocurrents. By analyzing the Γ-scaling of the photocurrents, it is
also possible to identify the role of different quantum geomet-
ric quantities.22,47–49 A general understanding of current photo-
response suggests that three terms can be identified that differ in
their scaling behavior with respect to Γ: a Drude term quadratic in
the lifetime broadening, a term probing the Berry curvature dipole
, which is linear in the lifetime broadening, and a term probing
the quantum metric dipole independent of the lifetime broaden-
ing.22 However, the Berry curvature itself and, therefore, the Berry
curvature dipole term are expected to vanish in 𝒫𝒯 -symmetric

systems,22 leaving only the Drude and the quantum metric
dipole terms.

We show in Figs. 6(a)–6(c) the results of our calculations for
J�N, J∥N, and Jz currents arising in response to different types of
pulses of frequency hω = 3.0 eV in a moderate range of positive
and negative Γ values up to 200 meV. We observe that at 25 meV
broadening, J�N is as large as −150 × 1010 A/m2 in the case of lin-
early z-polarized light [orange line in (a)], and a comparable current
magnitude for the other two cases of in-plane polarizations [red
and blue lines in (a)] is visible. Sizable responses to circularly polar-
ized light—which are helicity independent averages of the response
for two linear polarizations defining the plane of rotation—are also
visible in J�N. These contributions can thus be associated with
the LPGE. On the other hand, the other two components of the
photocurrent—J∥N and Jz—are an order of magnitude smaller over
the entire range of Γ, but they are helicity-switchable. These pho-
tocurrents can thus be associated with the CPGE. While the LPGE
currents are sizable for all three shown directions of linear polar-
ization, the CPGE responses are only present for a specific plane of
rotation of light for a given direction of the resulting current and
given Néel vector orientation.

Notably, computed LPGE and CPGE responses are qualita-
tively different with respect to a reversal in the sign of Γ. This is
indeed expected, as it is known that the LPGE and CPGE cur-
rents exhibit different behavior under time reversal operation 𝒯 ; it
can be shown that the LPGE is even under 𝒯 for magnetization-
independent and 𝒯 -odd for magnetization-dependent components
of the conductivity tensor. However, in 𝒫𝒯 -symmetric materi-
als, the 𝒫 -symmetry is broken only by the magnetization and not
by the crystal structure itself, and the magnetization-independent
part of LPGE is expected to vanish. Indeed, such a magnetization
dependent linear photogalvanic effect was predicted in the 2D anti-
ferromagnetic 𝒫𝒯 -symmetric insulator CrI3 and proposed for 3D
𝒫𝒯 -symmetric AFMs such as Mn2Au.46

The behavior of the computed currents under Γ-reversal can
now be understood by realizing that switching the sign of the quasi-
particle lifetime is equivalent to a reversal of the Néel vector. Indeed,
the linear photocurrent J�N is odd with respect to the broadening,
while the circular responses J∥N and Jz are even in Γ. In conclu-
sion, the LPGE photocurrents can be switched by a reversal of the
Mn magnetic moments and, at certain laser frequencies, also by
changing the orientation of the linearly polarized light. The CPGE
photocurrents can only be switched by changing the light helicity
and are one order of magnitude smaller as compared to the LPGE
photocurrents.50

IV. INVERSE FARADAY EFFECT
In this section, we discuss the properties of the light-induced

spin polarization, also known as the inverse Faraday effect (IFE),
which is believed to play a crucial role in optical switching and the
optical dynamics of antiferromagnets6,7,9,28,30 in Mn2Au. We com-
pute and analyze the overall induced spin moment in the unit cell,
δS+, defined as the sum of all induced spin moments in the unit cell,
as well as the staggered component of the induced spin, defined as
the difference between the moments on different Mn sublattices:
δS− = 1

2 [δS(MnA) − δS(MnB)]. The results of our calculations of
δS+ and δS− as a function of Γ (at hω = 3.0 eV) and frequency (at
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FIG. 6. Dependence of the photocurrents on the broadening parameter Γ at the
true Fermi energy of Mn2Au. The dependence of (a) J�N, (b) J∥N, and (c) Jz is
shown for hω = 3.00 eV for different types of laser pulses. For more details, see
the text.

Γ = 25 meV) are presented in Fig. 7. Similarly to previously discussed
photocurrents, the induced spin is projected onto the z-, ∥N-, and
�N-directions.

We observe that the integrated induced spin, Fig. 7(a), is most
sizable for the two in plane components, δS+∥N and δS+�N, which
exhibit a magnitude of the order of 1 × 10−6h/2 at 25 meV broad-
ening at the frequency of hω = 3.00 eV. All components are finite
only when the direction of the induced spin density is along the nor-
mal of the plane of rotation of circularly polarized light, and they can
be switched by the sense of light helicity, as expected from the IFE.28

Each component, however, shows a unique frequency dependence:
as Fig. 7(c) shows, the frequency dependence of the perpendicu-
lar in-plane spin density δS+�N can reach up to 5 × 10−6h/2 at the

FIG. 7. Inverse Faraday effect in Mn2Au. (a) and (b): Shown is the Γ dependence
of total (a) and staggered (b) spin density, δS+ and δS−, respecitively, for a laser
frequency of hω = 3.00 eV. In (c) and (d), the frequency dependence of the total
(c) and staggered (d) laser induced spin, perpendicular and parallel to the Néel
vector, respectively, is shown for Γ = 25 eV. In (e)–(g), the dependence of (e)
parallel, δS+

∥N, (f) perpendicular, δS+
�N, and (g) z-component, δS+z , of the total

spin density on the orientation of the polarization vector of linearly polarized light
is shown. In each case, the polarization is rotated in the same plane in which the
circularly polarized light rotates in (a).

frequency of 800 meV. The in-plane component, which is paral-
lel to the Néel vector (not shown), on the other hand, does not
exceed a value of ∼1.5 × 10−6 h̵/2 throughout the entire frequency
range.
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The out-of-plane component of the induced spin δS+z is sig-
nificantly smaller than the other two components: at 25 meV of
broadening, δS+z ≈ 0.35 × 10−6 h̵/2, which is more than two times
smaller than the in-plane components. However, it shows the slow-
est decay toward larger broadening values, and it is comparable
in magnitude to the in-plane components for Γ above 100 meV.
In the range of Γ from 20 meV up to almost 200 meV, the
z-component shows an almost perfect linear decrease when plotted
vs Γ on a logarithmic scale, indicating a ∼ log(Γ) behavior, whereas
the in-plane components show a much quicker decay in this region.

Recently, we predicted that a laser-induced torque in Mn2Au
can be generated not only by circular but also by linearly polarized
light.42 Our calculations of the IFE are in complete agreement with
the results of the latter work in terms of the symmetry of linear δS+

and δS−. For example, we can see in Fig. 7(a) that a non-vanishing
δS+z can arise in response to light polarized linearly along the x- and
y-directions but not when the light polarization is along the �N and
∥N directions. The overall dependence of δS+z , with hω = 3.00 eV
and Γ = 25 meV, on the orientation of linearly polarized light within
the xy-plane is shown in Fig. 7(g). In analogy to δS+z , the compo-
nents δS+∥N and δS+�N can also be driven by linearly polarized light
if the light polarization is confined to the plane whose normal is
aligned with the induced spin density (the same plane in which a
finite response to circularly polarized light occurs). Figures 7(e) and
7(f) display the dependence of δS+∥N and δS+�N on the orientation of
linearly polarized light in the corresponding planes. Our findings are
in full agreement with the symmetry analysis provided in Table I of
Ref. 42: the overall induced spin responses in xy-plane δS+∥N,�N cor-
respond to symmetry tensors Nos. 3 and 29, while the out-of-plane
component δS+z corresponds to the average of tensors Nos. 24 and
30, which describe the scenario of the Néel vector along the x- and
y-directions, respectively. The findings of laser induced magnetiza-
tion presented in this work are, therefore, intimately linked to the
laser induced torques found in Ref. 42. For example, the induced
magnetization δS+z shown in the third raw of Fig. 7(a) drives the
torque Tz presented in Fig. 1 of Ref. 42.

While the magnitude of the in-plane responses is overall sig-
nificantly larger than that of δS+z , the dependence of the sign of
the spin polarization on the light polarization and a non-trivial
angular dependence of the signal suggest that a very complex spin
response in Mn2Au can be driven by the “off-axis” linearly polar-
ized pulses. While the uniform response δS+ is effectively equivalent
to an effect of canting or the formation of weak ferromagnetism,
the staggered component of IFE, δS−, can give rise to a Néel-type
torque on the staggered magnetization51,52 or result in a staggered
modulation of the local moments. As for the latter, while the Néel
type torques are being currently intensively explored with respect to
electrical and optical switching of antiferromagnetic order,5,12,18,52,53

recently, a large staggered IFE was reported in AFM CrPt,9 where
a direct quenching of the magnetic moments on the Cr sublattices
was achieved by circularly polarized light. The reported quench-
ing was identified as the origin of ultrafast optical switching of the
Néel vector in CrPt,9 highlighting the importance of staggered IFE
in AFM materials. Notably, the properties of δS− that we compute
and present in Fig. 7(b) are quite different from the properties of
δS+ in many respects.

First, the staggered IFE components perpendicular to the Néel
vector, δS−�N and δS−z , are one to two orders of magnitude smaller

than the corresponding components of δS+, and they exhibit a qual-
itatively different behavior with the disorder. Second, the staggered
response parallel to the Néel vector, δS−∥N, is two orders of magnitude
larger than δS+, reaching as much as 10−4h/2 at room temperature
(Γ = 25 meV) in value. Moreover, the staggered response is finite
not only for circularly polarized light but also for linearly polarized
light, with circular responses being helicity-independent. Therefore,
among all the discussed components of δS− and δS+, δS−∥N behaves
like an LPGE effect, while all the other components exhibit a CPGE-
like behavior. Remarkably, the frequency dependence of δS−∥N is also
very distinct: as we see in Fig. 7(d), in the entire frequency range,
the staggered response has the same amplitude for light linearly or
circularly polarized within the xy-plane. For the latter, the largest
response of 85 × 10−6h/2 occurs at hω = 2.8 eV. For linear polar-
ization along z, an even larger peak of 125 × 10−6h/2 is visible at
hω = 3.1 eV. Note that the sign of δS−∥N is preserved for the entire
frequency band, which is in stark contrast to other components.
Overall, the complexity of laser-induced flavors of spin polarization
in Mn2Au suggests that the physics of laser-induced spin currents in
this material, which we consider next, can also be very rich.

V. LASER INDUCED SPIN CURRENTS
In solids, the interaction of light with matter mediated by

spin–orbit interaction suggests the exciting possibility of generating
pure spin currents with light. Historically, nonmagnetic semicon-
ductors were first found to host a spin Hall effect,54 which was
suggested to generate spin currents under radiation with circu-
larly polarized light.55 Later on, an all-optical generation of spin
currents via a transfer of optical angular momentum into a spin-
orbit-coupled semiconductor was reported.56 Recently, an optical
generation of colossal spin currents , which are second order in
the field, has been predicted theoretically for ferromagnets.31 More-
over, 𝒫𝒯 -symmetric collinear AFMs, such as those discussed here
in Mn2Au, were proposed as efficient sources of spin currents,57 and
a large spin circular photogalvanic effect was predicted for 𝒫𝒯 -
symmetric antiferromagnetic insulators.58 Ultrafast generation of
pure spin currents via the spin photogalvanic effect was predicted
in collinear insulating 2D AFMs.59 It was also shown that in non-
centrosymmetric systems that still hold mirror symmetry, pure bulk
spin currents can be generated even by means of linearly polarized
light.60

A. Symmetry analysis
In this section, we investigate laser-induced spin-polarized

photocurrents, or spin photocurrents, Q j
i , propagating along direc-

tion i with spin polarization along direction j, arising in response to
linearly and circularly polarized light in Mn2Au. Photospincurrents
that are independent of the Néel vector are described by axial ten-
sors of the fourth rank. We find that axial tensors of the fourth rank
are not allowed by symmetry in Mn2Au. Spin photocurrents that are
linear in the Néel vector are described by staggered polar tensors of
the fifth rank,

Q j
i = χ(5sp)

ijklm EkE∗l Nm. (11)

We find that there are 31 staggered polar tensors of rank 5 allowed
by symmetry in Mn2Au. We list them in Table II.
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TABLE II. List of staggered polar tensors of rank 5 allowed by symmetry in Mn2Au.
The notation introduced in Eq. (8) is used.

No. χ(5sp)
ijklm No. χ(5sp)

ijklm

1 ⟨22 113⟩ + ⟨11 223⟩ 17 ⟨31 331⟩ + ⟨32 332⟩
2 ⟨21 213⟩ + ⟨12 123⟩ 18 ⟨13 331⟩ + ⟨23 332⟩
3 ⟨33 333⟩ 19 ⟨13 313⟩ + ⟨23 323⟩
4 ⟨12 213⟩ + ⟨21 123⟩ 20 ⟨13 133⟩ + ⟨23 233⟩
5 ⟨31 111⟩ + ⟨32 222⟩ 21 ⟨11 333⟩ + ⟨22 333⟩
6 ⟨31 221⟩ + ⟨32 112⟩ 22 ⟨12 321⟩ + ⟨21 312⟩
7 ⟨33 311⟩ + ⟨33 322⟩ 23 ⟨11 131⟩ + ⟨22 232⟩
8 ⟨13 221⟩ + ⟨23 112⟩ 24 ⟨11 113⟩ + ⟨22 223⟩
9 ⟨32 121⟩ + ⟨31 212⟩ 25 ⟨21 321⟩ + ⟨12 312⟩
10 ⟨23 121⟩ + ⟨13 212⟩ 26 ⟨22 311⟩ + ⟨11 322⟩
11 ⟨32 211⟩ + ⟨31 122⟩ 27 ⟨21 231⟩ + ⟨12 132⟩
12 ⟨23 211⟩ + ⟨13 122⟩ 28 ⟨22 131⟩ + ⟨11 232⟩
13 ⟨13 111⟩ + ⟨23 222⟩ 29 ⟨31 313⟩ + ⟨32 323⟩
14 ⟨11 311⟩ + ⟨22 322⟩ 30 ⟨31 133⟩ + ⟨32 233⟩
15 ⟨12 231⟩ + ⟨21 132⟩ 31 ⟨33 113⟩ + ⟨33 223⟩
16 ⟨33 131⟩ + ⟨33 232⟩

B. Properties of spin photocurrents
We compute the magnitude of a spin current QB

A, propagating
along direction A with spin polarization along direction B as a func-
tion of Γ at hω = 3.0 eV, presenting the results in Figs. 8 and 9. First,
we discuss the spin currents propagating in the xy-plane, shown in
Fig. 8. In the latter case, the most sizable spin photocurrents are
Q∥N∥N and Q∥N�N (Fig. 8, upper panel), achieved by circularly polarized
light with the in-plane direction of the polarization plane normal,
with amplitudes reaching as much as ∼150 × 1010 h/(2e) A/m2 at
room temperature (Γ = 25 meV). Both components can be switched
in sign by light helicity. The components with the spin polariza-
tion perpendicular to the Néel vector, Q�N

∥N and Q�N
�N (Fig. 8, middle

panel), are somewhat smaller in magnitude but still significant. From
the plots, an apparent symmetry is visible: at a given direction of spin
polarization, along or perpendicular to N, the direction of the cur-
rent in-plane can be rotated by changing the in-plane direction of
the polarization plane normal. The spin photocurrents propagating
in the xy-plane correspond to symmetry tensors Nos. 14, 15, 22, 23,
and 25-28 of Table II.

The spin current flowing parallel to the Néel vector with spins
pointing along the z-direction, Qz

∥N, shown in the lower panel of
Fig. 8, is the only in-plane component responding to linearly polar-
ized light, with amplitudes reaching 75 × 1010 h/(2e)A/m2 at Γ = 25
meV. Here, the corresponding circular spin currents are also siz-
able but are helicity-independent and are given by the averages of
the linear polarized responses; this marks Qz

∥N as a manifestation of
LPGE. The LPGE-like spin photocurrent in response to light linearly
polarized within the xy-plane is supported by symmetry tensor No.
13 of Table II, while the response to light linearly polarized along z
corresponds to tensor No. 18.

In analogy to the case of charge photocurrents shown in Fig. 6,
LPGE-like Qz

∥N decays much slower with Γ than the rest of the
spin currents, which are CPGE-like. Again, in analogy to charge
photocurrents, the spin polarized current Qz

∥N changes sign when

rotating the in-plane linear polarization by 90○ in the xy-plane (red
and blue solid lines) or into the z-axis (orange solid line). A given
linearly polarized pulse thus not only induces a charge current flow-
ing perpendicular to N, J�N, but also a spin-polarized current Qz

∥N,
which is perpendicular to J�N. This can be interpreted as an optical
analogon of the spin Hall effect, as discussed in Subsection V C (see
also Fig. 10).

Finally, in Fig. 9, we display the spin photocurrents flowing
out of the plane along the z-direction for different orientations of
the spin polarization. Two types of spin currents can be distin-
guished here: the LPGE-like spin current Q∥Nz , shown in Fig. 9(a),
and CPGE-like helicity-dependent spin currents, with spin polariza-
tion perpendicular to N (pink curve) and along z (orange curve),
shown in Fig. 9(b). The LPGE-currents in Fig. 9(a) in response to
light linearly polarized in the xy-plane correspond to averages of
symmetry tensors Nos. 5 and 6 of Table II, while the response to
light polarized along z is governed by symmetry tensor No. 17. The
CPGE-like spin photocurrent Qz

z in Fig. 9(b) corresponds to an aver-
age of symmetry tensors Nos. 7 and 16 of Table II, and the Q�N

z
current to tensors Nos. 9 and 11. Among the two flavors of spin cur-
rents, in accordance with our previous observations, LPGE-currents
are subdominant and exhibit a non-trivial dependence on broaden-
ing: the majority of circular currents, being an average over linear
currents of opposite sign and non-trivial Γ-dependence, change their
sign at the value of broadening of about 30 meV. By generalizing our
observations, we can conclude that spin currents with spins aligned
with the direction of propagation, i.e., Qa

a with a ∈ {∥N,�N, z}, only
respond to circularly polarized light rotating in the plane spanned by
the Néel-vector and the z-axis. On the other hand, spin currents of
the type Qb

a, for a ≠ b ∈ {∥N,�N, z}, are always driven by the same
type of pulse as Qa

b spin currents.
Owing to the fact that only a single component, slowly decay-

ing with respect to the broadening parameter Γ, flows within the
xy-plane and along z, we envisage the spin photocurrents arising in
response to linearly polarized light as optimally suited for experi-
mental realization. Since the sizable spin photocurrents are induced
for all orientations of the linearly polarized light, remarkable flexibil-
ity in terms of possible geometric setups is present in this scenario.
The spin photocurrent flowing along the Néel vector with spin polar-
ization along z is larger by an order of magnitude as compared to
the out-of-plane LPGE-like spin photocurrent, and thus the former
in-plane component seems best suited to be utilized in spintronics
devices. Although experimentally challenging,61,17 in-plane spin cur-
rents can be injected and used to exert a torque on the magnetization
of a ferromagnet interfaced with Mn2Au,61 a situation where var-
ious device concepts consisting of a heavy metal as a spin current
generator and a ferromagnet have been suggested in the past.62–66

Our findings elevate these effects to the optical realm, as will be fur-
ther stressed in Sec. V C. Moreover, we speculate that the injection
of the spin photocurrent into a heavy substrate can be used to drive
an inverse spin Hall effect and corresponding THz radiation, which
can be utilized for the detection of the Néel order and Néel vector
orientation.67,68

We recall that LPGE charge photocurrents, presented in Fig. 6,
were found to be odd under sign reversal of the broadening, while
CPGE charge photocurrents showed an even behavior, identifying
both as purely magnetic photocurrents. In the Keldysh formalism,
the difference between the charge and spin photocurrent comes
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FIG. 8. Laser-induced spin currents as a function of broadening Γ for a frequency of hω = 3.00 eV. Left column (a) shows the spin currents flowing parallel to the Néel vector,
and the right column (b) perpendicular to the Néel vector for different directions of spin polarization as indicated by yellow arrows. In our nomenclature, QB

A denotes a spin
current propagating along direction A with spin polarization along direction B.

from replacing one of the velocity operators vi with the spin-velocity
operator {vi, τs}, where τs is one of the Pauli matrices. Since τs is
odd under 𝒯 , the behavior of spin photocurrents with respect to
the reversal in Γ is opposite to that of charge photocurrents. Mag-
netic LPGE-like spin photocurrents are, therefore, expected to be
even under sign reversal of Γ, and magnetic CPGE-like spin pho-
tocurrents are odd. We checked the behavior of the spin currents
presented in Figs. 8 and 9, with respect to a sign reversal of the
broadening and found all, LPGE- and CPGE-like responses to be
purely magnetic.

C. Photospin Hall effect in Mn2Au
At this point, let us summarize our findings for a simple case

of light linearly polarized along N, N∥[110]. In this case, the only
type of photoinduced charge current is J�N, the only non-vanishing

photo-induced spin polarization is δS−∥N, and there are two types

of pure spin current: Q∥Nz and Qz
∥N. Both of these spin currents

nominally satisfy the spin Hall effect geometry, i.e., the direction
of spin current propagation and its spin polarization are orthogo-
nal to each other and to the direction of J�N. Of these two, we will
consider below only Qz

∥N since it is larger in magnitude than the for-
mer (which is nominally a manifestation of the anisotropic spin Hall
effect in SHE language69), while their properties, discussed below,
are similar. It, therefore, seems insightful to scrutinize a possible
relation between the three LPGE-like types of quantities J�N, Qz

∥N,
and δS−∥N.

We first compare the behavior of J�N and Qz
∥N by plotting in

Figs. 11(a) and 11(b) their frequency dependence for three flavors
of the linearly polarized light. What we realize immediately is that
the considered charge and spin currents exhibit some qualitative
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FIG. 9. Laser-induced spin currents as a function of broadening Γ for a frequency
of hω = 3.00 eV. (a) Spin currents flowing along z with spin polarization along the
Néel vector. (b) Spin currents flowing along z for spin polarization along z and
perpendicular to the Néel vector.

similarities with respect to ω. Both charge and spin photocur-
rents are enhanced in the region of smaller frequencies, where the
responses are comparable in amplitude for two in-plane polariza-
tions (red and blue curves), changing their sign at a frequency of
hω = 1.00 eV. In the frequency band of hω from 2 to 3.5 eV, a strong
oscillatory behavior is visible for light linearly polarized in the xy-
plane. At hω = 2.8 eV, the spin photocurrent is maximized with a
strong peak for light linearly polarized along N (red curve) and a
negative peak for light polarized along z (golden curve). A corre-
sponding peak for z-polarization is also visible at this frequency for
the charge current.

Given the proper symmetry of the effect, as discussed earlier,
it seems rewarding to interpret the relation between J�N and Qz

∥N
in terms of a flavor of the spin Hall effect (see Fig. 10). We suggest
referring to this effect as the photospin Hall effect, which can be char-
acterized in terms of a photospin Hall angle ΘPSH, PSHA, defined

FIG. 10. Sketch of the photospin Hall effect in Mn2Au. In Mn2Au, a linearly polar-
ized light (shown with a wavy arrow; the polarization direction shown with a blue
two-sided arrow in the center of the plot) generates an in-plane charge photocur-
rent perpendicular to Néel vector N (given by the direction of the arrow on the “blue”
sublattice of Mn atoms). Via the photospin Hall effect, the charge current generates
a transverse spin current with spin polarization out of the plane, propagating along
N. The effect of the spin-Hall-like spin-dependent deflection of electrons (small
balls), whose spin is depicted with vertical blue and cyan little arrows, is shown by
an effective curving of the electron trajectories.

as the normalized ratio between the charge and spin photocurrents,
transverse to each other,

ΘPSH = arctan
Qz
∥N

J�N
. (12)

The practical meaning of the photospin Hall angle lies in provid-
ing the ability to predict the value of the generated transverse spin
photocurrent given an experimentally measured value of the charge
photocurrent. Figures 11(c) and 11(d) display the computed PSHA
in Mn2Au for various flavors of linearly polarized light plotted as a
function of band filling (for hω = 3.0 eV) and laser frequency (at the
true Fermi energy), computed at Γ = 25 meV. Generally, we observe
that around the true Fermi energy of Mn2Au, the PSHA is rela-
tively constant, acquiring the largest value for light polarized along
N. From the frequency dependence of the PSHA, we learn about the
rapidly oscillatory behavior of this quantity, suggesting that the ratio
between the charge and spin currents can be tuned by the frequency
not only in magnitude but also in sign.

To get a better feel for the microscopic origin of the photospin
Hall effect, we look at the reciprocal space distribution of considered
charge and spin currents at hω = 3.00 eV in Figs. 11(e) and 11(f). The
charge photocurrent J�N, shown in Fig. 11(e), exhibits competing
regions of positive and negative sign in reciprocal space, which yield
a net effect when integrated over the entire BZ. Shown in Fig. 11(f)
is the distribution of Qz

∥N. Clearly, when compared to the charge
photocurrent, the spin photocurrent displays a qualitatively differ-
ent behavior in the BZ. Instead of competing regions of the positive
and negative signs, the spin photocurrent is mostly driven by two
symmetry-related hotspots in +kz- and −kz-layers , which both con-
tribute with the same sign but are an order of magnitude smaller
as compared to the hotspots of charge photocurrent, which are also
positioned closer to the BZ boundary.
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FIG. 11. Photospin Hall effect in Mn2Au. (a) and (b) The frequency dependence of charge current J�N (a) and spin current Qz
∥N (b) for various types of incoming light pulse.

In (a), the computed circular currents are averages of corresponding linear currents. In (c) and (d), the photospin Hall angle ΘPSH, as defined in the text, is plotted vs the
band filling at hω = 3.0 eV (c) and frequency (d). (e)–(g) Brillouin zone distribution of J�N (e), Qz

∥N (f), and δS−
∥N (g), at the frequency of hω = 3.00 eV. For all calculations,

the broadening Γ was fixed to 25 meV.

Let us now take a look at laser-induced spin polarization δS−∥N.
First of all, we find that the BZ distribution of this quantity, pre-
sented in Fig. 11(g), is qualitatively very similar to that of the spin
current, especially with respect to the position and relative sign of
major contributing hotspots, which might be related to the spin
nature of both effects. Second, we also find some similarities between
δS−∥N and Qz

∥N in their dependence on laser frequency: the spin
photocurrent, Fig. 11(f), exhibits local extrema at the frequency
around hω = 2.8 eV, which is also the case for photo-induced spin
density, presented in Fig. 7(d). In addition, for linearly polarized
along z light, all three quantities—the charge and spin photocur-
rents as well as nonequilibrium spin density—display a peak at
hω = 1.2 eV, which can be attributed to a large number of states
available around that energy [see Figs. 1(c) and 1(d)]. Overall, we

thus find some level of correlation between the three quantities,
which is also expected in the conventional d.c. physics of the linear
in the field Rashba-Edelstein-like phenomena.70,71

VI. EFFECT OF CANTING
Antiferromagnets are naturally prone to the effect of cant-

ing away from collinear configuration, which can be characterized
by the so-called vector chirality proportional to the vector prod-
uct between the spins on two sublattices. Recently, we have shown
that in bipartite canted antiferromagnets the behavior of the anoma-
lous Hall effect (AHE) can be systematically categorized based on
the crystal72,73 and chiral flavors of the AHE , which are even and
odd in vector chirality, respectively.74 This separation has also been
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generalized to the domain of magneto-optical phenomena and was
shown to be crucial in understanding the temperature and magnetic
field dependence of the AHE in antiferromagnets.75 In AFMs, the
chiral Hall effect directly probes the sense of chirality of the mag-
netic moments, as was also shown in the case of Mn2Au.74 Although
the canting of magnetic moments is forbidden by the 𝒫𝒯 -symmetry
of the system, a symmetry lowering due to, for example, the applica-
tion of an external magnetic field or deposition on a substrate can be
used to induce canting. In this section, we introduce and study the
chiral flavors of the photocurrents and the inverse Faraday effect in
Mn2Au.

A. Chiral photocurrents
Similarly to the case of the anomalous Hall effect,74 we intro-

duce the crystal and chiral photocurrents as symmetric J(s) and
antisymmetric J(a) parts of the photocurrents upon switching the
sign of chirality as given by the canting angle θ away from the
∥N-direction,

J(s/a) =
J(+θ) ± J(−θ)

2
, (13)

where J(±θ) is the photocurrent evaluated in the system with
spins canted by an angle ±θ toward either the z- (out-of-plane
canting) or the �N-direction (in-plane canting) (see sketches in
Fig. 12). As in the case of the anomalous Hall effect,74 we expect the

symmetric, crystal photocurrents to closely follow the properties of
collinear photocurrents studied earlier, at least for small canting
angles, while marking the sensitive to the sense of chirality chiral
photocurrents as a type of current that is characteristic of canted
systems. Practically, we realize the effect of canting by applying an
external exchange term to the Wannier interpolated Hamiltonian, as
described in Ref. 74. Unless stated otherwise, we apply an exchange
field B of 200 meV, keeping in mind that a field with a magnitude of
±100 meV results in about ±2○ canting of Mn moments. We achieve
the in-plane (IP) and out-of-plane (OOP) canting by applying the
positive (+θ) and negative (−θ) exchange fields perpendicular to
the Néel vector in-plane and along z, respectively.

We discuss in detail the case of out-of-plane canting, presenting
in Fig. 12 the results for J(s/a)�N (left) and J(s/a)∥N (right) components as
defined in Eq. (13) for a 200 meV exchange field applied along z. We
observe that the symmetric perpendicular current, J(s)�N , Fig. 12(a),
arises in response to linearly polarized light and shows an almost
identical frequency dependence as the corresponding photocurrent
for the collinear spin configuration shown in Fig. 5. The symmet-
ric parallel current, J(s)∥N , Fig. 12(b), responds only to light circularly
polarized in the xy-plane, which is also the case for the collinear
scenario. We have checked that for all considered responses, the
expectation that the symmetric responses would closely resemble the
uncanted ones generally holds true very well, and we thus discuss in
the following only the chiral contributions.

FIG. 12. Symmetric (upper panel) and antisymmetric (lower panel) charge photocurrents at 200 meV canting along z , which are (a) perpendicular and (b) parallel to the Néel
vector, as a function of the laser frequency for the broadening of 25 meV.
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The chiral photocurrent J(a)�N shown in Fig. 12(a) is driven
by xy-circularly polarized light and is in contrast to the symmet-
ric component, helicity-switchable, with the largest amplitude J(a)�N
≈ ±37 × 1010 A/m2 at the laser frequency of hω = 2.0 eV. The chi-
ral photocurrent flowing parallel to the Néel vector, Fig. 12(b), is
comparable in amplitude with J(a)∥N ≈ 28 × 1010 A/m2 at hω = 2.8 eV.

In contrast to the symmetric current for this component, J(a)∥N is
driven by linearly polarized light, and its circular part is given by
an average over linear components. At finite frequencies, both chiral
photocurrents are comparable in magnitude to their respective crys-
tal counterparts. This is unexpected given a small degree of canting
of the moments; however, this observation falls into the philosophy
of a generally very prominent chiral response in AFMs, also observed
for the anomalous Hall effect.74

We note that due to symmetry, chiral charge photocurrents
respond to the same type of field as collinear spin photocurrents
if the spin polarization of the spin photocurrents is along the
direction of the applied canting field (for example, J(a)∥N and Qz

∥N

both show LPGE-like responses). Interestingly, chiral photocurrent
response to linearly polarized light is only present if the exchange
field is applied out of the plane. In the case of in-plane canting,
sizable chiral photocurrents are also present, but only in response
to circularly polarized light. The presence of chiral photocurrents
in response to linearly polarized light might, therefore, be utilized
as a proxy for an out-of-plane switching path accompanied by
canting.

B. Chiral IFE and chiral spin photocurrents
Motivated in part by our observation of strong chiral photocur-

rents of charge and given a strong recent interest in the physics and
properties of spin currents in chiral systems,76–79 we finally discuss
the modifications to IFE and spin photocurrents brought about by
canting in Mn2Au. Analogously to Eq. (13), we define the symmetric
(crystal) and antisymmetric (chiral) components of the laser induced
spin density and spin photocurrent with respect to a canting by
angle θ as

FIG. 13. Antisymmetric spin responses as a function of light
frequency for (a) and (c) in-plane canting (IP, exchange field
B along i � N) and (b) and (d) out-of-plane canting (OOP,
exchange field B along i∥z). Shown are the laser-induced
nonequilibrium spin density and the associated spin pho-
tocurrent. (a) and (b): The exchange field applied along
i drives an LPGE-like chiral spin density parallel to the
field. The associated LPGE chiral spin photocurrent flows
along z, and it is polarized along i × N. Note the colos-
sal magnitude of the chiral spin currents. The insets show
the dependence of the antisymmetric spin density on the
strength of the applied exchange field for various laser
polarizations (at hω = 3.0 eV). (c) and (d) The exchange
field also drives a CPGE-like chiral spin density along the
i × N direction. The associated CPGE-like spin photocur-
rent propagates along z, and it is polarized perpendicular to
the induced spin density along (i × N) × N = i. The broad-
ening for all calculations has been taken at the value of
25 meV.
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δSa/s
=

δS+(+θ) ± δS+(−θ)
2

,

Qa/s
=

Q(+θ) ±Q(−θ)
2

.
(14)

Note that we consider only the chiral component of the total photo-
induced spin density δS+ and spin photocurrent Q, as we did not
find either qualitative changes or significant magnitude in other
components upon canting.

In Fig. 13, we present the frequency dependence of the LPGE-
like (a) and (b) and CPGE-like (c) and (d) chiral nonequilibrium
spin density and spin current for the IP (a) and (c) and OOP (b)
and (d) canting. Displayed in Figs. 13(a) and 13(b) is the chiral spin
density induced along the direction i of the applied IP and OOP
exchange fields. The induced spin density is clearly LPGE-like with a
sizable magnitude for all orientations of the linearly polarized light.
Comparing the spin density responses in (a) and (b), we realize that
induced δSa

i does not at all depend on the direction of the applied
exchange field. Moreover, the response is perfectly isotropic with
respect to the rotation of the polarization of light in the plane. At
the frequency of hω = 1.6 eV, the spin density is suppressed for all
three linear independent polarizations. Up to this frequency, the
two in-plane and z-polarized signals have the same sign and fre-
quency dependence, with the IP-polarized response being smaller
in magnitude. At frequencies above hω = 2.0 eV, the OOP response
becomes negative while the IP responses remain positive. For exam-
ple, at hω = 2.9 eV, the spin density can be switched between the
values of δS(a)�N ≈ ±10 × 10−6 h̵

2 when rotating the linear polarization
from within the xy-plane into the z-direction. The discussed chiral
spin density can be seen as a result of the action of an exchange field
on the staggered spin density generated along N, δS−∥N, which gets
canted, resulting in an effective ferromagnetic moment and asso-
ciated chiral spin density pointing along the exchange field. This
spin density response can effectively drive a spin-polarized current
via the spin galvanic effect.80 Indeed, we observe a generation of
colossal LPGE-like spin photocurrents that propagate along z with
spin-polarization along i ×N [see the lower part of Figs. 13(a) and
13(b)], with a magnitude that is larger by an order of magnitude as
compared to collinear spin photocurrents, discussed earlier, reach-
ing as much as 1760 × 1010

[h/(2e) A/m2
] for light polarized along

z at hω = 3.0 eV. Interestingly, while the LPGE chiral photocurrents
of charge are significantly suppressed for the IP canting (not shown),
the chiral spin photocurrents are found to correlate directly with
the chiral spin density, both in terms of frequency dependence and
light polarization dependence, as well as in their “insensitivity” to the
direction of the applied canting field. As the insets show, the chiral
laser-induced spin density scales linearly with the applied exchange
field up to the field strength of 200 meV, and we also confirm that
the linear behavior in this range is preserved by other computed
quantities. This implies that even at very small canting angles below
one degree, the photo-induced chiral spin currents will be very large
in overall magnitude and can serve as markers of both the effect of
canting as well as its strength.

Besides the LPGE-like responses shown in Figs. 13(a)
and 13(b), a helicity-switchable chiral CPGE-like photo-induced
nonequilibrium spin density is induced along i ×N, accompanied
by an associated spin-polarized photocurrent flowing along z with

spins along i, as shown in Figs. 13(c) and 13(d). However, the pre-
dicted magnitude of the effects is two orders of magnitude smaller
when compared to the LPGE-like responses, being overall compa-
rable to the range of values for the collinear case. Here, we also do
not observe any correlation in frequency dependence between the
photo-induced spin density and the spin currents.

VII. CONCLUSIONS
In our work, using ab initio Keldysh formalism, we have scruti-

nized the response properties of Mn2Au subjected to linearly and
circularly polarized laser light. We explicitly computed the laser-
induced photocurrents of charge and spin and the laser-induced
spin-polarization. We found that the magnitude of the computed
effects is sizable, and their nature is of purely magnetic origin. The
extreme sensitivity of the effects to the sense of light polarization, the
direction of the Néel vector, light frequency, and quasiparticle life-
time was observed. The diversity of observed responses suggests that
the dynamical properties of staggered magnetization in this material
can be detected by tracking the dynamics of the photocurrents. We
have uncovered and studied the emergence of the photospin Hall
effect in Mn2Au, which governs the generation of transverse pho-
tocurrents of spin in response to generated charge photocurrents in
this system. Finally, we predict that colossal chiral spin photocur-
rents can be generated even upon a very small canting of staggered
moments, which suggests that antiferromagnetic dynamics accom-
panied by intrinsic reorganization of the magnetic order may find a
prominent place in optospintronics applications as a strong source
of optically generated spin currents.
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