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Spin current is a key to realizing various phenomena and functionalities related to spintronics. Recently,
the possibility of generating spin current through a photogalvanic effect of magnons was pointed out
theoretically. However, neither a candidate material nor a general formula for calculating the photogalvanic
spin current in materials is known so far. In this Letter, we develop a general formula for the photogalvanic
spin current through a magnetic resonance process. This mechanism involves a one-magnon excitation
process in contrast to the two-particle processes studied in earlier works. Using the formula, we show that
GHz and THz waves create a large photogalvanic spin current in the antiferromagnetic phase of bilayer
Crl; and CrBr;. The large spin current arises from an optical process involving two magnon bands, which is
a contribution unknown to date. This spin current appears only in the antiferromagnetic ordered phase and
is reversible by controlling the order parameter. These results open a route to material design for the

photogalvanic effect of magnetic excitations.
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Introduction.—In a photogalvanic effect, a dc electric
current occurs by the illumination of light [1-3], such as in
solar cells. Phenomenologically, it is a nonlinear optical
effect where the current J, reads as J, = 6@ E(w)E(-).
Here, E(w) is the intensity of oscillating electric field with
the frequency w, and ¢'? is the nonlinear conductivity.
This phenomenon requires inversion symmetry breaking
because both J, and E(w) are odd under spatial inversion
operation. Recent studies revealed that the photogalvanic
effects are a useful probe for nontrivial electronic states
such as Weyl electrons [4-9] and Berry curvature dipole
[10-12]. In addition, spin [13—16] and orbital [17] currents
by related mechanisms were also proposed, revealing rich
nonlinear response in semiconductors.

Similar phenomena of magnetic excitations, where the
spin current is generated by optically exciting magnetic
excitations [18-20], have potential for optospintronics
applications such as ultrafast information processing in
spintronics devices [21,22]. Unlike those by electronic
excitations, the spin currents by magnetic excitations occur
with GHz to THz electromagnetic waves. For the photo-
galvanic spin current, the phenomenological formula reads
as J;, = 6P h(w)h(-w), where J; and h(w) are the spin
current and ac magnetic field with frequency w, respec-
tively. Similar to the electronic photogalvanic effect, this
spin current is expected to occur in noncentrosymmetric
magnets. This phenomenon is potentially beneficial for
low-energy processing as the Joule heating is suppressed.
However, no candidate material is known so far. Finding a
material with a sufficiently large spin current density is a
key for further developments in the study of photogalvanic
spin current, especially for experimental studies.
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In view of the symmetry requirement, bilayer trihalides
are interesting candidates for studying the photogalvanic
spin current. Trihalide Crl; is a van der Waals magnet
consisting of two-dimensional honeycomb layers of Cr § =
3/2 spins [Fig. 1(a)]. A recent experiment discovered that a
few layers of Crl; show magnetic orders at low temper-
atures, including the bilayer device [23-25]. At low
temperatures, the Cr spins in each honeycomb layer align
ferromagnetically, forming a ferromagnetic sheet. These
ferromagnetic layers align antiferromagnetically under
hydrostatic pressure [26] or by applying electric field
[25,27]. Similar behavior is also known in CrBrs, except
that the magnetic anisotropy is weaker than Crl; [28]. In the
paramagnetic phase, the bilayer Crl; has an inversion
center at the middle of the two layers, whereas the
antiferromagnetic order breaks the inversion symmetry
[29]. Hence, a photogalvanic spin current of magnetic
excitations is also allowed in the antiferromagnetic phase.

To generate a photogalvanic spin current larger than
those in the previous works, we study the spin current
induced by oscillating magnetic field transverse to the
ordered moments. Unlike the previous studies considering
oscillating longitudinal fields [19,20], we find one-magnon
processes contribute to the spin current. For this purpose,
we develop a general formula for the photogalvanic
magnon spin current mediated by magnetic resonance.
The formula consists of two contributions: the process only
involving one magnon band, and the other involving two
magnon bands. The two-band process related to the off-
diagonal component of the spin-current operator is a
contribution unknown to date, which gives a large spin
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FIG. 1. Schematic of the model and its magnon dispersion.
(a) and (b) are the lattice structure and magnetic order of the
antiferromagnetic Cr trihalides bilayer viewed from the z and
x axes, respectively. The dashed diamond is the unit cell and the
numbers 1-4 denote the sublattice indices in the unit cell.
(c) Magnon band structure of Crl; in the first Brillouin zone.
(d) Magnon dispersion along the k, = 0 line. (e),(f) Enlarged
views of the lower magnon band around the I" point with H =
0T (e) and 1T (f). The parameters here are J = 2.01 meV,
D, =0.22 meV, and J, = —0.59 meV.

current in the trihalides. We find that this contribution gives
the spin current conductivity 6(?) ~ 1071° Jcm™2 in bilayer
Crl; and CrBr; with Gilbert damping parameter a = 1072,
This estimate is orders of magnitude larger than other
proposals [19,20], reaching a value comparable to those
by spinon spin Seebeck effect [30] with a 1 mT ac magnetic
field. The conductivity is linearly proportional to (awg)™"
where @, is the resonance frequency, implying that ()
increases by reducing a [31,32] or by reducing @, by
applying a magnetic field. The results demonstrate a
theoretical prediction of photogalvanic spin current and
suggest a strong candidate material for experimental studies.

Spin model for Cr trihalides.—The effective spin model
for bulk Crl; consists of layered honeycomb lattices of § =
3/2 Cr spins. The exchange interaction and anisotropy of
the Cr spins are estimated from the inelastic neutron-
scattering experiment [33], wherein the authors find a
dominant intralayer nearest-neighbor Heisenberg interac-
tion and uniaxial anisotropy, along with other small intra-
layer interactions. Hence, we consider an effective spin
Hamiltonian with the nearest-neighbor ferromagnetic inter-
action J, interlayer antiferromagnetic interaction J., and
the easy-axis anisotropy D..

The Hamiltonian reads as

Hy=—=J > Si-Sju—JcY Sn-Si
( ) i

in,jm

= DY (S50 = hY S (1)

where S;, = (S5,. S},. S3,) is the S = 3/2 Heisenberg spin
on the sublattice n = 1, ..., 4 of the ith unit cell. Sublattices
n =1, 2 form the first honeycomb layer, and n = 3, 4
sublattices form the second one. The final term is the
Zeeman interaction with an external static field A =
gupH (g~ 2 is the g factor, up is the Bohr magneton, and
H is an applied static magnetic field along the z axis). The
fitting of magnon bands to neutron scattering data gives
J =201 meV,D, =022 meV, and J. = 0.59 meV [33].
The interlayer coupling in this estimate is ferromagnetic
because the antiferromagnetic phase appears only by apply-
ing gate voltage or by applying pressure. As the magnetic
transition temperature in the antiferromagnetic phase is
almost the same as that of the ferromagnetic phase, we
assume J, = —0.59 meV in the antiferromagnetic phase.
With this negative J,., the ground state is an antiferro-
magnetically ordered state with the two ferromagnetic
honeycomb layers aligning in an antiparallel configuration
[Fig. 1(a)]. Here, the spins point along the z axis due to the
uniaxial anisotropy D.,. The effective Hamiltonian for CrBr;
is similar to the Crl; Hamiltonian except for the values of the
exchange interactions and the anisotropy [34,35], as we will
discuss later; most importantly, the anisotropy is smaller
in CrBr3.

To study the photoinduced dynamics in our model H,,
with reasonable accuracy, we apply the spin-wave theory.
Details of the calculation are elaborated upon in the
Supplemental Material [36]. Figures 1(c)-1(f) show the
magnon band @ ; in the antiferromagnetic phase of Crls

using the above parameters. Here, k= (kg ky) is the wave
vector of magnons and 7 is the band index. The magnon
bands are doubly degenerate at 4 = 0, while a finite field &
lifts the degeneracy due to the Zeeman splitting [Fig. 1(f)].
The calculated band structure is in semiquantitative agree-
ment with the recent experiment [38].

Spin current conductivity.—To generate a photoinduced
dc spin current, we apply an ac transverse field to the
system H,, whose Hamiltonian is given by

H() = =h ()Y S5 -0 S, (@)

where ¢ is time and h,(¢) (¢ = x, y) are the ac magnetic
field along x and y axes. We note that this light-matter
coupling is distinct from those in Refs. [19,20], where the
magnetic field couples to S3,.
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The nonlinear spin current conductivity [0'(2)]2’” 1(0:0,—w)
for the perturbation, Eq. (2), is defined by [39]

Ji0)=>" / [6]2,,(0; 0, —0)h, (@) h,(-w)do, (3

where j/zd = Z(in,jm) J[(rj)ﬂ - (ri)u](sfnsi')m - ans/;m) is
the spin current for the @ component of spin angu-
lar momentum flowing along the u axis, Jg(Q) =
J{T&)e ™ dr is the Fourier transform of thermal average
of the spin current 7%, and h,(w) = [ h,(t)e™"dt is the
Fourier transform of £, (¢). Here, only J; is discussed; as §*
is a conserved quantity, we can define this spin current
unambiguously from the continuity equation.

To accurately estimate o) (0;w, —w), we derive the
generic formula for the second-order nonlinear conduc-
tivity by the ac transverse field. The detailed derivation of
the formula is given in the Supplemental Material [36].
Utilizing the formula, we compute the dc spin current
conductivity 6> of our model H, + H'(t).

Figure 2 shows the frequency @ dependence of
0

i2x(0; @, —w) for the antiferromagnetic phase of the

model in Eq. (1); the magnon relaxation rate reads as 1 /7 =
aw where a = 1072 is the Gilbert damping constant. We
only show the results for [¢(*)] o @8 (6] ¢,y is the same as
(623, and [6P]3, s zero due to the symmetry of Crl,
(see Supplemental Material [36] for details). The position
of two peaks in Fig. 2(a) corresponds to the frequency of
magnons at k=0 in Fig. 1(d). The conductivity at the
resonance peaks in Fig. 2 are 6) ~ 107! Jem™ T2, and
is linearly proportional to 7. Previous theories [19,20] argue
that J, ~107'® Jem™2 is necessary for the experimental
observation of spin current. According to Fig. 2, ~1 mT ac
magnetic field (~103-10* Vcm™!) is required to produce
J,~1071% Jem™? for 7= 1/awy = 6.62 x 10719 s, The
required ac magnetic field is a couple of orders smaller
than that of the mechanism in previous works [19,20].

In Fig. 2(b), we show the magnetic field dependence of
[0(2)];”(0;(0, —w). The resonance frequency of the lower

peak at zero static field is in the order of 10> GHz,
which is a consequence of the magnon gap induced by
the single-ion anisotropy of Crl;. Each peak split into two
under the static magnetic field, reflecting the lifting of the
degeneracy of magnon bands. By increasing the magnetic
field, the lower band eventually reaches zero energy
causing a transition to a ferromagnetic phase. The field-
induced antiferromagnetic to ferromagnetic transition at
H~05-1.0T is indeed observed in the experiment
[26,27]. Hence, the resonance frequency can be tuned by
the external magnetic field within experimentally available
field strength.
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FIG. 2. Spin current conductivity [¢\?]5, (0; @, —w) for the
model in Eq. (1) with Gilbert damping a = 1072. (a) Frequency
dependence of the spin current conductivity for different
anisotropy D, = 0.22 meV (blue), 0.12 meV (orange), and
0.02 meV (green). The data for D, = 0.22 meV corresponds
to Crlz. Other parameters are J = 2.01 meV, J. = —0.59 meV,
and D, = 0.04 meV. (b) Frequency dependence of the lower
peaks for the static magnetic field H =0.1 T (blue), 0.3 T
(orange), 0.5 T (green), and 1.0 T (red). (c) Frequency depend-
ence of the lower peaks for CrBr; with H =0.1T, 0.3 T,
05 T, 0.6 T, and 0.65 T. The data are for J = 1.36 meV,
J. = —0.024 meV, and D, = 0.04 meV.

Another route to tune the magnon gap is by changing the
anisotropy. A recent study reports that Cr trihalides with
different halide ions have different anisotropy [28,40]: Crl;
is an easy-axis type magnet, whereas CrBr; is almost
Heisenberg-like with a small single-ion anisotropy, and the
magnetic moments in CrCly are XY-like. In addition, the
interlayer coupling of CrBry is controllable between
ferromagnetic and antiferromagnetic by controlling the
stacking [41]. As in Fig. 2(a), the peak position for the
antiferromagnetic order shifts to lower frequency as D,
decreases. In Fig. 2(c), we show the H dependence of
[612]3,.(0: @, —w) for CrBrs, in which the parameters are
estimated as J = 1.36 meV, J, = —0.024 meV, and D, =
0.04 meV [34,35]. The results are qualitatively the same as
that of Crl; in Fig. 2(b), except that the resonance
frequency is lower. The peak [a(2>]§xx(0; ®, —w) increases
rapidly reflecting the low resonance frequency which
diverges as it approaches zero; the result for H = 0.65 T
is 2 orders of magnitude larger than that of H = 0.1 T [see
Fig. 2(c)]. Hence, as discussed below, reducing the reso-
nance frequency by a magnetic field is a route to further
enhance the spin current.

Two-band process.—We next turn to the mechanism
of the photogalvanic response by the ac transverse field.
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TABLE 1

List of mechanisms for photoinduced spin current by Zeeman coupling. FM stands for ferromagnet and PGSC is for

photogalvanic spin current. The last column shows the direction of the external ac field: longitudinal (transverse) is for the field along
(perpendicular to) the ordered moment. All setups assume a magnetic order except for the spinon PGSC.

Mechanism Material Spin current Ac field
Spin pump [42] Magnetic resonance FM Diffusion Transverse
Spinon PGSC [19] Two-spinon excitation Noncentrosymmetric spin chain  Shift current Longitudinal
Magnon PGSC [20] Two-magnon excitation Noncentrosymmetric magnet Shift current Longitudinal
One-band magnon Magnetic resonance + single-band  Helical magnet with DM Injection current ~ Transverse
PGSC [18] process interaction
Two-band magnon Magnetic resonance + two-band Noncentrosymmetric magnet Injection current ~ Transverse
PGSC [this paper] process

The general formula in the Supplemental Material [36]
consists of two single-magnon excitation terms

[0<2>];41//1(0 w, a)) [ & 1b)];w1 (O;w’ _a))

+ [ (2:26) ];w/l(o , (A)) (4)

[0 10)]5,(0:00, —w) = —i—

T i |:~’;n [(‘7/(;*>m,m}ﬁf;1+nuc

i~ | v-w,5-1/2t
+:Bfn[(‘7loi)m,m]~¢n+nuc
o+tw, ;—i/2t |
1 1
(226)12 (0
[ ]”M( . a)) 2”m,lz1w1n6_a)l6_i/27
m#l
% /Bll/[(]g)lm + (jg’)m-&-nm l+nuc] NﬁwrnuC
w—w5—1/2t
ﬂi[(‘]ﬂ)l m ( )m+nm l+nuj/))m+nuc
w+to ;—i/2t ’

where J% is the 2n,. x 2n,. matrix of the spin current
operator in the magnon eigenstate basis (n,. =4 is the
number of sublattices), w : is the eigenfrequency of the
mth magnon band with the momentum /2 and B’l‘ is the
coupling constant between i, (u = x, y) and the /th k=0
magnon. The formal definition of ]6 and ,B’; is given in the
Supplemental Material along with the derivation of the
formula. The first term in Eq. (4), [6*1?)]% ,(0; 0, —w), is
the contribution that involves one magnon band whereas
the second term, [¢*2")]% (0; @, —), involves two mag-
non bands (Table I). Unhke the previous work, however,
there are no two-magnon terms in the excitation by ac
transverse field, as the transverse field does not couple to
two-magnon terms [36].

Among the two terms in Eq. (4), the two-band contribu-
tion [622)]% (0; @, —w) does not require Dzyaloshinskii-
Moriya (DM) interaction. The one-band contribution is

proportional to the diagonal component of the spin current

operator, hence, to the group velocity of magnons at k= 0.
Therefore, DM interaction is necessary for the one-band
process as studied in a previous work [18]. In contrast, the
two-band contribution is related to the off-diagonal com-
ponents of the spin-current operator. These terms generally

remain nonzero at k = 0 regardless of the symmetry of the
band. Therefore, the two-band process contributes to the
photogalvanic spin current in a system with symmetric
dispersion @, = o in contrast to the one-band
process.

We re-emphasize that two-particle processes similar to
those in Refs. [19,20] do not exist in Eq. (4). Hence, only
single-particle processes contribute to the spin current. The
difference of the microscopic mechanism manifests as the
relaxation time dependence: the two-magnon mechanism is
shift-current-like (62  7°) whereas the present proposal
is injection-current-like (62 « z'). These differences are
summarized in Table I. As we discussed above, the one-
magnon process produces a spin current orders of magni-
tude larger than the previous estimates for two-particle
excitation processes. At the resonance frequency w = w5,
the two-band process is dominated by the resonating
magnon band, and the conductivity is given by

m,—lz’

Myc

2:2b -7 1
[0 >]/MN_1;Z - w5 —

=1 me
I#m

X LE%[(jg’)ml + ( g’)l+nuc,m+nujﬁ?—&-nuc
BT 1+ O tin Brin]: )

i/27

The spin current is proportional to z, and hence, it is like
the injection current in the photogalvanic effect. This
formula also implies that [¢'*2")]% , increases linearly with

7= (aw,;)”". Hence, a smaller resonance frequency is
favorable as in Fig. 2(c).

Discussion.—In this Letter, we developed a general
theory for the photogalvanic spin current induced by ac
transverse magnetic field. Unlike the previous work finding
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only a two-magnon process producing the spin current
[20], the photogalvanic spin current by the ac transverse
field occurs through one-magnon processes. Using this
formula, we study the spin current in bilayer Crls, in which
we find a large nonlinear spin current conductivity in its
antiferromagnetic phase. The conductivity shows sharp
peaks at the frequency corresponding to the energy of k=

0 magnon modes. At the resonance frequency, the peak
reaches ¢~ 107197ecm™2 T2 for a = 102 despite the
small magnetic-field component of the electromagnetic
wave, several orders of magnitude larger than that produced
by other mechanisms [19,20]. The estimated conductivity
implies a spin current of J; ~ 1071% Jcm™ created by 1 mT
ac magnetic field. The larger response due to a new
mechanism implies a larger response is generally possible
by the single-magnon process.

Recent studies on Cr trihalides revealed that they are
highly controllable two-dimensional magnets where both
ferromagnetic and antiferromagnetic phases are realized.
Our calculation shows that the photogalvanic spin current
appears in the antiferromagnetic phase, whereas it is
prohibited in the ferromagnetic phase. For the experiment,
a setup similar to that in ferromagnetic resonance studies
should suffice [43,44]. In addition, the direction of spin
current changes depending on the orientation of the
antiferromagnetic order, i.e., whether the magnetic
moments on the first and second layers are an up-down
or down-up type. This directional nature is inherently
different from that of spin pumping [42], in which photo-
induced spin current diffusively expands to all directions.
These properties of the photogalvanic spin current delineate
themselves from similar phenomena.

Generating spin current in different frequency regimes is
important for experiments and applications because differ-
ent techniques are used for different frequencies. For
instance, intense THz fields are often generated using
lasers [45,46], whereas the GHz fields utilize electronics
technologies. Each technique has its strengths and weak-
nesses, which play critical roles in designing experiments
and devices. Therefore, extending the frequency range in
which the photogalvanic spin current occurs extends the
opportunities for experiments and applications.

Optical technologies in the GHz to THz domain have
experienced significant progress over recent years. GHz
waves have been long used in magnetic resonance experi-
ments [47], and THz laser pulse techniques have been
developed in the last decades [45,46]. In spintronics
[22,48], such techniques are utilized to control magnetic
states [21]. Intense-THz-laser-driven phenomena in mag-
nets have also been explored experimentally [49-51] and
theoretically [52-55]. The photogalvanic spin current
proposed in this work should be detectable using the
currently available techniques of GHz-THz waves.

This work is supported by JSPS KAKENHI (Grants
No. JP18H03676, No. JP19K 14649, and No. JP20H01830)
and a Grant-in-Aid for Scientific Research on Innovative
Areas "Quantum Liquid Crystals" (Grant No. JP19H05825).
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