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Laser-induced torques in metallic ferromagnets
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We study laser-induced torques in bee Fe, hep Co, and L1, FePt based on first-principles electronic structure
calculations and the Keldysh nonequilibrium formalism. We find that the torques have two contributions, one
from the inverse Faraday effect (IFE) and one from the optical spin-transfer torque (OSTT). Depending on the
ferromagnet at hand and on the quasiparticle broadening the two contributions may be of similar magnitude, or
one contribution may dominate over the other. Additionally, we determine the nonequilibrium spin polarization
in order to investigate its relation to the torque. We find the torques and the perpendicular component of the
nonequilibrium spin polarization to be odd in the helicity of the laser light, while the spin polarization that is
induced parallel to the magnetization is helicity independent. The parallel component of the nonequilibrium spin
polarization is orders of magnitude larger than the perpendicular component. In the case of hcp Co we find good
agreement between the calculated laser-induced torque and a recent experiment.
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I. INTRODUCTION

Several mechanisms induce torques on the magnetization in
magnetically ordered materials when laser pulses are applied
[1]. When circularly polarized light is used, an effective
magnetic field parallel to the light wave vector acts on the
magnetization due to the inverse Faraday effect (IFE) [2]
[Fig. 1(a)]. The IFE is thought to play a crucial role in the
laser-induced magnetization reversal in ferromagnetic thin
films [3,4]. Additionally, there is a light-induced effective
magnetic field perpendicular to both the magnetization and
the light wave vector, which leads to the optical spin transfer
torque (OSTT) [5] [Fig. 1(b)]. Besides these nonthermal
effects, the laser-induced heating can also generate torques
due to heat-induced modifications of the magnetic anisotropy
fields [6]. Furthermore, laser pulses excite superdiffusive spin
currents in magnetic heterostructures [7-10], which mediate
spin-transfer torques when they flow from one magnetic layer
into another [11]. Finally, the laser-induced heating drives spin
currents due to the spin-dependent Seebeck effect, which leads
to thermal spin-transfer torques in metallic spin valves [12].

In the following we will consider only the effective
magnetic fields, torques, and nonequilibrium spin densities
related to the IFE and OSTT. In ferromagnets the light-
induced nonequilibrium spin density can generally exhibit a
component parallel to the equilibrium magnetization as well
as a perpendicular one. The perpendicular component exerts
a torque on the magnetization and tilts it. This laser-induced
torque has been investigated in metallic ferromagnets in recent
experiments [13,14]: In Co a 50-fs laser pulse with a fluence
of 1 mJ cm~? induces an effective magnetic field whose
perpendicular component has been estimated at 0.2 T. One
experiment [13] was interpreted in terms of an initial out-of-
plane tilting of the magnetization due to an out-of-plane torque
[Fig. 1(b)], while the second experiment [14] was interpreted
in terms of an initial in-plane tilting due to an in-plane torque
[see Fig. 1(a)]. The out-of-plane tilting has been ascribed to
the OSTT, and the in-plane tilting is expected from the IFE.
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Both experiments find that the magnetization is only tilted
when circularly polarized light is used and that the effect
changes sign when the helicity of the light is reversed. In both
experiments the Co layer is sufficiently thick (10 nm) to assume
that the laser-induced effective magnetic fields responsible for
the magnetization tilting can be modeled theoretically based
on the bulk electronic structure of Co, neglecting the Co/Pt
interface. In one experiment [13] the Pt capping layer mainly
serves to prevent oxidation of the Co layer. In the second
experiment [14] the inverse spin-orbit torque (ISOT) [15] due
to the structural inversion asymmetry at the Co/Pt interface is
exploited to convert the magnetization tilting into an interfacial
photocurrent.

On the theory side, for the special case of the light-
propagation direction parallel to the magnetization, light-
induced effective magnetic fields parallel to the magnetization
have been studied in transition-metal ferromagnets [16] with
ab initio methods as well as in the ferromagnetic Rashba
model [17]. Both theoretical works find that not only circularly
polarized light but also linearly polarized light induce effective
magnetic fields parallel to the magnetization. Moreover, it was
found that the light-induced spin polarization parallel to the
magnetization is almost helicity independent in Fe, Co, and Ni
[16]. Since, in contrast, the light-induced torques observed
experimentally are odd in the helicity [14], it seems that
effective magnetic fields perpendicular to the magnetization
direction depend differently on the light helicity than the
parallel component in these metallic ferromagnets.

In this work we use ab initio density functional the-
ory in order to study all components of the light-induced
nonequilibrium spin density and of the resulting torques and
effective magnetic fields in Fe, Co, and FePt. This allows
us to answer the two questions raised above: (i) Is the
laser-induced torque on the magnetization in Fig. 1 pointing in
the in-plane or out-of-plane direction? (ii) How do the parallel
and perpendicular components of the light-induced effective
magnetic field differ regarding their size and their dependence
on the light polarization?

This paper is structured as follows: In Sec. II we describe
our computational approach, which uses the Keldysh nonequi-
librium formalism to obtain the response in second order to
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FIG. 1. A circularly polarized light pulse propagates in the x
direction and hits a Co/Pt bilayer. The magnetization direction M is
along the z axis. The laser-induced torque T has two components:
(a) The in-plane component T';, can be attributed to an effective
magnetic field Biff in the x direction. T, leads to an initial in-plane
tilt of M. (b) The out-of-plane component T o, can be attributed to
the y component Bf,“ of a laser-induced effective magnetic field and

leads to an initial out-of-plane tilt of M.

the electric field of the laser. Details of the derivation and
of the numerical implementation are given in Appendix A
and Appendix B, respectively. Before presenting our results in
Sec. III we first describe the computational parameters used
in the calculations in Sec. IIT A. In Sec. III B we discuss the
effective magnetic fields that give rise to the laser-induced
torques, and in Sec. IIIC we investigate the laser-induced
nonequilibrium spin density. We conclude with a summary
in Sec. IV.

II. COMPUTATIONAL METHOD

We use Kohn-Sham density functional theory to describe
interacting many-electron systems by the effective single-
particle Hamiltonian

H(r) = Hy(r) —m - MQ*(r), 4))

where Hj contains kinetic energy, scalar potential, and spin-
orbit interaction (SOI), m = —upgo is the spin magnetic
moment operator, up is the Bohr magneton, o = (ax,ay,oZ)T
is the vector of Pauli spin matrices, M is a normalized vec-
tor parallel to the magnetization, 2°(r) = 5[Vl o () —
yett  (r)] is the exchange field, and V¢ . (r) and

majority minority

Vnquomy (r)are the' effective potentials of minority and majority
electrons, respectively.

The interaction with the laser field is described by the

perturbation to the Hamiltonian
SH(t) = ev - A1), 2)
where e is the elementary positive charge, v is the velocity

operator, and

LW

A(t) = Re[M] 3)
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is the vector potential. The corresponding electric field of the
laser is

IA®) —iwt
E() = —— = = Rel Epee '], &)

where € is the light-polarization vector and Ej is the amplitude
of the electric field. We assume that E is real valued. However,
€ may be complex. For example, to describe left-circularly and
right-circularly polarized light propagating in the x direction
We use € = (0,1,1’)/\/5 and e = (0,1, — i)/\/i, respectively.

The laser-induced change of spin polarization is given by
[17-20]

38 = /d3r 8s(r) = %Tr[aGﬂ, Q)
where G = is the lesser Green’s function. § S is the integral of the
nonequilibrium spin density §s() over the simulation volume,
i.e., the change of the total electron spin in the simulation
volume, when M in Eq. (1) is kept fixed. The torque on the
magnetization due to the nonequilibrium spin density is given
by [15,21-23]

T = 2% / dPr Q°(r)8s(r) x M. 6)

Since the nonequilibrium spin density s(r) and the exchange
field *¢(r) vary strongly on the atomic scale, it is generally
not possible to calculate T exactly from §S. Therefore, we
calculate the torque from

T =iTi[TG~], @)

where T (r) = m x MQ*(r) is the torque operator [15,23—
26]. It is clear that the laser-induced nonequilibrium mag-
netization in paramagnets and diamagnets consists of both
spin and orbital contributions. Consequently, a recent ab initio
study on the IFE considered both spin and orbital parts of the
laser-induced nonequilibrium magnetization [16]. However, in
the present work we are mostly interested in the laser-induced
torques on the magnetization in ferromagnets, which are
determined by the nonequilibrium spin density according
to Eq. (6). While the laser-induced orbital magnetization
corresponds to orbital currents, which lead to magnetic fields
according to the Maxwell equations, the resulting torques
are negligible in comparison to the torques described by
Eq. (6). We therefore do not consider the laser-induced orbital
magnetization in this work.

In systems with broken inversion symmetry, T' contains
a contribution that is first order in E(¢), the so-called spin-
orbit torque (SOT) [15,23,24,26-28]. However, this first-
order contribution oscillates with frequency . Since the
light frequency @ is much higher than the ferromagnetic
resonance frequency, this oscillating contribution will not
induce significant magnetization dynamics. Therefore, we
consider the dc part in the response to a continuous laser
field. The contribution to T that is second order in E(t)
contains such static terms. They can arise, for example, from
the time-independent part E%Re[ei ej] /2 in

E? . .
E;(OE;(1) = To[eie.;f +€fe; +eeje N 4 ef‘e;fez“"’]. 8)
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The dc correction of G= proportional to E(% can be conve-
niently derived within the Keldysh nonequilibrium formalism.
Details of the derivation are given in Appendix A. The resulting
torque is given by the expression

al ( Eq\?
T, = %(%) m " ejef xiji ©)
Jk

where c is the velocity of light, ay = 4wegh?/(me?) is Bohr’s
radius, I = EocEg /2 is the intensity of light, € is the vacuum
permittivity, and &y = e?/(4megap) is the Hartree energy. The
tensor y;jx is given by

2
o= e 3 [ dE
Xijk Nhﬂggﬂ T /

x Tr[ f(E)T;GR(E)v; GR(E — hw)v G (E)

— FEOTGL(E;G{(E — hw)u GR(E)

+ T, GRE)GR(E + hw)v; GR(E)

— FOTGREWGRE + hw)v;GR(E)

+ f(€ — ho)T,GEEW;GR(E — ho)v G (E)

+ f(€ 4+ ho)TGR(E)vGR(€ + hw)v;GR(E)]. (10)

where A is the number of k points used to sample the
Brillouin zone, f(£) is the Fermi distribution function, G%((‘: )
is the retarded Green’s function, and G¢(€) = [GR(E)] is the
advanced Green’s function.

In collinear ferromagnets x;jx is zero when SOI is not
included in the Hamiltonian. Formally, this can be deduced
from Eq. (10) as follows: In the absence of SOI, both the
Green’s functions and the velocity operators can be chosen to
be block-diagonal matrices with respect to the spin quantum
number, such that neither the Green’s functions nor the velocity
operators mix spin-up and spin-down states. In contrast, matrix
elements of the torque operator between spin-up states are
zero, and also the matrix elements between spin-down states
are zero; therefore, Eq. (10) evaluates to zero in the absence
of SOI.

In order to simulate disorder and finite lifetimes of the
electronic states we use the constant broadening I". Therefore,
the energy dependence of the Green’s function is known
analytically:

|kn){kn|
11
Gi(&) = EZS Ein +iT7 an

where |kn) and &, are eigenstates and eigenenergies, respec-
tively, of the Hamiltonian in Eq. (1), i.e.,

Hlkn) = Enlkn). (12)

This simple form of G,E(S) allows us to perform the energy
integrations in Eq. (10) analytically. The resulting expressions
are given in Appendix B for the case of zero temperature.
This constant broadening model of disorder is based purely
on the electronic structure of the ordered system and neglects
certain details of the scattering processes that are encoded in
vertex correction terms and in the band-off-diagonal terms of
the scattering self-energy. It models the band-diagonal terms
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of the scattering self-energy by the band-independent and
k-independent constant I'. Therefore, it can be thought of
as the “intrinsic” contribution, while mechanisms that depend
on the detailed structure of the scatterers, which is encoded in
vertex corrections and in the band-off-diagonal elements of the
scattering self-energy, constitute the “extrinsic” contribution.
When the scattering rate is small compared to the light
frequency, which is typically the case for transition metals,
extrinsic effects are expected to play a minor role.

The expressions that we use to evaluate the nonequilibrium
spin density § S, Eq. (5), are similar to Egs. (9) and (10):

hagl 5]-[ % =
88 = _ET(hw)ZIm%:GJEkXijks (13)
where
ik = — d&é
Xijk Nhaé Xk:/

x Tt[ f(£)o: GR(E); G (E — hw)v GR(E)

— f(E)oiGR(EW;GR(E — ho)yn GR(E)

+ f(E)aiGR(E)v GR(E + hw)v;GR(E)

— F(E)0;GHE)WGR(E + hw)v; G (E)

+ f(€ — hw)o;GR(EW,;GR(E — hw)vy G (E)

+ f(€ + hw)o; GRE)v G (€ + hw)v; G (E)]. (14)

In collinear ferromagnets X;;x is zero when SOI is not
included in the Hamiltonian. In the case of the spin components
perpendicular to the magnetization the arguments by which
this can be derived from Eq. (14) are the same as those
in the case of y;j; discussed above: In the absence of
SOI, Green’s functions and velocity operators can be chosen
such that they do not mix spin-up and spin-down states,
while the matrix elements of the perpendicular component
of the spin operator are zero between spin-up states and also
between spin-down states. The induced spin parallel to the
magnetization arises from the change of the difference between
the number of spin-up electrons and the number of spin-down
electrons. However, in the absence of SOI, the number operator
of spin-up electrons commutes with the perturbation §H,
and likewise, the number operator of spin-down electrons
commutes with § H. Therefore, also the spin induced parallel
to the magnetization is zero in collinear ferromagnets when
SOl is not included in the Hamiltonian.

Equations (10) and (14) hold for continuous laser beams.
Ultrashort laser pulses of 50-fs duration and light wavelength
of 800 nm correspond to roughly 20 oscillations of the electric
field vector. Therefore, the above formalism needs to be
extended to describe time-dependent rather than stationary
response functions in order to provide precise predictions of
experiments with ultrashort laser pulses. However, for the
discussion of torques and nonequilibrium spin polarization
induced by 50-fs laser pulses, results obtained for continuous
laser beams can serve as a useful estimate.
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III. RESULTS

A. Computational details

We employ the full-potential linearized augmented-plane-
wave (FLAPW) program FLEUR [29] in order to determine the
electronic structure of bce Fe, L1y FePt, and hcp Co self-
consistently within the generalized gradient approximation
[30] to density functional theory. The experimental lattice con-
stants are used. In the case of Fe and FePt the crystallographic ¢
and a axes are aligned with the z and y directions, respectively
(Fig. 1 illustrates the coordinate frame). In the case of Co we
performed two calculations in order to assess the anisotropy of
the laser-induced torques: one calculation where the ¢ axis is
aligned with the z direction and one where the c axis is aligned
with the x direction (in both calculations the a axis is in the y
direction).

In order to perform the Brillouin zone integrations in
Egs. (10) and (14) computationally efficiently based on
the Wannier interpolation technique [31], we constructed
18 maximally localized Wannier functions (MLWFs) per
transition-metal atom from an 8 x 8 x 8 k mesh [32,33]. In
order to describe room-temperature experiments in Fe, FePt,
and Co, it is a very good approximation to set the temperature
in the Fermi distribution function f(€) in Egs. (10) and (14)
to zero. Effects of room-temperature phonon scattering can
be modeled by the phenomenological broadening parameter I'
in Eq. (11). The energy integrations in Egs. (10) and (14) are
performed analytically, as described in Appendix B. We vary I
in the range from 5 meV to 0.4 eV. For this range of broadening
I' we find that not more than 256 x 256 x 256 k points are
needed in order to converge the Brillouin zone sampling in
Egs. (10) and (14).

B. Laser-induced torques

We discuss laser-induced torques for the laser intensity / =
10 GW/cm?. The photon energy is set to 1.55 eV. The light is
propagating into the x direction (as illustrated in Fig. 1), and
the polarization vector is €, = (0,1,i1)/+/2, where A = +1
and A = —1 describe left- and right-circularly polarized light,
respectively. The magnetization is set along the z direction.

It is convenient to discuss the laser-induced torque 7' in
terms of the equivalent effective magnetic field B that one
needs to apply in order to produce the same torque on the
magnetization. It is given by

Bt — TxM ’ (15)
I

where u is the magnetic moment in the simulation volume. As
illustrated in Fig. 1, an in-plane torque along the y direction
corresponds to an effective magnetic field along the x direction,
and an out-of-plane torque along the —x direction corresponds
to an effective magnetic field along the y direction. The
effective field in the x direction B! arises due to the IFE
in this case. The effective field in the y direction arises due to
the OSTT.

Figure 2 shows the laser-induced effective magnetic fields
in Fe, Co, and FePt. In the case of Co we show the results
of two different calculations: one where the crystallographic
c axis is in the z direction (c||z) and one where it is in the x
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FIG. 2. Laser-induced effective magnetic fields B (left column)
and B°T (right column) in Fe, Co, and FePt as a function of broadening
[ at I =10 GW/cm? M is in the z direction. A = 4 and A = —
denote left- and right-circularly polarized light, respectively. In the
case of Co, results are shown for the ¢ axis in the z direction (c||z)
and the c¢ axis in the x direction (c||x).

direction (c|x). Both B¢ and B are odd in helicity . The
effective fields depend strongly on the broadening I', which
varies between 5 meV and 0.4 eV in Fig. 2. In Fe B;ff is always

larger than B in the considered I" range, while in FePt B
is always larger than BS". In Co B¢ dominates over BS™ for
small and medium I', while for very large broadening B;ff
becomes larger than B°. In Co the component B exhibits a
strong anisotropy at small I

In previous works we used I' = 25 meV to model room-
temperature experiments on Co/Pt bilayers [23]. At " =
25 meV we find B = 118 mT and B =0.23 mT in

Co for the c||z case. For c|lx we find B;’ff = 194 mT and
B¢" = 3.1 mT in Co. Similarly, large anisotropies have been
predicted for the anomalous Hall effect in Co [34]. At " =
25 meV the component BT strongly dominates over Bsff,
leading to an initial in-plane tilt of the magnetization [see
Fig. 1(a)], consistent with the experimental interpretation
[14]. For a 50-fs laser pulse with a fluence of 1 mJ/cm?
[14], which corresponds to an intensity of the order of I =
1 mJ/em? /(50 fs) = 20 GW /cm?, an effective field of 200 mT
in Co was estimated from experiments [14], corresponding
to roughly 100 mT at 7 = 10 GW/cm?. The experimental
geometry corresponds to the c||x case in our simulation. Our
theoretical result of B™ = 194 mT is thus larger than the
experimental estimate by roughly a factor of 2. One potential
reason for the discrepancy is that laser pulses were used in the
experiment, while our simulation assumes a continuous laser
beam. Additionally, the effective magnetic field is strongly
I' dependent according to our calculation, and any disorder
present in the 10-nm Co film used in the experiment might
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FIG. 3. Laser-induced effective magnetic fields Bs" (left) and BS"
(right) in Fe as a function of SOI scaling factor & at I = 10 GW /cm?.
M is in the z direction. A = + and A = — denote left- and right-
circularly polarized light, respectively.

correspond to a value of I' larger than 25 meV, which we
assumed in this comparison.

AtT" =25meV, B strongly dominates over B;ff in Co and
FePt. On the other hand, the case of Fe shows that, generally,
B¢ and BS can be of similar magnitude in transition-metal
ferromagnets. If an Fe layer is used instead of the Co layer
in Fig. 1, the initial magnetization tilt will be a mixture
of in plane and out of plane according to our calculations.
While the helicity-dependent component of the photocurrent
in Co/Pt bilayers arises from an initial in-plane tilting [14]
combined with the odd component of the ISOT, out-of-plane
tilting also gives rise to photocurrents via the even ISOT
component [15]. The photocurrent density J induced by the
initial magnetization tilt in the bilayer geometry of Fig. 1 can
be written as [14]

todd

J=- e, x [M x B*™]

even

e, x [M x (M x B*™)],

(16)

where y is the electron gyromagnetic factor, V is the volume,
é, is a unit vector along the x axis, and the coefficients %4
and ¢*'*" characterize the odd and even components of the
SOT, respectively. When B®T points in the x direction, the
photocurrent is proportional to %, and when B points in
the y direction, the photocurrent is proportional to ¢**°". In
both cases the photocurrent is flowing along the magnetization
direction. Therefore, we expect that the helicity-dependent
component of the photocurrent in experiments analogous to
the ones in Ref. [14] but based on Fe/Pt bilayers contains
contributions from both the even and odd ISOTs. The differ-
ences in the effective fields B between Fe, Co, and FePt
suggest that ferromagnetic materials can be designed such
that the IFE is zero and the OSTT is nonzero. Using such
materials in experiments analogous to the ones in Ref. [14]
would allow the contactless measurement of the even ISOT,
which contains information about the spin Hall effect, from
the helicity-odd component of the photocurrent. In fact, the
helicity-even component of the photocurrent is already used
for contactless measurement of the spin Hall effect [10].

In order to investigate the dependence of BS" and BS"
on SOI, we linearly scale the spin-orbit interaction in the
Hamiltonian with a factor & such that SOI is switched off for
& = 0 and that the full SOI is active for & = 1. Figure 3 shows
the laser-induced effective magnetic fields in Fe as a function of
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&. When SOl is switched off, Bfff and B;ff vanish, which proves
that SOl is the origin of these laser-induced effective magnetic
fields. The strong £ dependence suggests using materials with
large SOI in order to maximize the laser-induced torques.
Indeed, among the ferromagnets considered in this study, FePt
displays the largest values of B and B‘V’ff, which we attribute
to the strong SOI of Pt. )

C. Laser-induced spin polarization

We discuss the laser-induced spin polarization for the laser
intensity I = 10 GW /cm?. The photon energy is setto 1.55eV.
The light is propagating into the x direction (as illustrated
in Fig. 1), and the polarization vector is €; = (0,1,ik)/«/§,
where A = +1 and A = —1 describe left- and right-circularly
polarized light, respectively. The magnetization is set along
the z direction.

We first discuss the two components of the laser-induced
spin polarization §S that are perpendicular to the magneti-
zation. These perpendicular components are expected to be
related to B and B discussed in the previous section.
Figure 4 shows that both § S, and §S, are odd in the helicity A.
Due to Eq. (6) we expect similarities between B¢ (Figure 2)
and 8S, and between B¢ and §S,. Indeed, in Fe §5; exhibits
the same qualitative dependence on I' as its counterpart
BS" (j = x,y). Since the electron spin magnetic moment is

antiparallel to the electron spin, §S; and Bf;ff are opposite in
sign for a given helicity A. In FePt only Biﬁ and S, behave
similarly as a function of I", while B;ff and 6 S, exhibit different
trends, notably a sign change in BS" that is absent in §5,. In
Co both 68, and §S, are strongly anisotropic for small I,
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FIG. 4. Laser-induced spin polarization § S, (left column) and § S,
(right column) in Fe, Co, and FePt as a function of broadening I" at
I =10 GW/cm?. M is in the 7 direction. A = + and A = — denote
left- and right-circularly polarized light, respectively. In the case of
Co, results are shown for the ¢ axis in the z direction (c||z) and the ¢
axis in the x direction (c||x).
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while only Bfff displays strong anisotropy. These qualitative
differences between 4S; and B;ff illustrate the importance
of calculating the torques and effective magnetic fields from
Eq. (6), which takes into account that the exchange field varies
strongly on the atomic scale. On the other hand, in Fe, where
3S; and BJeﬁ behave very similarly, it is tempting to define an
effective exchange field QZf by the equation

2 .
T = %Qggss x M. a7
The corresponding exchange splitting is
Aveff = ZMBQeff = — s (18)
8S;

where p is the magnetic moment per unit cell. From our results
for B;‘fff and §S; inFeatI" =25 meV we obtain A Vey =2.6eV
for j = x and AV = 1.1 eV for j = y. The finding that we
obtain different values for j = x and j = y shows that Eq. (17)
cannot be used for precise calculations in Fe. However, since
AV has the expected order of magnitude of the exchange
splitting in Fe, one can indeed use Eq. (17) for rough estimates
of the torque T from the induced spin polarization §.5 in certain
cases.

Next, we discuss the laser-induced spin polarization 4.5,
along the magnetization direction, which is shown in Fig. 5.
We find § S; to be almost helicity independent. Recent ab initio
calculations for the case of the light-propagation direction
parallel to the magnetization also find the laser-induced spin
polarization along the magnetization direction to be almost
helicity independent [16]. However, in contrast to Ref. [16]
we consider the case of a light wave vector perpendicular to
the magnetization (see Fig. 1) in our calculations. Thus, the
laser-induced spin polarization parallel to the magnetization is
almost helicity independent irrespective of whether the light
wave vector is parallel or perpendicular to the magnetization in
these metallic ferromagnets. Interestingly, 6.5, reaches much
larger values than the two perpendicular components §S,

0.1
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0.001
0.0001

z
z

0.01 0.01

induced Spin S per unit cell [h/2]
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FIG. 5. Laser-induced spin polarization S, in Fe, Co, and FePt
as a function of broadening I' at I = 10 GW/cm?. M is in the z
direction. A = +and A = — denote left- and right-circularly polarized
light, respectively. In the case of Co, results are shown for the ¢ axis
in the z direction (c||z) and the ¢ axis in the x direction (c||x).
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and §S,. For example, in FePt at I' = 25 meV we find
8. = 1.2 x 1072h/2 compared toonly §S, = 9.2 x 1077 k/2
and S, = 1.3 x 1073//2. In the case of Co 85, depends on
whether the ¢ axis is in the x or z direction, but this anisotropy
is less striking than for §S; and 65, at small I".

IV. SUMMARY

We combine ab initio electronic structure calculations
with the Keldysh nonequilibrium formalism in order to study
laser-induced torques and nonequilibrium spin polarization in
bee Fe, hep Co, and L1 FePt. Our calculations show that both
IFE and OSTT are nonzero in these metallic ferromagnets. In
the case of Fe the torques due to the OSTT are larger than those
due to the IFE; in FePt the IFE dominates over the OSTT,
and in Co the IFE is dominant only for small and medium
quasiparticle broadenings. In view of this strong dependence
of the IFE/OSTT ratio on the ferromagnetic material and
the quasiparticle broadening (and hence the disorder in the
system) it should be possible to design materials such that
they display either IFE torques or OSTT but not both at the
same time. This allows the contactless measurement of various
spintronics effect in optical experiments. We find the torques
and the perpendicular component of the nonequilibrium spin
polarization to be odd in the helicity of the laser light,
while the spin polarization that is induced parallel to the
magnetization is helicity independent. This parallel component
of the nonequilibrium spin polarization can be orders of
magnitude larger than the perpendicular component. The
comparison between laser-induced torques and laser-induced
nonequilibrium spin density shows the importance of using
the torque operator for calculations of laser-induced torques
in realistic materials in order to capture the variation of the
exchange field on the atomic scale. We find that both the
laser-induced torques and the laser-induced nonequilibrium
spin polarization are anisotropic in hcp Co. In the case
of hcp Co we find good agreement between the calculated
laser-induced torque and a recent experiment.
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APPENDIX A: FORMALISM

The Green’s function G in the presence of the perturbing
laser field is obtained from the unperturbed Green’s function
Gq via the Dyson equation on the Keldysh contour [35]

SH(2)
h
where § H is the perturbation equation (2) due to the electric
field of the laser. We iterate Eq. (A1) to obtain a power series

in §H and identify the term quadratic in § H. Applying the
Langreth theorem

(GGG)< = GRGRG= + GRG=G* + G=G*G*

G(l,l’):Geq(l,l/)—i—/dZGeq(l,Z) G(2,1"), (Al)

(A2)
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to the term quadratic in § H, we obtain

G51,1) = f dn f dny G0, GR 1.0 T G ) + / dn / dny G110 G 1) G
SH(t
+ /dn/dtz G (. tl) (1) (tl, ) ——= (2) Qq(tz,z/). (A3)
Using
G (1.1t') = Lh / d€ e EIIGE (€) (A4)
and

*° *° i . i o i i
/ dt] / dt2 e—‘gf(t—tl)e—la)me—ﬁé' (tl—tz) uuzlge rLS (t— h25(5 _ hwl _ 5/)5(5/ _ ha)z _ 5//)8—5&855 t , (AS)
—00 —00

the time integration of the product of three Green’s functions can be performed easily:
e—i[w1+w2]t
h

where o,o’,a” = R,A, < and w;,w; = £w. As discussed in Sec. II, we only need the dc component of G5, which arises from
all terms with w; = —w, = Lw. Itis given by

/ d / dn G (1,1)e ™ G2 (t1,1)e 2 G% (12.1) = / dEGE(E + hw)G2(E)GY (€ — han),  (A6)

2E2
Gy = ﬁ /d&’{GR (€ — hw)v - € G (v - €G, (€ — ho) + G (€ + ho)v - eG G(E)v - € G o(€ + ho)
T
+ G5 (€ — ho)v - € G (E) - €GL(E — hw) + G (€ + hw)v - €GL(E)v - € G (€ + ho)
+G5(E€ — ho)v - € GL(EW - €GL(E — hw) + GL(E + hw)v - €GL(Ev - € GL (€ + hw)}. (A7)
Substituting Eq. (A7) into Eq. (7) and using
GoH(©) = fFEO[GLE) — G ©)] (A8)
yield
ie?E? , , )
T = 8—2;’13/d€f(5)Tr{[TRATR+AA] —[TRA'RYAR]+ [TRAR ATA] — [TRAR A'R]
T W
+[TR ATAAAT] —[TR - ATRAAT] 4+ [TRTAAATAT] — [TRTARATAT]
+[TAATATAAl = [TRATATAA]l + [TAAA™ATA] — [TRAAATAY}, (A9)

where we introduced the abbreviations A = v-€, Al =[v-€]l =v-€*, R = GR (&), A= G2 1(&)s Rt = GR (€ + hw), AT =

GA (5 + hw), R~ = GR (5 hw), and A~ = GA (S hw). Terms that contain more than one A can be rewrltten as complex
conjugates of terms W1th more than one R:

ieZE2
811 ST h?
+[TR ATRAAT —[TR ATRAA 14+ [TRTARATAT* — [TRTARATAT]

+[TRATRTARY* — [TRA'RTAAT* + [TRAR A'RY — [TRAR ATAT*). (A10)

/dgf(s)Tr{[TRATR+AA] [TRATRTAR]+[TRAR ATA] —[TRAR A'R]

Using the imaginary part to simplify the expression and introducing a Brillouin zone average over N'k points, we finally obtain
T = P Eg Z/dé'lmTr{f(é’)[TR AR, ARy +TR ATR+AR 1
4PN , , g g

+ (€ — hw) — FENT ReAR, AT ARl + [f(E + Tiw) — fFEINT ReATR A A1)

3
a01<gH) Im &2, - )@ - € (Al1)

¢ \ hw
ijk

where &1, €, and &3 are unit vectors along the x, y, and z axes, respectively. The coefficient y;jx = xl y k )+ X, y k is given by

X = Nnazg Z f dETH[ f(E — hw) — FENT Rev; Ry veAr] + [F(E + ho) — FENT Reve R v, Ak} (A12)
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and

X = i 25 Z / d€ f(E)THT; Rk, Ry vk Ric + T; Rivi R v; Ry . (A13)

APPENDIX B: EXPRESSIONSAT T =0K

In the present paper we use the constant broadening I" in order to simulate disorder and finite lifetimes of the electronic states.
Therefore, the energy dependence of the Green’s function is known analytically:
|kn) (kn|

szci(g)zhzm. (B1)

This simple form of GE(E ) allows us to perform the energy integrations in Eqgs. (A12) and (A13) analytically. We discuss only the
zero-temperature limit and therefore replace the Fermi function by the Heaviside step function as f(£) = 0(&E — £), where & is
the Fermi energy. Thus, we need the following two integrals for the evaluation of Egs. (A12) and (A13) in the zero-temperature
limit:

s 5)—/& EhdE (B2)
RELEREREI= | E & FiD)NE —& +iD)E — & +iD)
and
& X deg
L(E1,62.63,6) = ; ' >
2(61,62,83,84) [w(g—sl+iF)(£—52+iF)(5—53—iF) (B3)

In terms of I,(&1,&,,85,E4) and I(E1,E,,E5,E,) the coefficients Xi(jllz and Xi(jzlz can be expressed as follows:

2 ,
X = 2 Ui + 10, S, + ew) = B ExmExn + 1o, Epn, ENIM"

knmm’
+ [IZ(gkm 7gkm’ - Fbwsgkn ng - hw) - IZ(Skm ,gkm’ - hw»gkn ,gF)]M?]:;m,} (B4)
and
2 ’ !
Xigt = 77 2 {1 o i + 1o, Ean, ENM™ + 11 (Em Eint — i, Exn, DM}, (BS)
knmm’
where
ammt (kT km) (km|vjlkm') (km' |v|kn)
e = : = (B6)
En [aO h ]
The integrations in Egs. (B2) and (B3) can be performed analytically. In the general case of £, # &, # & # £ we obtain
& (& —&)? & (& — &)
L(£1,6.63.8) = H Inf1 H Infl+——"
o8 ) = e E — &) “[ T %2(52—63)(52—50 “[ M }
8}21 [ & — 54)2] Eé Es— &
+ In|1+ - arctan
28 - ENE - &) 2 i€ —&)E — &) r
52 Ey— & 5&1 Ey—&
arctan + - arctan B7
1(52 —&)&E - &) r (& —ENE — &) r 7
and
& (& —&)? & (& — &)
L(E1,6.63,8) = H Inf1 H Infl+-——"—
26288 = S E T — & —2iT) [ T } TG —6 2D - " [ T }
2 2 )
+ : g“ B PR Rl i :
20E — & +2iT)(E — & +2iT) 2 (&1 —&E)E — & +2iD)
T 54 - 51 lgﬁ b g 4 - 52
_ t t
x[2+arcan - i|+(53—52+2i1")(52 ) +arcan T
ié’fl T Es— &
t = . B8
T & & 1D — & + 2Dy [ +arctan 5 } (B8)
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Due to the energy denominators in Eq. (B7), numerical difficulties can arise when & # & # & # & is not satisfied.
Therefore, when & = &, # &; we use instead of Eq. (B7) the expression

1 =
1(€1,€1,83,&4) 2E &) n

52
+ H )
(&= &&= & +ilD)

g [ﬂ + (& — &)

.G
246 = &) ] 6 —&)?

[ & —& & — & :|
arctan — arctan
r r

(B9)

Applying 1,(&1,E1,83,E4) = 11(€1,83,E1,E) = 11(E3,61,E1,E4) to Eq. (BY), one readily obtains expressions for 1;(£1,&,,83,E4)
that can be used in the special cases & # & = & and & = & # &;.

Similarly, when £ = &, we do not use Eq. (B8), but instead

L(&1,E1,83,E4) =

2E — & — 2T

i &L
_l’_—
(& =& =202 2

In the special case & = &, = & we use

Li(&1L,61L.61.E) =

T 54 - &
— + arctan

— + arctan
2

551 2 + (& — 54)2 n i 551 T Es— &3
2+ (& — &y)? (& r

— & —2il)2

2
2t (B10)

C2E =& +iD)?

1
r :|+ (& — & +2iT)E — & +iT)’

2
éi (B11)
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