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Laser-induced charge and spin photocurrents at the BiAg, surface: A first-principles benchmark
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Here, we report first-principles calculations of laser-induced photocurrents at the surface of a prototype
Rashba system. By referring to Keldysh nonequilibrium formalism combined with the Wannier interpolation
scheme, we perform first-principles electronic structure calculations of a prototype BiAg, surface alloy, which is
a well-known material realization of the Rashba model. In addition to the nonmagnetic ground state situation, we
also study the case of in-plane magnetized BiAg,. We calculate the laser-induced charge photocurrents for the
ferromagnetic case and the laser-induced spin photocurrents for both the nonmagnetic and the ferromagnetic
cases. Our results confirm the emergence of very large in-plane photocurrents as predicted by the Rashba
model and are in agreement with previous experimental measurements of THz emission generated at Bi/Ag
interfaces. The resulting photocurrents satisfy all the symmetry restrictions with respect to the light helicity and
the magnetization direction. We provide microscopic insights into the symmetry and magnitude of the computed
currents based on the ab initio multiband electronic structure of the system, and scrutinize the importance of
resonant two-band and three-band transitions for driven currents, thereby establishing a benchmark picture of
photocurrents at Rashba-like surfaces and interfaces. Our work contributes to establishing the interfacial Rashba
spin-orbit interaction as a major mechanism for the generation of in-plane photocurrents, which are of great
interest in the field of ultrafast and terahertz spintronics.
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I. INTRODUCTION

The interest in physics of optical generation and properties
of laser-induced currents arising at surfaces and interfaces is
steadily rising, owing in part to bright prospects that these
currents carry for technological applications. Among the lat-
ter, the generation of THz radiation with so-called spintronics
THz emitters, which rely on spinorbitronics effects taking
place in magnetic bilayers, has come to occupy a promi-
nent place [1,2]. As the sources of THz radiation arising
from magnetic bilayers exposed to fs laser pulses, two main
mechanisms of parent in-plane charge currents are considered:
currents generated via the inverse spin Hall effect in response
to laser-ignited superdiffusive spin currents [3-8], and cur-
rents generated via the inverse spin-orbit torque in response
to the inverse Faraday effect [9-11]. However, the diversity
of optically mediated planar interfacial currents is not limited
to the aforementioned scenarios. For example, recently it was
predicted that charge photocurrents can arise from a time-
varying exchange splitting following the laser excitation [12].
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Furthermore, it was pointed out that laser-induced charge pho-
tocurrents can arise in noncentrosymmetric magnetic bilayers
as a result of interfacial spin-orbit interaction (SOI) [13].
This effect was coined as the magnetic photogalvanic effect
to distinguish it from the circular photogalvanic effect which
appears in noncentrosymmetric nonmagnetic semiconductors
[14,15]. Moreover, it was also predicted that laser-induced
spin photocurrents can arise at metallic surfaces, both mag-
netic as well as nonmagnetic [13,16].

As one of the fundamental optical phenomena, photogal-
vanic effects have been intensively studied in the past and
they have gained even more interest in recent years due to
their potential applications. However, to date, very little is
known about photocurrents emerging at metallic surfaces and
interfaces, playing such a central role in THz spintronics.
Besides a recent study performed within an effective Rashba
model [13], not a single report on first-principles calculations
of photocurrents in a Rashba-like system is known to us.
This should not be too surprising, given the large numerical
effort needed to compute nonlinear effects from ab initio, as
well as a multitude of discussed sources of photocurrents,
whose debated relevance depends on a given system. On the
other hand, estimating the relevance of different contributions
in a given material from first principles at times requires
completely different numerical approaches, which makes such
studies barely feasible.

Currently, intrinsic contributions which have been identi-
fied behind the generation of nonlinear optical responses are
the shift and injection currents [17-20], the Berry curvature
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dipole (BCD) term [21,22], as well as the semiclassical
Jerk [23,24] and ballistic terms [25]. The shift and injection
terms are important in gapped materials and, on this front,
first-principles calculations were performed, for example, in
ferroelectric materials [17,26], semiconductors [18,19], quan-
tum wells [27], and graphene [28]. In metals, the presence
of the Fermi surface gives rise to the BCD and semiclas-
sical terms, also referred to as metallic terms. Especially
for the BCD, it was proposed that the nonlinear Hall ef-
fect can be observed in materials with large Berry curvature
stemming from accidental or avoided band crossings such as
topological crystalline insulators, two-dimensional transition
metal dichalcogenides, and three-dimensional Weyl semimet-
als [21]. Recently, we developed an ab initio scheme to
calculate second-order optical response properties within the
Keldysh formalism [13,29], successfully applying it to study
charge and spin photocurrents in single-layer ferromagnetic
Fe;GeTe, [16]. The developed approach is optimal in pro-
viding reference values in realistic materials, as it can treat
both insulating and metallic systems on equal footing, and
it naturally lends itself to including various disorder effects,
without the need to distinguish among intrinsic and various
extrinsic contributions to the photocurrents explicitly.

In recent years, the study of nonlinear spin photocurrents
has gained increasing interest, with several theoretical stud-
ies reporting the effect in nonmagnetic noncentrosymmetric
systems [26-28]. Recently, a significant effort has has been
devoted to spin photocurrents from a microscopic perspective
of novel materials such as two-dimensional (2D) materials and
antiferromagnets [13,16,30-33]. The motivation behind the
study of these materials is that they host spin photocurrents
which exist without the presence of accompanying charge
currents—a property that renders them as prolific candidates
for highly efficient technological devices [34]. From the ex-
perimental side, there has also been an increasing effort in
the assessment of spin photocurrents in recent years [9,35—
37]. Three of the most important mechanisms used for the
detection of spin photocurrents are the effects of spin accu-
mulation, spin torque, and the inverse spin Hall effect. Within
the latter, a spin current has been shown to transform into a
charge current, resulting in a consequent THz emission which
can be detected experimentally [1,3].

In this work, we choose a prototype metallic Rashba
system—BiAg, surface alloy [38]—and apply the developed
Keldysh methodology to study the properties of charge and
spin photocurrents at it from first principles. With this, we aim
to provide benchmark values and develop a material-specific
theory of photocurrents at metallic magnetic and nonmagnetic
Rashba surfaces, which can be used in the future as a refer-
ence point by other ab initio studies. Specifically, we study
the properties of photocurrents in the nonmagnetic ground
state and in an in-plane magnetized, by the addition of an
exchange field in the nonmagnetic Hamiltonian, which in the
manuscript we refer to as the ferromagnetic case, analyzing
our results in terms of disorder strength, band filling, and
frequency of the light. Apart from confirming the predictions
of the Rashba model, we also highlight the importance of
the Rashba splitting and exchange interaction in generating
the responses stemming from resonant two-band transitions
in the ferromagnetic case. As such, we also build an intuition

in the required material parameters for a strong optical
response, which is necessary for the engineering of experi-
mental materials and promising applications in the field of
ultrafast and THz spintronics. Our work is structured as
follows. In Sec. II, we briefly describe the computational
methodology, and in Sec. III, we provide structural details
and details of first-principles calculations. In Sec. IV A, we
address the properties of charge photocurrents in the ferro-
magnetic case, while in Secs. IVB and IV A, we study the
physics of spin photocurrents at the nonmagnetic and mag-
netic surface, respectively. In Sec. V, we discuss the relevance
of different electronic transitions behind the computed pho-
tocurrents. Our manuscript ends with a summary in Sec. VL.

II. METHOD

In this work, we calculate the charge and spin photocur-
rents which arise at second order in the perturbing electric
field of a continuous laser pulse of frequency w by using
the expressions which were previously derived in [13] within
the framework of the Keldysh formalism. The expression
for the second-order charge photocurrents flowing in direction
iis[13]

jio Gl (B > e (1)
i= =\ %z m €€, Pijk>
hc \ hw m Sk ik

where the quantity ¢;x has the form

2k
x Tr[ f(E)viGR (E)v;GR(E — hw)vkGR(E)
— FEWGH(EW;GR(E — hw)u Gy (£)
+ FEWGR(E)GR(E + hw)v;GR(E)
— FEWGHE)RGR(E + o) ;G (E)
+ f(€ — hw)v,GR(E)W,;GR(E — Tw)vy G (E)
+ (€ + oGy (E)vGR (€ + hw)v; G (E)]. (2)

Pijk =

In the above expressions, ag is the Bohr’s radius, e is the ele-
mentary charge, I is the intensity of the pulse, 7 is the reduced
Planck constant, c is the light velocity, £y = €?/(4megap) is
the Hartree energy, and ¢; is the jth component of the polar-
ization vector of the pulse. With v;, we label the ith component
of the velocity oRperator, f(&) is the Fermi-Dirac distribution
function, and Gk(A) stand for the retarded (advanced) Green
function of the system. The expression for the spin photocur-
rent J} flowing in direction i with spin polarization along axis
s is obtained by replacing the first of the velocity operators
v; in Eq. (2), with the operator of the spin velocity {v;, o},
and the prefactor a%el /hic given by Eq. (1) with the prefactor
—aél /4c.

The energy-dependent Green function of the system is
given by [13]

|kn) (kn|

GR(E) = hze—siﬁ and Gp(&) = [G;g(g)]i (3)
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where &, is the energy of the state |kn) with band index n
and a Bloch vector k. In order to describe the effect of disor-
der of the electronic states, the constant lifetime broadening
I' is introduced. The parameter I" allows us to perform the
energy integration in Eq. (2) analytically in the way described
in [29].

A circularly polarized pulse propagating in the z direction
is described by € = (1, Ai, 0)/«/5, where A = %1 is the helic-
ity. Linearly polarized light along the x or y axis is described
by € = (1,0,0) and € = (0, 1, 0), respectively. The assumed
intensity of the pulse is 10 GW/cm?, which corresponds to
typical values of the fluence of the order of 0.5 mJ/cm? for a
50 fs laser pulse [9].

III. COMPUTATIONAL DETAILS

The electronic structure of the BiAg, surface was calcu-
lated from first principles by considering one layer of the
BiAg, alloy and using the film mode of the full-potential
linearized augmented plane wave FLEUR code [39]. The
spin-orbit coupling (SOC) effect was treated within the
second-variation scheme [40]. For the exchange and cor-
relation effects, the nonrelativistic Perdew-Burke-Ernzerhof
(PBE) [41] functional was used. The in-plane lattice constant
was chosen at o = 9.466 a.u, while the surface relax-
ation of the Bi atom was set to d = 1.61 a.u.—the values
determined from our previous first-principles calculations
[42]. Within each unit cell, the Ag atoms are positioned
at (1/3,-1/3,—=d/2) and (—1/3,1/3, —d/2), while the Bi
atom is positioned at (0, 0, d/2), with respect to the unit lat-
tice vectors a = a(1/2, +/3/2) and b = «(1/2, —/3/2). The
muffin-tin radii of Bi and Ag atoms were set to 2.80 a.u™!
and 2.59 a.u™!, respectively. The plane-wave cutoff was set
to Kpax = 4.0 a.u™' and we used a set of 128 k points in
the Brillouin zone for self-consistent calculations. The crys-
tal and electronic structures of the system can be seen in
Fig. 1 and they reproduce the ones presented in our previous
first-principles calculations in Fig. 1 of Ref. [42]. From the
first-principles band structure in Fig. 1(c), the Rashba-like
effect of including SOC on the k-dependent band splitting of
the states is evident.

Next, by using the WANNIER90 code [43], we obtained
maximally localized Wannier functions (MLWFs) which re-
produce the first-principles electronic structure up to a frozen
window of 2.78 eV above the Fermi energy. The chosen initial
projections were sp, and p, orbitals for Bi, while for Ag
they were s, p, and d orbitals. In this way, we constructed
44 MLWFs out of 120 Bloch functions (BFs) on a 16 x 16 k
mesh.

In a postprocessing step, the interpolated Hamiltonian
was constructed out of the previously obtained MLWFs.
In Fig. 1(c), we present the comparison between the first-
principles and the interpolated band structures, where the
perfect agreement up to the level of the frozen window is
evident. In its ground state, the system is nonmagnetic, and
starting from nonmagnetic MLWFs aided by the matrix ele-
ments of Pauli matrices [44], an exchange field of the type

AV
Hex = TO' . n(r), (4)

where ¢ are the Pauli matrices and fi(r) the unit vector, was
applied on the interpolated Hamiltonian in order to make the
system ferromagnetic and break the time-reversal symme-
try. Following the symmetry analysis performed within the
Rashba model and presented in Ref. [13], which predicts a
vanishing photosignal for the case of out-of-plane magneti-
zation, we choose the direction of the exchange field to be
in-plane along the y axis. The calculated band structure of
the ferromagnetic case presented in comparison to the non-
magnetic case is shown in Fig. 1(d). Additional asymmetric
splittings of the bands, as well as the shift of the metallic
Weyl point of mixed type [45] positioned at 41 eV, charac-
teristic for the Rashba model, away from the I" point arising
in response to the applied exchange field are clearly visible
[38].

In the following, we compute the photocurrents in the
system and vary the lifetime broadening I' in a region of
[0.025,0.5] eV, the light energy 7w between [0.15,2.5] eV,
and we cover an energy region of [—3,2.5] eV around the
Fermi energy level £r. A 512 x 512 k mesh has proved to
be sufficient to obtain converged results. The strength of the
exchange field was set at AV = 0.5 eV.

e ©
side view
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b
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FIG. 1. (a) The crystal structure of the BiAg, surface considered
in this work shown from a top and side view. (b) The first Brillouin
zone and the high-symmetry points. (c) The comparison between the
first-principles (DFT, dotted blue line) and the interpolated (Wannier,
solid red line) band structures. (d) The interpolated band structure
of BiAg, around the Fermi energy for the nonmagnetic (NM, solid
red line) and the ferromagnetic (FM, dashed blue line) case. For the
ferromagnetic case, an exchange field with a strength of 0.5 eV is
applied in-plane along the y axis.
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FIG. 2. Charge photocurrents in relation to (a) the lifetime broadening I, (b) the Fermi energy level £, and (c) the frequency of light Ziw
for the ferromagnetic BiAg, surface. The shown symmetry-allowed components are J, for circularly polarized light (shadowed dashed red line)
and linearly polarized light along the x (green line) or y axis (black line), as well as J, for circularly polarized light (shadowed dotted blue line).
The inset in (a) depicts only the three-band contributions to the ferromagnetic charge photocurrents, discussed in Sec. V. (a), (b) iw = 1.55
eV; (b), (¢) I' = 25 meV. In (a), (c), the calculations are performed for true Fermi energy. For all calculations, the considered light intensity is
I = 10 GW/cm?. With €T, we denote circularly polarized light with A = +1 helicity, while with € || &,(&,), we denote linearly polarized light

along x(y).

IV. RESULTS

The results of our calculations and analysis regarding the
charge and spin photocurrents are presented in the following
section. In general, there is an agreement between the symme-
try of the photocurrents that we observe from calculations and
the symmetry restrictions derived from the effective Rashba
model in Ref. [13]. For simplicity, we present the results only
for the nonzero components allowed by symmetry. Further-
more, for circularly polarized light, we present only the results
for the case of positive helicity A = +1, while the case with
A = —1 can be reconstructed from the symmetry properties
presented in [13].

A. Ferromagnetic charge photocurrents

We start by presenting in Fig. 2(a) the results of our
calculations for the laser-induced charge photocurrents at
the ferromagnetic BiAg, surface with in-plane magnetiza-
tion along the y axis, in relation to the lifetime broadening
of the electronic states I'. The calculations are performed
at the true Fermi energy level & for a light frequency of
how = 1.55 eV. We observe that the largest response arises
for J, from linearly polarized light along the y axis (black
line) with a magnitude of nearly 400 A/m at I' = 25 meV.
The second largest response is for J, driven by circularly
polarized light (shadowed dashed red line) with a magnitude
of approximately 225 A/m at I' = 25 meV. The remaining
two types of photocurrent—J, from light linearly polarized
along the x axis (green line) and J, from circularly polarized
light (shadowed dotted blue line)—are significantly smaller in
magnitude, reaching a range of values from —25 to —75 A/m
for small values of I

We compare our results with previous experimental mea-
surements of THz emission on ferromagnetic layers coupled
to a Bi/Ag interface [46,47] and we find a symmetry agree-
ment for the calculated large helicity independent J, response
(shadowed dashed red line) and for the small helicity depen-
dent J, response (shadowed dashed red line). In comparison to

the results obtained from the effective ferromagnetic Rashba
model as presented in Fig. 2 of Ref. [13], the values presented
here are two orders of magnitude larger for the same laser
pulse parameters. A possible source of this difference can lie
in different values of the Rashba parameter used. In [13], a
value of 0.1 eVA was used to model a Co/Pt magnetic bilayer,
while for BiAg,(111) surface alloys, the experimentally mea-
sured value is about 3.05 eVA [48]. This highlights the role
of the interfacial Rashba SOI strength in generating surface
photocurrents. Moreover, as we see in Fig. 2(a), the charge
photocurrents decrease rapidly as the lifetime broadening I'
increases. For the values of T" below 0.2 eV, photocurrents
exhibit a highly nonlinear behavior, while for I" above 0.2 eV,
the latter behavior can be very well described by a N% func-
tional form. This kind of dependence of the photocurrents on
the lifetime broadening was also recently observed for single-
layer Fe;GeTe, [16] by employing the same computational
technique.

The magnitude and direction of the photocurrents also
depend very strongly on the position of the Fermi energy.
In Fig. 2(b), we present the results of calculated charge pho-
tocurrents as a function of the position of the Fermi energy in
the electronic structure &, while keeping I' = 25 meV and
hiw = 1.55 eV. Concerning the magnitude, generally similar
behavior to that in Fig. 2(a) is observed, where the response
of J; to light with linear polarization along the y axis is
the largest. An exception to this appears in the region of
[+1, 4+2] eV, where a change of sign occurs and the response
of J, for light with linear polarization along the x axis becomes
dominant. Note that the J, signal is strongly suppressed in
the entire range of band filling. Qualitatively, the shape of
the J, response is similar for each case with the appearance
of some pronounced variations which cause strong and sharp
variations in the magnitude of the signal. Such variations can
be noticed, for example, around —1.5 eV, around 0 eV, and
around +1.25 eV. By comparing with the band structure pre-
sented in Fig. 1, we can identify there regions as the regions
where bands become flatter or the number of participating
in photocurrent bands increases. Therefore, when the Fermi
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FIG. 3. Spin photocurrents in relation to (a) the lifetime broadening I', (b) the Fermi energy level £, and (c) the light frequency 7w for the
nonmagnetic BiAg, surface. The symmetry-allowed components which are shown are the J; for circularly polarized light (shadowed dashed
red line), as well as J; for circularly polarized light (shadowed dotted blue line) and linearly polarized light along the x (green line) or y (black
line) axis. (a), (b) fiw = 1.55¢eV: (b), (¢) I' = 25 meV. In (a), (c), the calculations are performed for the true Fermi energy. For all calculations,

the considered light intensity is / = 10 GW /cm?.

energy falls into these regions, the number of “activated” elec-
tronic transitions increases leading to increased magnitude of
the photocurrents.

The dependence of charge photocurrents on the laser fre-
quency 7w is shown in Fig. 2(c). In this plot, the Fermi energy
is set to the true Fermi level of BiAg,, and a broadening
of ' =25 meV is used. Concerning the magnitude of J,,
the resulting responses exhibit a nonlinear behavior in the
region below 1.25 eV and a more stable behavior at higher
frequencies. In general, the response for linearly polarized
light along the y axis (black line) is the largest, except for the
region of [0.5,1.0] eV, where the response to linearly polarized
light along the x axis (green line) becomes dominant. An
interesting change of sign appears at an energy of around
1.25 eV for the J, responses. The J, response is, on the other
hand, significant only in a relatively small frequency range
around zero.

B. Nonmagnetic spin photocurrents

While the charge photocurrents are vanishing for non-
magnetic BiAg, due to symmetry, this is not the case for
spin currents. We move on to present the results for the
laser-induced spin photocurrents for the nonmagnetic BiAg,
surface in Fig. 3. We present only the J responses with
spin polarization along the x axis. The symmetry-allowed J;
responses arise as equal in magnitude and either the same or
opposite in sign to J? ones, and thus we omit them in the
figure for simplicity. For circularly polarized light, J* and J;
are the same, while J{ is opposite to J7. For linearly polarized
light, J¥ polarized along x is opposite to J; polarized along y,
while J§ polarized along y is opposite to J{ polarized along x.
The above relations are summarized in Table I.

In Fig. 3(a), the results with respect to the lifetime broad-
ening I' are presented. The calculations were performed at
the true Fermi energy £p for the laser pulse frequency of
ho = 1.55 eV. For the J; response for circularly polarized
light (shadowed dashed red line), we observe the same be-
havior as in the case of charge photocurrents, i.e., nonlinear
below 0.2 eV and more stable, 1/I"-like, above 0.2 eV. At
I' =25 meV, the calculated J; has a magnitude of around

30 7i/(2e) A/m. The J; responses exhibit a different behavior.
At small values of T, they converge to zero after reaching
a peak value, while for larger values of I', they exhibit a
steady 1/I" behavior. The current response to circularly polar-
ized light (shadowed dotted blue line) peaks at a magnitude
of 15 i/(2e) A/m for I' = 0.2 eV. In the case of linearly
polarized light, for the polarization along x (green line), the
peaked value is —20 /i/(2e) A/m at I' = 50 meV, while for
polarization along y (black line), the peaked value is nearly
307/(2e) A/matT" =~ 0.12 eV.

The dependence of the spin photocurrents on the position
of the Fermi energy £r in the nonmagnetic case is exam-
ined in Fig. 3(b) for iw = 1.55 eV and T" of 25 meV. As
far as J; current responses are concerned, their behavior is
very similar for different light polarization cases. In contrast
to charge photocurrents, the computed spin currents exhibit
more pronounced peaks, which can be seen, for example, at
~ —1.8eV,~ +0.2 eV, and &~ +1.7 eV. By comparing to the
nonmagnetic band structure in Fig. 1, it is evident that these
peaks originate from the regions where the bands become
flatter or come closer, and where the number of electronic
states lending themselves to optical transitions is increased.
This feature is easier to distinguish in the nonmagnetic case as
compared to the ferromagnetic one. In general, the response
to light linearly polarized along y (black line) is the largest.
An exception to this is observed in the regions where two
more pronounced peaks appear in the response to light linearly
polarized along x (green line). The J} response to circularly
polarized light (shadowed dashed red line) behaves differently

TABLE 1. Relation between the symmetry-allowed J: and J;
current responses of the spin photocurrents at nonmagnetic BiAg,
surface. With e, we denote circularly polarized light with A = +1
helicity, while with € || &.(¢,), we denote linearly polarized light
along x(y).

X ot JY Tt
Jiem =T €

St =—T, et
Joellee=—J €| @&
J;‘, €l éy =-=J), €| &
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from the J}. We can detect two regions, one below 0 eV, where
the signal has a negative sign, and one above 0 eV, where the
signal has a positive sign. In both cases, the signal reaches a
steady value of about 200 7/i/(2e) A/m for a wide range of
nearly 1 eV.

The behavior of the spin photocurrents at the true Fermi
level for a broadening of I' = 25 meV in relation to the laser
pulse frequency Zw is depicted in Fig. 3(c). We can see that all
J; responses exhibit a similar behavior with a very sharp peak
at ~0.25 eV, while other peaks with smaller magnitude also
arise as the laser frequency increases. By comparing with the
nonmagnetic band structure in Fig. 1, it is straightforward to
attribute these peaks to transitions at the band crossings which
appear near £0.25 eV at the I" and the K points, near +1 eV
at the I" point, near +1.75 eV at the I" and the M points, and
near —2 eV at the I" point (see, also, discussion in Sec. V).
The largest in magnitude responses arise for linearly polarized
either along x (green line) or along y (black line) light. As far
as the J7 response is concerned, it also exhibits peaks which
correspond to the same transitions, although the response is
around five times smaller in magnitude and opposite in sign.

C. Ferromagnetic spin photocurrents

The final case which we examine is that of laser-induced
spin photocurrents for the ferromagnetic BiAg, surface. Their
dependence concerning the lifetime broadening I" at the true
Fermi level and for a laser light frequency of /iw = 1.55 eV is
presented in Figs. 4(a), 4(d) and 4(g). For values of I smaller
than 0.25 eV, the behavior of J and J;' becomes nonlinear,
while on the contrary, J7 reaches a peak value and slowly
decreases to a finite value in the I' =25 meV limit of our
computational capabilities. For the J§ response, the largest
signal arises for linearly polarized along y light [black line in
Fig. 4(a)], and for the J; response, the largest signal arises for
linearly polarized along x light [green line in Fig. 4(d)]. We
also point out that J; [shadowed dashed red line in Fig. 4(a)]
and J; [shadowed dotted blue line in Fig. 4(d)] current re-
sponses to circularly polarized light are rather suppressed in
magnitude. Regarding the J{ currents, their magnitude is one
order of magnitude smaller in comparison to J* and J;, with
the largest signal appearing for the JZ response to circularly
polarized light [shadowed dashed red line in Fig. 4(g)].

In Figs. 4(b), 4(e) and 4(h), we present the calculated spin
photocurrents in response to variation of the Fermi energy £p
for hw = 1.55 eV and I" of 25 meV. In general, we observe
a larger magnitude of J* current response, with J; response
being smaller by a factor of about two. In both cases, light
linearly polarized along y [black line in Fig. 4(b) for J§ and
black line in Fig. 4(e) for J}] is the most optimal choice as it
results in a larger signal for a wide range of energies. Also,
for both cases, narrower regions where the response to light
linearly polarized along x [green line in Fig. 4(b) for J§ and
green line in Fig. 4(e) for J}] becomes largest can be seen.
Interestingly, for currents flowing in the direction of spin po-
larization, the response to circularly polarized light [shadowed
dashed red line in Fig. 4(b) for J} and shadowed dotted blue
line in Fig. 4(e) for J;] are suppressed in comparison to the
J¥ and J{ currents. As far as the J7 currents are concerned,
their magnitude is one order of magnitude smaller than in

other cases. For all spin polarization directions, we observe
that the shape of the curves is very ragged which makes it
difficult to attribute given peaks to certain energy regions of
the ferromagnetic band structure shown in Fig. 1. One can
nevertheless notice that J; and J§ currents have a similar shape
with a change in sign despite their difference in magnitude.

We finally examine spin photocurrents as a function of
the laser frequency, presenting the results in Figs. 4(c), 4(f)
and 4(i). The calculation is once again performed at the true
Fermi level & for a lifetime broadening I' = 25 meV. For all
spin polarization directions, we notice that a very large peak
appears near 0.25 eV and the behavior of the signals continues
to be spiky at the same time decreasing in magnitude as the
frequency increases. The peaks near 0.25 and 0.75 eV can
be attributed to the band splittings which appear at the same
energies of the ferromagnetic band structure shown in Fig. 1,
i.e., near £0.25 eV and near £0.75 eV, at the I" and K points,
respectively, after the application of the exchange field. For
selected parameters, Ji and Ji currents appear to be similar
in magnitude, while J? currents are one order of magnitude
smaller. Also, once again, the J; [shadowed dashed red line
in Fig. 4(c)] and Jyy [shadowed dotted blue line in Fig. 4(f)]
responses to circular light are suppressed as compared to the
others. In Fig. 4(c), the response of J to linearly polarized
light along x (black line) is the largest, while in Fig. 4(f), the
largest response of J} occurs for linearly polarized light either
along x (green line) or y (black line).

V. TWO-BAND VS THREE-BAND TRANSITIONS

In the last section, we perform an analysis of decom-
position of the photocurrents into two-band and three-band
contributions. In our notation, which follows the Keldysh
nonequilibrium formalism, Eq. (2) involves a summation over
three band indices—n, m, m'—originated from the expan-
sion of three Green functions in the basis of Bloch states,
given by Eq. (3). A resulting form of the corresponding ex-
pression can be seen in Egs. (B4)-(B6) of Appendix B in
Ref. [29]. In this context, the two-band transitions correspond
to the case when n = m, while the three-band transitions
correspond to the case when n % m. This is similar to the
case considered in Refs. [20,49], where computed charge
photocurrents are decomposed into two-band and three-band
transitions between the energy bands within the second-order
Kubo formalism [17]. The former kind of transitions can be
considered as resonant transitions between two states that dif-
fer from each other by 7w, and the latter as virtual transitions
aided by a third band.

In the inset of Fig. 2(a), the contribution from the three-
band transitions to the laser-induced charge photocurrents
in the ferromagnetic BiAg, surface is shown. We find that
for J, currents, the two-band transitions dominate by one to
two orders of magnitude, regardless of the light polariza-
tion. This finding is important since taking only two-band
transitions into account reduces the computational effort sig-
nificantly. Moreover, while we also find that two-band J,
currents are odd in the lifetime broadening I" (i.e., odd in the
relaxation time t within the constant relaxation time approx-
imation), the J, response to circularly polarized light consists
only of three-band transitions which are even in the lifetime
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FIG. 4. Spin photocurrents in relation to (a), (d), (g) the lifetime broadening T, (b), (e), (h) the Fermi energy level £, and (c), (f), (i)
the light frequency 7iw for the ferromagnetic BiAg, surface. In (a)-(c), J; and JJ with circularly polarized light (shadowed dashed red and
shadowed dotted blue lines, respectively) together with J from linearly polarized along the x (green line) or y (black line) axis light are shown.
In (d)—(f), J} and J; from circularly polarized light (shadowed dashed red and shadowed dotted blue lines, respectively) together with JY' from
linearly polarized along the x (green line) or y (black line) axis light are shown. In (g)—(i), J{ and J5 from circularly polarized light (shadowed
dashed red and shadowed dotted blue lines, respectively) together with J? from linearly polarized along the x (green line) or y (black line)
axis light are shown. In (a), (b), (d), (e), (g), (h), fiw = 1.55 eV, and in (®), (©), (e), (), (h), (), T =25 meV. In (a), (c), (d), (), (), (i), the
calculations are performed at the true Fermi energy level. For all calculations, the considered light intensity is I = 10 GW /cm?.

broadening. Furthermore, in Figs. 5(a)-5(c), we present the
spin photocurrents for the nonmagnetic case of the BiAg, sur-
face, decomposed into two-band and three-band contributions.
For the J current response, it is evident that both types of
transitions contribute with similar magnitude to the resulting
signal, and we also find that these currents are odd in the
lifetime broadening I'. On the contrary, J} currents arising in
response to circularly polarized light are driven exclusively by
three-band transitions, exhibiting at the same time an even I"
dependence.

For the ferromagnetic spin photocurrents on the BiAg,
surface, we present, in Figs. 5(d)-5(f), total, two-band, and
three-band contributions, respectively, to J7 currents. Simi-
larly to the ferromagnetic J, charge photocurrents, we notice

that the two-band contribution is the most significant one for
the J§ current responses. Comparing to the ferromagnetic J;
charge photocurrents, we find that three-band transitions are
larger in this case, but still not important for the whole effect.
In addition, we predict that J currents are odd in I". On the
other hand, the response of J; to circularly polarized light
consists only of three-band transitions and it is even in . The
case for Jiy (not shown) is similar to J;* with the JY response
mediated by two-band transitions and J; current response to
circularly polarized light mediated by three-band transitions,
while being odd and even in I', respectively. Finally, all J?
currents comprise only three-band transitions, with the J?
being odd and J§ being even in I'. The important conclusion
that we can draw from our calculations is that in the case
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of spin currents, it is generally difficult to attribute a given
component of the spin photocurrent to a specific type of band
transitions without an in-depth analysis of the symmetry or
explicit calculations.

In a last step, we calculate the band-resolved laser-induced
charge and spin photocurrents for the ferromagnetic BiAg,
surface by taking into account only the dominant contributions
from the two-band transitions. The former is presented in
Fig. 6(a) and the latter in Fig. 6(b). For both cases, we notice
the appearance of “hot spots” where the magnitude of the
photocurrents reaches large values as compared to the rest
of the considered region where they vanish, while they are
located within the energy region which is affected by the laser
excitation, i.e., [£f — hw, & + hw]. Moreover, we are able to
classify the hot spots in pairs which are located at the same
position in k space and their energy difference is equal to the
energy of the laser pulse. These can be interpreted as two-band
transitions which are generated by the laser excitation, as
highlighted with numbered dashed red arrows in Fig. 6. We
notice that these transitions are common both for charge and
spin photocurrents, but only a few of them appear equally
pronounced in both cases (see arrows 4, 7, and 9 in Fig. 6). On
the other hand, there are transitions in which either the upper
or the lower band appears pronounced (see arrows 3, 5, 6, and
8 in Fig. 6). There is also the case of transitions which are very
prominent for the spin currents, but for the charge currents
their magnitude is small (see arrows 1 and 2 in Fig. 6). For the
charge photocurrents, the observed transitions either maintain

the sign of the photocurrents [see arrows 2 and 4 in Fig. 6(a)]
or change it [see arrows 1, 3, and 5 in Fig. 6(a)]. In addition,
no change of sign is observed for the spin photocurrents. In
general, all the states participating in two-band transitions
have predominantly Bi p character, thus making these states
the only ones which contribute to the response effects in our
system. This fact highlights even more the importance of the
joint effect of Rashba and exchange splitting on the generation
of the charge and spin photocurrents.

VI. SUMMARY

By using Keldysh formalism, we performed first-principles
calculations of charge and spin photocurrents which arise
as a second-order response to laser excitation at a BiAg,
surface. We find that the calculated responses are large in
magnitude and strongly depend on such material parameters
as the lifetime broadening or the fine details of the electronic
structure such as the position of the Fermi energy level and
the laser pulse energy. These findings mark the surfaces and
interfaces of strongly spin-orbit coupled materials as efficient
sources not only of planar charge photocurrents, but also cur-
rents of spin, whose role in the processes of THz emission
by spintronics systems has been possibly overlooked. Overall,
our calculations for the experimentally well-studied BiAg,
surface can be extremely useful for understanding the role
of the interfacial Rashba spin-orbit interaction in generating
various photocurrents. As such, our calculations can also serve
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as a benchmark for further material-specific studies of pho-
toinduced charge and spin dynamics.
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