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We start closing a gap in the comparison of experimental and theoretical data associated with the spin
Hall effect. Based on a first-principles characterization of electronic structure and a semiclassical description
of electron transport, we compute the skew-scattering contribution to the transverse spin and charge currents
generated by spin and anomalous Hall effect in a Co/Cu multilayer system doped with Bi impurities. The
fact that the created currents cross the interface between the two materials strongly influences the efficiency
of charge-to-spin current conversion, as demonstrated by our results.
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I. INTRODUCTION

The spin-orbit driven transverse transport phenomena spin
Hall effect (SHE) [1-4] and anomalous Hall effect (AHE)
[5-7] are highly relevant topics of current research because
they provide electric-field generated access to the electron
spin which can be utilized in spintronics devices [8—10].
The fingerprint of both effects is the deflection of “spin-up”
and “spin-down” electrons to opposite directions, giving rise
to transverse spin and/or charge currents. Numerous studies
explored the underlying effects that lead to the spin separation,
namely the intrinsic mechanism [11] as well as the extrinsic
contributions, skew-scattering [12,13], and side-jump [14].
Multiple fundamentally different theoretical approaches [15—
19] have been used to describe the mechanisms in bulk
systems and led to consistent results [20,21]. From the ex-
perimental point of view, the detection of the SHE signal
turned out to be especially demanding because quantitative
measurements of the created spin current are very subtle.
In fact, the employment of other phenomena like the in-
verse SHE [22-26] creating a transverse voltage from a spin
current or induced magnetization dynamics in ferromagnets
[27-29] try to circumvent the difficulty to directly measure
the spin current. A complication accompanied by most of
these techniques is that the spin current created by the SHE
has to cross an interface between two materials. Hence, it
seems questionable to compare such results with those from
theories that solely consider bulk systems. Various examples
demonstrate the discrepancy between theoretical predictions
that rely on bulk simulations and corresponding experimental
data. In case of Pt, where it is well known that the SHE is
predominantly caused by the intrinsic effect [30], the obtained
experimental values [31-33] are smaller by up to a factor of
two than those from calculations [33-35]. Also for systems
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where extrinsic contributions dominate, such deviations were
obtained. Since the precise knowledge of the studied samples
is of utmost importance for the experimental investigation
of the extrinsic effect, we want to focus on Cu(Ir) and
Cu(Bi) alloys, because Refs. [36,37] handle the related sample
characterization convincingly for these systems. Additionally,
both studies employ the spin absorption method where the
spin current crosses an interface between Cu and the Cu(Ir) or
Cu(Bi) alloy, respectively. In Ir-doped Cu, the experimental
spin Hall angle (SHA) of 2.1% [36] is remarkably smaller
than the value of about 3.5% [21,38] predicted by various
bulk-based theories using the Kubo formalism [20], semi-
classical Boltzmann transport [15,39], or a coherently treated
phase-shift model approach [21]. The situation is different for
the Cu(Bi) alloy. The SHA predicted by ab initio calculations
for the electronic structure combined with the Boltzmann ap-
proach for the transport properties [39] is three times smaller
[40] than the experimental value [37]. To investigate these
discrepancies, it is desirable to go beyond the characterization
of bulk samples and consider inhomogeneous materials in
theoretical descriptions.

A number of interesting aspects of interfaces and their in-
fluence on the creation of spin currents have been investigated
and reported in the literature [41,42]. The authors of Ref.
[43] introduced the so-called nonlocal AHE, which is based
on spin-dependent scattering at a rough interface between a
heavy nonmagnetic (NM) metal and a ferromagnetic (FM)
insulator, therefore excluding electronic transport through the
interface. For a charge current flowing through a Py/Pt bilayer
creating a giant spin current parallel to the interface, the
importance of the interface in the theoretical investigation was
emphasized in Ref. [44]. The combination of momentum-
dependent spin filtering and spin precession creates a spin
current that crosses an interface [45,46]. Based on this and by
means of a tight-binding approach, Ref. [47] highlighted the
existence of interface-generated spin currents in various semi-
infinite FM/NM bilayers, even without taking into account

©2019 American Physical Society
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skew scattering or side jump explicitly. The study published
in Ref. [48] goes beyond the characterization of bilayers
and investigates the creation of spin currents in FM/NM/FM
trilayers instead. The authors especially address the control of
the direction of the created spin polarization, which is impor-
tant for an efficient switching of the FM top layer. Strongly
connected to such switching processes are the widely studied
spin-orbit torques (SOT) [25,49,50], describing a transfer
of angular momentum on the magnetization due to a spin
current traversing an interface between a NM and a magnetic
layer. Beyond the mentioned spin-filtering/spin-precession
mechanism, there are two additional fundamentally different
spin-orbit induced effects causing such torques. First, the
broken inversion symmetry at the interface leads to the Rashba
effect [51], which can be used for an efficient charge-to-
spin conversion [52-54]. The underlying spin imbalance is
created within the interface and is therefore of 2D origin. In
contrast, the SHE may induce a SOT [25,29] arising from 3D,
which has been investigated in first-principles studies [55-57].
Especially, the role of impurities in FM/NM thin films was
analyzed in an ab initio study [58]. However, the authors
considered a free-standing Co;Cug film and therefore focused
on spin accumulation and the accompanied SOT instead of
macroscopic spin currents crossing the interface.

Accordingly, a missing piece in the puzzle between
experimental studies and theoretical investigations is an
ab initio description of SHE-induced spin currents that cross
the interface. Our present study serves to accomplish such
a task. Using a semiclassical first-principles approach, we
describe the skew-scattering contribution, which dominates in
dilute alloys [6], to spin and charge currents flowing through a
FM/NM interface. Since the Cu(Bi) alloy is a highly promis-
ing material [37,39] for practical applications, Cu is chosen as
the NM material and Bi as the impurity. As a ferromagnet, we
choose Co due to its high relevance in experimental setups
[59-61] and the well-matching lattice parameters between
cobalt and copper. To get a clear separation between bulklike
and near-surface atomic layers, we construct a rather big su-
percell, more than two times larger than in Ref. [58]. Although
our model does not directly address the experimental situation
of Refs. [36,37] with an interface between Cu alloy and Cu,
the considered Co/Cu multilayer with Bi impurities delta-
distributed within the individual atomic layers is considered as
a prototype system that should yield helpful general insights
into spin and anomalous Hall-induced spin and charge cur-
rents flowing through FM/NM interfaces. Taking into account
that the insertion of §-layers of impurities is basically possible
[62], with our study, we encourage experimentalists to prepare
such samples and conduct corresponding SHE and AHE
measurements.

II. THEORETICAL APPROACH

The electronic structure of the considered system is de-
scribed by means of a first-principles approach based on a
relativistic screened Korringa-Kohn-Rostoker Green’s func-
tion method in the framework of density functional the-
ory [63,64]. The host system is a Co9Cuy(010) supercell
in fcc structure with the lattice constant of copper, ac, =
3.615 A, which is about 2% larger than that of fcc cobalt. The

Co(9)

Jy

E Ja

FIG. 1. Schematic representation of a unit cell of the investigated
multilayer crystal in the Cartesian coordinate system. The applied
electric field E = EX leads to a longitudinal charge current j,. With
chosen magnetization direction and spin quantization axis along 2,
the SHE and the AHE create the spin current ji and the charge
current j,, respectively. Flowing in y direction, these currents cross
the interface between cobalt and copper.

impurity problem is solved on a real space cluster containing
55 atoms (four nearest-neighbor shells), taking into account
charge relaxation. We disregard structural relaxation since
only small effects are expected, as was shown in Ref. [40]. The
electronic transport is described by means of the semiclassical
Boltzmann equation [15,65,66]. As its solution, we obtain the
mean free path

A =1 (vk + Z Py Ak’) , (D

k

which describes the free propagation between two scattering
events and completely covers the investigated skew scatter-
ing contribution. It contains the index k = {k, v} combining
crystal momentum k and band index v, the corresponding
relaxation time ti, the group velocity vy, and the microscopic
transition probability Py, which we obtain from Fermi’s
golden rule assuming an impurity concentration of 1 at.
%. The second term on the right-hand side of Eq. (1), the
so-called scattering-in term, describes the scattering-induced
change of the electron’s propagation direction and therefore
characterizes skew scattering. With the help of the mean free
path, we construct the charge

e? ds
o= w0 Ak @)
h(2m) Ev=Er | VK]
and spin
s e? ds A 3)
o = — Sk Vg © Nk
h(2m)? Ev=Er | V]

conductivity tensors, which are evaluated as Fermi surface
integrals. Here, Eq. (3) contains the spin polarization s; of
the corresponding state [63]. Although Eq. (3) together with
Ohm’s law describes a spin current characterizing the flow
of spin angular momentum, we use the same units for both
tensors to treat them coherently and simplify their comparison
[40].

Due to the symmetry of the system, the direction of elec-
tron deflection for SHE and AHE is perpendicular to both
the applied electric field and the direction of the electron
spin. To describe the induced currents as flowing through the
interface, we choose the geometry depicted in Fig. 1 with
spins pointing parallel to the z axis due to the considered
collinear magnetic order. In the following, this choice will be
highlighted by the superscript z for the spin conductivity. The

relevant tensor elements are oy, the spin Hall conductivity
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(SHC), and o,, the anomalous Hall conductivity (AHC). We
quantify the efficiencies of the two effects by the SHA and
anomalous Hall angle (AHA),

z

and  ope = 2% (4)

O-X.X GXX

O'SHE =

respectively. The Hall angles relate the created transverse spin
or charge current to the longitudinal charge current caused
by the electric field. Both of them are dimensionless in the
chosen conductivity units and independent of the impurity
concentration for the considered skew-scattering mechanism.

III. RESULTS

Before we discuss the transport properties of the consid-
ered systems, we briefly comment on the magnetic properties
of the host material. For bulk Co, we find a magnetic moment
of 1.64 15, which agrees well with experiment [68]. Since in
the supercell calculations the lattice constant of Cu is used, we
did investigate the corresponding Co host and found a slightly
increased value of Mc, = 1.68 wp. The magnetic moment
of the five central Co layers deviate by less than 0.5% from
this value and are decreased by about 3% for interfacial Co
atoms. Due to the proximity effect, tiny magnetic moments
are induced in Cu. In the three central layers, they are smaller
than 0.1% of Mc, with an increase up to 1.1% at the interface.
Nonetheless, we will label the Cu part of the multilayer as NM
in our discussion.

Figure 2 shows our results for the conductivities and Hall
angles depending on the impurity position. Each symbol in
the graph represents the numerical result for one individual
sample with a dilute Bi concentration restricted to one par-
ticular layer within the supercell, the so-called delta doping.
First, we focus on the longitudinal charge conductivity. As
can be seen in Fig. 2(a), Bi impurities in the center of Co or
Cu give rise to an increase of o,,. The resulting shape of the
graph emphasizes the channeling effect arising in supercells
for currents parallel to the interface [69,70]. Impurities placed
in the center of Co lead to a strongly enhanced conductivity
of the multilayer system because they less perturb the electron
flow in copper, which is a better conductor than cobalt. This
strong enhancement is the reason why we resigned from dis-
playing the corresponding bulk values in the diagram, which
are smaller than 0.25 (€2 cm)~!. On the other hand, impuri-
ties at the interface cause strongest scattering and reduce the
longitudinal charge transport, which amplifies the SHA and
AHA.

Figure 2(b) shows the transverse spin and charge con-
ductivities of the investigated systems. We are particularly
interested in the SHE, nonetheless, the discussion can be
directly applied to the transverse charge conductivity with
oy behaving similarly for the investigated alloy. Bi atoms in
Cu lead to larger transverse spin currents than in Co, which
reflects the respective relation of the bulk quantities quali-
tatively [39,67]. However, the SHC caused by Bi in the Cu
layer of the supercell is smaller by a factor of five compared
to Cu(Bi) bulk, whereas it is only slightly decreased in Co
for all noninterfacial impurity positions. This large reduction
compared to bulk is the direct consequence of the fact that
the spin current has to cross the interface in the considered
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—@— (QAHE
|- -@ - QSHE T
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FIG. 2. Dependence of (a) longitudinal charge conductivity, (b)
transverse spin and charge conductivity, and (c) spin and anomalous
Hall angle on the Bi impurity position in the CogCu; supercell.
For comparison, the corresponding values for bulk crystals with
substitutional Bi impurities [39,67] are shown by horizontal lines.
Graph (a) omits such a guide for the eyes because the associated
values in the used units, 0S"®) = 0.22 and ¢S°®) = 0.20, are very
small. The conductivities are shown for an impurity concentration of
1 at. %.

geometry. Interestingly, the behavior of interfacial impurities
in Cu or Co is substantially different. The corresponding
SHC is decreased or increased, respectively, in comparison
to the noninterfacial impurity positions. In case of Co, the
SHC even exceeds the associated bulk value. Accordingly, our
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results demonstrate a fundamentally different behavior of spin
current creation for impurities on both sides of an interface.

In the dilute limit considered here, the conductivities are
inversely proportional to the impurity concentration in the
sample, which we set to 1 at. % in Fig. 2. To simplify the
comparison between different studies, it is convenient to focus
on the SHA and AHA, given by Egs. (4), instead. Their
dependence on the impurity position in the sample as well
as the corresponding bulk values are presented in Fig. 2(c).
In the investigated multilayer system, Bi impurities in Cu
cause a skew scattering contribution to the SHA, which is one
order of magnitude smaller than in the related bulk crystal. As
discussed above, the supercell geometry causes a significantly
increased longitudinal charge current as well as a strongly
decreased transverse spin current both leading to a drastically
reduced SHA. This behavior also holds for Bi in Co but is
less pronounced. Remarkably, in both materials Bi impurities
at the interface create much larger Hall angles than in other
positions, which is mainly caused by a very small o, . Taking
into account that Bi atoms start to segregate at an interface
for impurity concentrations above 0.5 at. % [37], this draws
attention to the importance of simulations that incorporate the
interface to interpret experimental results since such effects
are not covered in bulk systems. Additionally, it shows that
there is no general need for a homogeneous impurity dis-
tribution in experimental samples because segregation at the
interface may be beneficial.

As mentioned above, the chosen sample geometry was
not intentionally designed to describe a particular experiment
but rather serves as a prototype system to obtain general
insights. In this role, it sustains the characteristic outlined
in the introduction that experimentally gained data, where
spin currents traverse an interface, tend to be smaller than
theoretical predictions from bulk calculations. Due to the joint
effect of oy and of, decreasing the SHA, we argue that
the presented reduction of the SHE is a universal feature for

systems with an interface. Consequently, the origin of the
extremely large SHE observed experimentally [37] should
not exclusively be attributed to skew scattering at sparsely
distributed Bi impurities in Cu but needs to be reconsidered.
Accordingly, our results encourage the further search for ap-
propriate mechanisms to describe the experimental situation.
Possible reasons like interface roughness or the formation
of impurity clusters are beyond the scope of this study and
subject to future investigations.

IV. SUMMARY

In summary, we have applied an ab initio approach for the
description of the skew-scattering contributions to transverse
spin and charge currents created by SHE and AHE that cross
an interface between FM and NM metals. As a prototype
system, a CogCu; multilayer with substitutional Bi impurities
in different atomic layers is studied. We demonstrate that the
interface strongly influences the skew scattering contribution
to SHE and AHE. Especially, it leads to a significant decrease
of the effect efficiencies compared to the corresponding bulk
crystals, which points to a weakness of theoretical investiga-
tions that solely rely on bulk simulations. We also found that
interfacial impurities are beneficial for the spin Hall efficiency
and encourage experimentalists to validate this prediction by
the investigation of properly designed samples. The developed
technique allows microscopic insights toward a complete
description of the experimental situation, where currents have
to cross interfaces for detection and injection.
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