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To explore spin accumulation, evaluating the spin galvanic and spin Hall effects, we utilize the semiclassical
Boltzmann equation based on input from the relativistic Korringa-Kohn-Rostoker Green’s function method
within the density functional theory. We calculate the spin accumulation including multiple contributions,
especially skew-scattering (scattering-in term), and we compare this to three different approximations, which
include the isotropic and anisotropic relaxation-time approximation. For heavy metals, with strong intrinsic
spin-orbit coupling, we find that almost all the effects are captured within the anisotropic relaxation-time
approximation. On the other hand, in light metals the contributions from the vertex corrections (scattering-in
term) are comparable to the induced effect in the anisotropic relaxation-time approximation. We focus in
particular on the influence of the atomic character of the substitutional impurities on the spin accumulation,
as well as the dependence on the impurity position. As impurities will break the space inversion symmetry of
the thin film, this will give rise to both symmetric and antisymmetric contributions to the spin accumulation.
In general, we find that the impurities at the surface generate the largest efficiency of charge-to-spin conversion
in the case of spin accumulation. Comparing our results to existing experimental findings for Pt, we find good
agreement.

DOI: 10.1103/PhysRevB.104.184421

I. INTRODUCTION

Spin-orbit torque, a spin dynamics effect intimately
connected to spin-orbit coupling (SOC), has been widely in-
vestigated for its promising technological applications [1–5].
For any practical application, devices are built in stacks of thin
films from multiple materials, which leads not only to spin
currents but spin accumulation at the interface. The spin accu-
mulation induced via Rashba spin-orbit coupling was already
introduced by Edelstein [6,7], and experimentally demon-
strated by Sánchez et al. [8], partially making the connection
to the spin Hall effect (SHE) [9–14].

In reality, it is impossible to grow solids, surfaces, and
interfaces for actual devices in perfect structures without any
disorders. Thus besides the spin accumulation from the intrin-
sic SOC such as the Rashba-Edelstein effect and the intrinsic
SHE [6,15–17], the extrinsic effects originating from spin-
dependent scattering at disorder potentials simultaneously
play a critical role in the physics of spin accumulation. While
from experiments it is evident that impurities and disorder
at the interfaces play an important role [18–20], their effect
on the spin accumulation has not been addressed explicitly in
theoretical descriptions [21–24].

This motivates us to investigate the spin accumulation
including spin-dependent electron scattering at impurities,
which will include contributions from inversion symmetry

*mh.wu@bristol.ac.uk

breaking via the impurity potentials. For the spin Hall ef-
fect, it has been shown previously that impurity doping may
generate giant effects [11,25,26], even with relatively light
elements [27]. Moreover in thin films, the naturally im-
perfect structures at interfaces and surfaces will inevitably
contribute to spin-dependent scattering. These effects have
been analyzed experimentally [11,19,20,28] and theoretically
[23,29–32] and were shown to exhibit possibly giant contribu-
tions to the overall effect. This implies the particular relevance
of impurity position around the surface in these thin metallic
films.

In this article, we will use density functional theory (DFT)
solved by the fully relativistic Korringa-Kohn-Rostoker
(KKR) Green’s function method to investigate the current-
induced spin accumulation properties of various materials and
the effect of impurities. In Sec. II, we briefly introduce the
computational framework and various approximations for the
description of the transport properties which are all based on
the semiclassical Boltzmann equation [23,24,26,33] either in-
cluding or ignoring the scattering-in term (vertex corrections).
The structural details of the thin films will be discussed in
detail. In Sec. III, we present the results of the induced spin
accumulation for thin metallic films of nine monolayers (ML)
within the distinct approximations in order to analyze the
different contributions. To gain a better understanding of the
influence of the atomic character on the effect, we compare
various combinations of host and impurity atoms. Making
contact with experiment, and for a comparison among differ-
ent alloys, we introduce the normalized spin accumulation,
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FIG. 1. (a),(b) The crystal structure and in-plane direction of
bcc(100) and fcc(100). The transparency degree displays different
layers. (c) Schematic of thin film fcc(100) structure. Atoms 1–4
(and 14–17) are the vacuum spheres, and 5–13 are the metallic atoms.

a measure for the efficiency of charge-to-spin-accumulation
conversion. Finally, we explain some of the findings in
Pt-based thin films in terms of the host density of states (DOS)
as well as the impurity local DOS (LDOS). A summary of our
findings is presented in Sec. IV.

II. COMPUTATIONAL METHODS AND DETAILS

All electronic structures, including the ideal and impurity
systems, are calculated based on density functional theory
(DFT) within the local density approximation solved by the
relativistic Korringa-Kohn-Rostoker Green’s function method
[34–36].

For a description of the spin accumulation, the semiclas-
sical linearized Boltzmann equation [27] is solved to find the
mean free path,
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k

[
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where c0N is the number of impurities and T n′n
k′k is the tran-

sition matrix describing the scattering of Bloch waves by the
impurity potential. Thus all these quantities are obtained from
the fully relativistic electronic structure calculations of the
host as well as the impurity system. For simplicity, we define
the charge currents in the x direction (see Fig. 1). Therefore,
the charge conductivity is given by
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and the spin accumulation is expressed as the current-induced
magnetization [23]
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where V is the volume of the cell, d is the thickness of the
film, and sn,i

y,k is the spin expectation value in the y direction.
The index i labels the atomic position in the z-direction per-
pendicular to the thin film surface as introduced in Fig. 1.
χ i

yx represents the magnetization along the y-direction induced
by the charge current in the x-direction as a function of the
atomic layer index i. If Eq. (1) is solved and �n

x (k) is used in
Eq. (4), it implies that all scattering processes, including the
scattering-in term, are fully taken into account. To gain fur-
ther insight into the various mechanisms which are partially
opposing each other, we will define three distinct approx-
imations. First, we may evaluate the spin accumulation by
dropping the scattering-in term Pn′n

k′k�n′
(k′) in Eq. (1) leading

to the anisotropic relaxation-time approximation

�̊n
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The resulting spin accumulation is
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Second, we may define
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in order to quantify the bare contributions to the spin accumu-
lation arising from the scattering-in term. Third, addressing
contributions from the clean system only, the isotropic relax-
ation time τ̄ can be used to define [24]

χ̄ i
yx = e
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n
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Comparing the full calculation to these three approximations
will give us a deeper understanding of the underlying micro-
scopic processes contributing to the spin accumulation in thin
metallic films.

For practical applications, the actual spin accumulation is
only part of the relevant parameters to classify the efficiency
of the spin-conversion mechanism in materials. To quantify
this efficiency, we introduce the normalized spin accumulation
αi

yx, similar to the conventionally used spin Hall angle, as

αi
yx = ai

y

jx
= χ i

yx

σxx
, (9)

where ai
y and jx are the induced magnetic moments along the

y-direction and the x-direction current density, respectively.
They are defined via the electric field Ex in the x direction as
ay = χyxEx and jx = σxxEx.

Finally, the model systems in our calculations are simple
cubic crystals, fcc Cu(100), fcc Pt(100), and bcc U(100) thin
films. All systems are built from 9 ML conserving the bulk
inversion symmetry. The x-y crystalline planes are defined
in Figs. 1(a) and 1(b). Along the z direction, the vacuum
layers are extended to infinity. The layer index i is defined
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FIG. 2. The spin accumulation χyx , χ̊yx , χ̄yx , and χ̃yx for
(a) Cu(Pt) and (b) Pt(Cu) with the impurity placed in the surface
layer i = 5.

in Fig. 1(c) as used in the following section. The angular mo-
mentum cutoff is lmax = 3 and the number of k-points for the
self-consistency of the clean system is 64 × 64. All the lattice
constants are experimental values based on bulk crystals.

III. RESULTS

In Fig. 2 the results are summarized for a Cu thin film
with Pt impurities, Cu(Pt), as well as the inverted system with
Cu impurities in a Pt thin film, Pt(Cu). The materials were
chosen as Pt is known to exhibit a large intrinsic spin Hall
conductivity and is one of the standard charge to spin as well
as spin to charge conversion materials [37–39]. In contrast, Cu
is known to show a small intrinsic spin Hall angle [13] but may
be doped with heavy impurities to exhibit gigantic spin Hall
angles induced by skew scattering (scattering-in term) [27].
For this comparison, the impurity atom is placed in the surface
layer (i = 5) breaking the inversion symmetry of the thin
films. Breaking this symmetry implies that both symmetric as
well as antisymmetric contributions will influence the overall
spin accumulation.

A number of conclusions can be drawn from the presented
comparison. First of all, the effect in Pt is an order of magni-
tude stronger than in the Cu thin film. Second, while for the
Pt thin film the effect arises almost entirely within the
anisotropic relaxation-time approximation, χ̊yx, with van-
ishing contributions from the scattering-in term (χ̃yx), this
is dramatically different for the Cu thin film. For Cu it
turns out that the contributions in the anisotropic relaxation-
time approximation are opposing the effect induced by the
scattering-in term while they are of a similar order of mag-
nitude. Third, in both cases the induced spin accumulation
in the isotropic relaxation-time approximation χ̄yx is vanish-
ingly small (scaled by a factor 5 in Fig. 2) and contributes
marginally to the overall result.

Altogether this leads to the fact that at the surface of the
Cu thin film, for the atoms with the index 5 and 11, the spin

FIG. 3. Comparison of the normalized spin accumulation αyx for
the various impurity positions in the Cu(Pt) and Pt(Cu) thin film.

accumulation is dominated by the extrinsic contributions as
induced via the scattering-in term. This finding is in agree-
ment with Ref. [20], where it was suggested that the spin
accumulation at the interfaces is dominated by the extrinsic
skew-scattering mechanism.

Furthermore, it is important to mention that in Cu the
dominant contributions are almost symmetric with respect to
the inversion center of the thin film, whereas for Pt a strong an-
tisymmetric component can be identified. In agreement with
previous work [24], the induced accumulation in the isotropic
relaxation-time approximation is perfectly antisymmetric, re-
sulting in dominant contributions at the surfaces.

Comparing both systems, it appears natural to associate
the different findings with the underlying electronic struc-
ture of the clean materials. While Pt shows strong spin-orbit
coupling, this is small for Cu. Resulting from this, it is the
scattering at the impurity including the scattering-in term that
dominates all effects in Cu. In contrast, the strong spin-orbit
coupling of clean Pt enables a strong spin accumulation with
contributions almost exclusively arising within the anisotropic
relaxation-time approximation, excluding the scattering-in
terms. Furthermore, the effect in Pt is much more restricted to
the surface, whereas for Cu the spin-accumulation is of similar
strength across the thin film. This finding can be associated
with the much longer spin-diffusion length of Cu in contrast to
Pt, which will lead to a quick decay of the spin accumulation
in a Pt thin film [33,40–42].

In a next step, we consider the scenario where the impu-
rities are placed at different positions across the thin film,
ultimately preserving the structural inversion symmetry for
the case of the impurity being placed at the central layer
(i = 9). A summary of the data is shown in Fig. 3, varying the
impurity position from the central atom (i = 9) to the surface
(i = 5) up to the adatom position (i = 4). To compare the
different impurity positions, we chose the normalized spin-
accumulation as defined in Eq. (4). To be able to extract the
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TABLE I. Charge conductivity of the Pt thin films doped with various impurities at different positions for the nonmagnetic systems. The
unit is (μ	 cm)−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

Sc 1.31 0.64 0.37 0.36 0.25 0.33
Ti 0.74 0.61 0.35 0.34 0.24 0.31
V 0.54 0.57 0.32 0.31 0.22 0.28
Cr 0.48 0.62 0.33 0.31 0.21 0.27
Mn 0.53 0.88 0.48 0.39 0.26 0.33
Fe 0.60 2.1 1.16 0.80 0.56 0.59
Co 0.78 9.11 4.06 2.70 1.93 1.91
Ni 1.65 4.17 1.67 1.40 1.11 1.43
Cu 17.32 1.09 0.60 0.52 0.40 0.51
Zn 5.57 0.82 0.47 0.43 0.32 0.41

bare spin accumulation, the charge conductivities are summa-
rized in Table I for Pt and in Table III for Cu.

As expected from the previous discussion, the effect in
Cu is dramatically altered by the impurity position as the
system is driven by extrinsic scattering. The induced spin
accumulation even changes sign as the impurity is buried
deeper in the thin film (i = 6) and becomes more symmetric
for the impurity at the adatom position. This dramatic effect
of the impurity position on the overall spin accumulation
was already discussed in experiments [20]. The resulting spin
accumulation becomes perfectly antisymmetric as the impu-
rity is placed at the central position (i = 9) as the structural
inversion symmetry is preserved in that case. The behavior
for the case of the Pt thin film is quite different as this system
is driven by the intrinsic spin-orbit coupling of the Pt host.
While similarly to Cu the overall magnitude of the effect drops
as the impurity is buried deeper in the thin film, the overall
structure across the film changes less significantly with the
sign of the spin accumulation staying constant at the surface
with the layer index i = 5 and 6. Interestingly, it was found
previously that the spin Hall angle for bulk systems of Cu(Pt)
is larger than for Pt(Cu), with spin Hall angles of 27.0 × 10−3

and −5.2 × 10−3, respectively [27]. This is no longer true for
the spin accumulation in thin films, where the normalized spin
accumulation of Cu(Pt) is significantly smaller than the effect

TABLE II. The largest value of normalized spin accumulation
αyx of the Pt thin film doped with various impurities at different
positions. For almost all systems, these values would be taken at the
layer index i = 6. The unit is 10−12μBcm A−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

Sc 1.28 2.30 2.02 2.77 1.03 1.07
Ti 1.37 2.31 2.03 2.66 1.00 1.08
V 1.45 2.33 2.11 2.54 0.97 1.06
Cr 1.49 2.40 2.23 2.43 0.96 1.05
Mn 1.37 2.64 2.33 2.31 0.97 0.99
Fe 1.23 3.07 2.32 2.19 0.97 0.86
Co 1.14 3.67 2.68 2.03 0.89 0.86
Ni 1.15 1.99 2.36 2.95 1.12 0.87
Cu 2.14 2.24 2.28 2.83 1.11 0.88
Zn 1.34 2.30 2.14 2.83 1.07 0.96

in Pt(Cu). This highlights the importance of quantitative pre-
dictions in realistic geometries, as they might be dramatically
different from simplified descriptions in infinite bulk systems.

To get a more intuitive understanding of the induced spin
accumulation for various impurities, we calculated the nor-
malized spin accumulation for the full 3d series from Sc to Zn
placed inside a Pt thin film (see Tables I and II). We find that
all the spin accumulation profiles remain similar to the case of
Cu impurities. In all cases, the normalized spin accumulation
is highest at the layer indices i = 5, 6, 7 and it is dominated
by the contributions in the anisotropic relaxation-time ap-
proximation with minimal contributions from the scattering-in
term. This is to be expected as the intrinsic spin-orbit coupling
of the Pt host plays the dominant part for all impurities con-
sidered here.

While there is a large amount of literature on the the-
oretical description of the spin Hall conductivities in bulk
systems [12,17,23,27,37,43–50], studies on the spin accumu-
lation are sparse. In Ref. [23], a value for the normalized spin
accumulation for Pt interfacing with L10-FePt was reported
as up to 17.2 × 10−13μBcm2A−1. This is comparable to our
maximum αyx of Pt of the order of ∼10−12μBcm2 A−1 for
the various 3d transition impurities. In comparison to exper-
iment, our results are compatible with the value of αyx =
5 × 10−12(μBcm2 A−1) for a film with thickness t � 40 nm
as measured in Ref. [51]. The same group also reported
measurements for a Pt(10 nm)/Cu(10 nm) bilayer system
and found the magnetic moments of ay ≈ 1.5 × 10−6μB in
Pt with an injected current density of 2.6 × 106 A cm−2

TABLE III. Charge conductivity of the Cu and U thin film doped
with Pt and Bi, and Li, B, nonmag. Fe, and Cu, respectively. The unit
is (μ	 cm)−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

Cu(Pt) 1.054 1.199 0.504 0.261 0.276 0.303
Cu(Bi) 0.211 0.079 0.045 0.038 0.037 0.043

U(Li) 0.870 0.108 0.075 0.064 0.062 0.055
U(B) 0.357 0.089 0.076 0.058 0.056 0.053
U(Al) 0.291 0.098 0.083 0.064 0.060 0.058
U(nonmag. Fe) 0.460 0.107 0.083 0.070 0.067 0.062
U(Cu) 0.726 0.097 0.128 0.094 0.090 0.093
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[52]. This would result in a normalized spin accumulation
of αyx = 5.7 × 10−13(μBcm2 A−1), again comparable to our
prediction.

For Cu, the experimental observations for the normal-
ized spin accumulation vary between 6 × 10−9 and 3 ×
10−12μBcm2 A−1 depending on the experimental situation
[53,54]. These are dramatically larger than our predictions
of the order of ∼10−13μBcm2 A−1. This discrepancy might
be explained in part by the fact that in experiments the de-
tected spin accumulation for Cu was measured at the interface
with ferromagnetic materials. There, the proximity effect of
magnetism could be considerable. Furthermore, the spin cur-
rent in the experiments is generated by spin-pumping and
spin-injection methods measuring the inverse effect of spin-
to-charge conversion. In our calculations, we consider the
direct charge-to-spin conversion with no charge currents per-
pendicular to the surface and in the absence of any additional
external voltages.

As was discussed already, the longitudinal charge conduc-
tivity σxx is critical for the efficiency of the charge-to-spin
conversion. In addition, a large charge conductivity would
make any effect unobservable in real systems as the trans-
port properties would be determined by residual resistivities
unrelated to the specific impurity doping we are consid-
ering here. All longitudinal conductivities for the Pt-based
system are summarized in Table I. The conventionally mag-
netic elements, such as Mn, Fe, Co, and Ni, are enforced
to be nonmagnetic to simplify the situation focusing purely
on the effect induced via spin-orbit coupling disconnected
from magnetism. The results for the magnetic cases including
charge conductivity and spin accumulation are summarized
and discussed in Appendix. In general, σxx is largest for the
surface position as the impurity only weakly interacts with
the thin film electronic structure. As the impurities are buried
deeper into the thin film, the conductivities drop significantly
only to get enhanced at the central position again (i = 9),
which is a finite-size effect of these perfect thin films. In
a simplified picture of a particle in a box, every second
wave function would show a node in the central position,
thus avoiding the scattering by the impurity. This leads to
the slight enhancement of the conductivity for this central
position.

To better understand the mechanism leading to the largely
different conductivities for different impurities, we show the
local density of states (LDOS) of the host atom and the
doped impurities, Sc, Fe, Co, and Cu at layer index i = 4
and 5 for the nonmagnetic systems in Fig. 4. For the adatom
the host LDOS (an empty sphere) shows almost vanishing
contributions, whereas Co and Fe exhibit strong peaks in
the LDOS at the Fermi energy, implying reasonably strong
scattering. In contrast, the Cu and Sc impurities show a
low LDOS at the Fermi energy leading to weak scatter-
ing. This intuitively explains the considerably lower charge
conductivity for the Fe and Co impurities in comparison to
Sc and Cu.

In slight contrast the host LDOS at layer index i = 5,
the surface atom shows large contributions of predominantly
d character. In this case, the d-electron peaks of Co and Fe
lead to weaker scattering than the s and p character LDOS

FIG. 4. Comparison of density of states for the Sc, Cr, nonmag-
netic Fe, and Cu as the adatom (i = 4) or as the surface atom (i = 5).

of Sc and Cu at the Fermi level. This in turn leads to the
opposite effect to that of the adatom situation, where now the
conductivities are higher for Fe and Co but are suppressed for
Sc and Cu.

So far we focused on the d-electron host systems with
strong spin-orbit coupling such as Pt. This system is overall
weakly affected by the impurity character, whereas for the
small spin-orbit coupling Cu system, previous calculations
have indicated that the spin-dependent transport is signifi-
cantly altered by the choice of the impurity atom [27,45].
One of the largest spin Hall angles was found for Cu(Bi)
[33,55]. Similarly, we may try to enhance the effect by choos-
ing a system with even stronger spin-orbit coupling: uranium,
the heaviest naturally occurring metal [56–59]. In Fig. 5(a),

FIG. 5. Comparison of the normalized spin accumulation αyx for
the various impurity positions in the Cu(Bi) and U(Cu) thin films.
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TABLE IV. The largest magnitude of normalized spin accumula-
tion αyx of the Cu and U thin film doped with Pt and Bi, and Li, B,
nonmag. Fe, and Cu, respectively. The unit is 10−12μBcm A−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

Cu(Pt) 0.128 0.124 0.099 0.038 0.055 0.020
Cu(Bi) 0.065 0.142 0.043 0.039 0.029 0.025

U(Li) 1.25 1.92 0.70 1.18 0.76 0.87
U(B) 0.85 1.66 0.68 1.13 0.93 0.87
U(Al) 1.36 1.70 0.72 1.09 0.90 0.86
U(nonmag. Fe) 0.75 1.70 0.71 1.47 0.88 1.05
U(Cu) 1.45 1.99 0.67 1.63 0.82 1.69

the layer dependence of the normalized spin accumulation is
shown for Cu(Bi), which turns out to be comparable to the
Cu(Pt) system or even smaller with notably a different sign
for the effect. While the spin Hall conductivity was found
to be dramatically enhanced in a Cu(Bi) bulk system, both
theoretically [27,60] and experimentally [55], it turns out that
the spin accumulation is rather suppressed for the Bi-doped
Cu thin film.

In Fig. 5(b), we summarize the result for the bcc uranium
thin films doped with Cu hoping to exploit the large spin-
orbit coupling of U. It turns out that for almost all scenarios
the resulting normalized spin accumulation is comparable
to the Pt-based system. Furthermore, an impurity placed at
the surface position induces the largest spin accumulation
at the opposing side of the thin film, which appears coun-
terintuitive and contrasts with the results for the Pt thin
films.

The resulting charge conductivities of doping a series of
impurities into the Cu and U thin films are summarized in
Table III. In the Cu films, the magnitude for Pt impurities is
an order of magnitude larger than for the Bi despite inducing
a similar normalized spin accumulation. For all scenarios of
U thin films, they are of similar order of magnitude with the
exception of the impurities at the adatom position, where we
find a wide variation. Table IV showsthe resulting normal-
ized spin accumulation for all cases. Interestingly, for the
U thin films, we find that Cu induces a similar normalized
spin accumulation to the other impurities. This strong Cu-
induced accumulation differs notably from Ref. [61], which
demonstrated a vanishing spin Hall angle for Cu-doped bcc
bulk U. The reason for this discrepancy is the restriction
to the skew-scattering mechanism in Ref. [61], while here
we incorporate contributions arising from the spatial inver-
sion symmetry breaking induced by the impurity scattering.

TABLE V. Charge conductivity σxx of the Pt thin film doped with
magnetic impurities at different positions in units (μ	 cm)−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

V 0.80 0.60
Mn 2.82 0.90 0.54 0.52 0.38 0.48
Fe 1.12 0.74 0.40 0.39 0.28 0.36
Co 0.95 0.88 0.46 0.43 0.29 0.38
Ni 3.32 1.36 1.19 0.98 1.27

TABLE VI. The largest value of normalized spin accumulation
αyx of the Pt thin film doped with magnetic impurities at different
positions. The unit is 10−12μBcm A−1.

Element Pos. 4 Pos. 5 Pos. 6 Pos. 7 Pos. 8 Pos. 9

V 1.42 2.38
Mn 1.40 2.36 2.18 2.82 1.05 1.00
Fe 1.44 2.43 2.17 2.70 1.02 1.00
Co 1.51 2.50 2.29 2.55 1.00 0.95
Ni 2.16 2.38 2.85 1.11 0.87

Such contributions are not present in bulk systems where
substitutional impurities do not break spatial inversion sym-
metry. However, in thin films such as those considered here,
any impurity not placed at the central layer would break
thesymmetry, inducing spin accumulations in addition to the
skew-scattering contribution.

IV. SUMMARY

In conclusion, we have utilized a DFT-based Korringa-
Kohn-Rostoker Green’s function method to analyze the
current-induced spin accumulation of impurity-doped thin
films, where the transport is described within a semiclas-
sical Boltzmann formalism. The comparison of different
approximations demonstrates that the spin accumulation for
a Cu host, with weak spin-orbit coupling, is equally driven
by the scattering-in term χ̃ i

yx as well as forward scattering
processes covered in the anisotropic relaxation-time ap-
proximation. However, both contributions are of opposite
sign and partially cancel each other. The spin accumula-
tion of Cu(Pt) is almost asymmetric under spatial inversion
of the thin film. On the other hand, the spin accumula-
tion of Pt(Cu) is almost entirely covered by the anisotropic
relaxation-time approximation χ̊ i

yx where a strong antisym-
metric component exists. This leads to a vanishing spin
accumulation at the opposite side, relative to the impurity
position, of the thin film. For the isotropic relaxation-time
approximation, the induced spin accumulation in both cases
is vanishingly small with symmetric profiles over the thin
films. This highlights the importance of spin-dependent scat-
tering processes in quantifying the spin accumulation in
realistic materials. Moreover, the strong intrinsic SOC of
Pt provides dramatically larger spin accumulation than a
Cu host.

In addition, we analyzed the normalized spin accumula-
tion, the efficiency of charge-to-spin-accumulation conver-
sion, in the Cu(Pt) and Pt(Cu) cases where the impurities are
placed at different positions. We found the effect of Cu(Pt)
to be significantly dependent on the impurity position with
changing magnitude and sign. In contrast, by doping the full
3d series of impurities into the Pt thin film, we find that all
values and profiles of normalized spin accumulation remain
similar, which highlights the importance of strong intrinsic
spin-orbit coupling of the host. Furthermore, our results of
normalized spin accumulation for the Pt thin film are in good
agreement with experimental observations [51,52], while
our results of Cu thin film are at first glance incompatible
with experimental findings [53,54]. This discrepancy can be
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attributed to the fact that in experiments ferromagnetic ma-
terials at the interface to Cu might alter the actual spin
accumulation significantly, which remains an open topic for
further investigations.

The spin accumulation for the heaviest naturally occurring
metal, uranium, highlights a peculiar result where the spin
accumulation is highest at the opposite side of the thin film
relative to the impurity position. This is in stark contrast to
our finding in Pt. While the generally more localized spin
accumulation in heavy metals such as Pt and U can be asso-
ciated with the reduced spin diffusion length in comparison
to Cu, this result for U is not intuitively obvious, and it
highlights the importance of actual material-specific calcu-
lations in realistic materials to cover the complexity of all
effects.
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APPENDIX: CHARGE CONDUCTIVITY AND
NORMALIZED SPIN ACCUMULATION INDUCED BY

MAGNETIC IMPURITIES

As the magnetism is taken into account, the convention-
ally magnetic atoms such as Fe, Co, and Ni as well as Mn
develop a magnetic moment across all positions in the Pt thin
films. For V the magnetism occurs only at the surface. All
these magnetic atoms induce moments in the surrounding Pt
coupling antiferromagnetically. For the transport calculations,
the independent moments of each impurity in the dilute alloy
are assumed to point in the same direction, perpendicular to
the thin films surface.

Table V summarizes the results for the charge conductivity
for all magnetic impurities. In comparison to the nonmagnetic
results in Table I, the conductivities are enhanced when the
magnetic impurities are doped at layer index i = 4 as adatoms.
For Fe, Co, and Ni, the conductivities are reduced as the
impurities are buried deeper in the thin film, while for Mn
the conductivity becomes larger.

The maximum normalized spin accumulations are sum-
marized in Table VI. For almost all cases, the maximum is
taken at the layer i = 6. The results are comparable to the
nonmagnetic case except for Fe and Co at the surface position
(i = 5), which are slightly reduced.

[1] D. Apalkov, B. Dieny, and J. M. Slaughter, Proc. IEEE 104,
1796 (2016).

[2] Y. Ando, Jpn. J. Appl. Phys. 54, 070101 (2015).
[3] G. Zhao and W. Prenat, Spintronics-Based Computing

(Springer, Berlin, 2015).
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