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Current-induced spin polarization at metallic surfaces from first principles
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We present the results of first-principles calculations based on density functional theory estimating the
magnitude of the current-induced spin polarization (CISP) at the surfaces of the 5d transition metals with fcc
and bec crystal structures. We predict that the largest surface CISP occurs for W and Ta, whereas CISP is
considerably weaker for Pt and Au surfaces. We then discuss how CISP emerges over a length scale equal to
a few atomic layers as opposed to the spin accumulation characteristic of the spin Hall effect, which is related
to the materials’ spin diffusion length. Finally, using our estimates for the CISP magnitude, we suggest that the
spin density appearing near W surfaces in experiments is mostly due to CISP, whereas that at Pt surfaces stems

from the Hall effect.
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I. INTRODUCTION

Spin-charge conversion phenomena [1,2] mediated by
spin-orbit coupling (SOC) have opened promising new path-
ways to control and detect electrons’ spins for next-generation
spintronic devices. Prominent examples of such conversion
phenomena are current-induced spin polarization (CISP) [3]
and its Onsager reciprocal effect. The conduction electrons
of some nonmagnetic materials become spin polarized in the
presence of a flowing dc charge current, and, in turn, a charge
current is generated as a response to a nonequilibrium spin
polarization.

CISP was predicted more than four decades ago [4]
and first observed in tellurium [5]. Later, the phe-
nomenon was investigated in a two-dimensional (2D) electron
gas [6-9] and detected optically in semiconducting het-
erostructures [10—15]. CISP in these 2D systems is called
the Rashba-Edelstein effect or, equivalently, the inverse spin-
galvanic effect. Recently, CISP has also been reported in
the semimetallic TaSi, (Ref. [16]), while the possibility of
modulating the effect through electrostatic gating has been
demonstrated in Te nanowires [17]. Yet, to date, CISP has
mostly been studied in 4d and 5d transition metal films,
where a homogeneous spin polarization emerges at surfaces
and interfaces [18]. When one of these 4d or 5d films is in
proximity to a ferromagnet, the interfacial CISP can exert
a torque on the ferromagnet’s magnetization [19-21]. This
type of spin-orbit torque [22] was predicted in early model
calculations by Manchon and Zhang [23] and has extensively
been studied as a means to write information in magnetoresis-
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tive random access memories (RAMs) [24]. Along with CISP,
its reciprocal effect, often called the spin-galvanic effect, has
also been demonstrated and extensively studied in many ma-
terials. The experiments initially considered semiconductor
quantum wells [25-27], while, more recently, the focus has
shifted towards metallic interfaces [28—33], metal-insulator
interfaces [34,35], topological insulators [36], van der Waals
heterostructures [37], and the 2D electron gas forming at
oxide interfaces [38—40].

In spite of the large number of studies dedicated to CISP,
reliable estimates of its magnitude in materials remain scarce.
In device experiments, the spin polarization is not directly
measurable, and it is extrapolated from electrical signals via
complex analyses and fits to effective models [41-43]. As
such, the conclusions are often controversial [44]. The prob-
lem becomes even more significant in the case of 4d and 5d
transition metals and their heterostructures with ferromagnetic
layers. In these systems, surface and interfacial CISP is often
accompanied by the spin Hall effect (SHE) [45,46]. Although
the SHE is a bulk phenomenon, it manifests itself at surfaces
as a spin accumulation, which adds up to the CISP. In practice,
separating the CISP from the spin accumulation due to the
SHE is a challenging and debated problem [47-50]. Recently,
attempts to directly measure the magnitude of CISP at metal
surfaces were made in spin-polarized positron beam exper-
iments [18,51], but the reported values appear surprisingly
large.

Given the outstanding difficulties in extracting the CISP
magnitude from experiments, first-principles calculations
could potentially be very helpful to get benchmark results, as
shown in some previous works for bulk Te, TaSi, (Ref. [52]),
and the (111) surface of gold [53]. Furthermore, CISP in bulk
materials was recently analyzed in Ref. [54], screening all
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the nonmagnetic crystallographic space groups. However, to
our knowledge, there have been no calculations for the most
common materials used in experiments, namely, Pt and W,
or, in fact, for any other transition metal (besides Au), where
CISP takes place at surfaces. The purpose of this paper is then
to close this knowledge gap.

We use first-principles calculations based on density func-
tional theory (DFT) to quantitatively estimate the magnitude
of CISP at the surfaces of the most investigated 5d transition
metals. We obtain the charge current and the corresponding
spatial-dependent spin density in thick slabs by populating the
electronic bands as implied by the relaxation time approxima-
tion for electron transport. Our results indicate that the largest
CISP occurs for W surfaces, and, furthermore, they provide
some insight into how CISP can be distinguished from the
SHE. Specifically, we show that the two phenomena lead to
a nonequilibrium spin density extending over different length
scales, and we point out for what materials CISP might be
more significant than the SHE.

The paper is organized as follows. We start in Sec. II by
reviewing the basic CISP phenomenology. We then provide
the details of our DFT calculations in Sec. III, and we analyze
the results in Sec. I'V. Finally, we compare CISP and the SHE
in Sec. V, before summarizing the main conclusion of our
study in Sec. VL.

II. CISP: QUALITATIVE DESCRIPTION
CISP is described by the equation [3]

Sa = y[?jba avb:xvyv 2y (1)
which linearly couples the nonequilibrium spin density S =
(87, 8, §%) to the charge current density j = (jx, Jjy, j;) (note
that we here employ Einstein’s convention of repeated in-
dices). The coefficients y, which effectively describe the
CISP magnitude, are material specific. Nonetheless, we note
that the emergence of CISP in a system is completely deter-
mined by symmetry. From a mathematical point of view, j
and S are a polar and an axial vector, respectively. Thus y;
is a component of a second-rank pseudotensor y. Nonzero
second-rank pseudotensors are allowed by symmetry only
in systems whose structure is characterized by a gyrotropic
point symmetry group [3]. In other words, this means that
CISP can be present only in gyrotropic media, first studied for
their natural optical activity [55]. Gyrotropic point groups are
listed, for example, in Ref. [56]. They form a subset of non-
centrosymmetric groups; that is, not all noncentrosymmetric
groups are gyrotropic. Thus breaking inversion symmetry in
a system is not enough to observe CISP, and the symmetry
requirements are more stringent. The materials where CISP
can be observed either are chiral, are polar, have the S4 point
group, or have the D),; point group. A high-throughput anal-
ysis of CISP in bulk materials was recently carried out by
Tenzin et al. [54], screening all the nonmagnetic crystallo-
graphic space groups.

Transition metals have nongyrotropic crystal structures.
Hence CISP is absent as a bulk effect. However, CISP emerges
at surfaces and interfaces which are locally gyrotropic. Equa-
tion (1) can still be assumed valid with S being the surface spin
density (i.e., the spin density integrated over the coordinate

perpendicular to the surface) and j being the bulk current den-
sity [53]. In the literature, the effect has often been associated
with surface bands with spin textures in momentum space
and modeled in terms of the 2D Rashba-Edelstein effect [28].
Such a description may, however, not be complete. For in-
stance, in Au(111) films, the Shockley surface states show
a large Rashba spin splitting [57], but their contribution to
the total surface spin density is found to be minor [53]. The
largest contribution originates from the continuum of bulk
states scattering off the surface [53,58]. The effect is very
reminiscent of the Friedel oscillations of the charge density.
For a semi-infinite jellium model, taken to be representative
of metals, the induced spin density is confined at the surface
over a distance of the order of k;l, where kr is the Fermi
wave vector (of the order of a few angstroms), and rapidly
decays inside the bulk. For real thin films, accurate predictions
of CISP at surfaces are only possible by means of detailed
microscopic calculations, which take into account the effect
of the atomic SOC on both bulk and surface electronic states.
This is done in the following sections.

III. COMPUTATIONAL DETAILS

The DFT calculations are performed by means of a devel-
opment version of the SIESTA code [59]. We use the local spin
density approximation (LSDA) for the exchange-correlation
density functional [60,61]. The SOC is included by means
of the on-site approximation of Ref. [62], which we have
generally found accurate even for materials with complex
spin textures (e.g., Ref. [63]). We treat core electrons with
norm-conserving Troullier-Martins pseudopotentials [64,65].
The valence states are expanded through a numerical atomic
orbital basis set including multiple-{ and polarization func-
tions. The cutoff radii of the basis orbitals for Ta, W, and Pt are
obtained from Ref. [66]. The cutoff radii of the basis orbitals
of Ir and Pt are the same. For all systems, the pseudopoten-
tials and basis sets have been validated to closely reproduce
the band structures calculated with the QUANTUM ESPRESSO
plane-wave code [67].

We consider the stable crystal structures and the experi-
mental lattice vectors for all materials. In order to describe
thin films, we carry out the calculations for slabs with an in-
plane unit cell and whose thicknesses vary between 24 and 46
layers depending on the system. Assuming the relaxation time
approximation [53], the current is introduced by populating
with electrons the Kohn-Sham electronic bands of energy E,, x
and momentum /k according to a displaced Fermi distribu-
tion f(E,x — VqK) = [e P E—Er=Ivak) 1 1171 wwhere v, is
the electron drift velocity. The charge current is then eval-
uated through the “bond currents” method as explained in
Refs. [68,69]. In our calculations, the drift velocity is taken
as an input parameter, which is varied to obtain any desired
output charge current density. A drift velocity of 1 m/s gives
a current density of the order of 10° A/cm?. We accurately
verified that the output current density depends linearly on the
input drift velocity in the calculations. We employ 101 x 101
k points in the two-dimensional surface Brillouin zone. SIESTA
returns the spin density s(x, y, z) on a real-space grid. Here we
use a very dense grid, specified via a mesh cutoff equal to 1000
Ry, for accurately resolving the spin density oscillations. For
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FIG. 1. Spin-y density s, (z) of Au(001), Pt(001), and W(001)
calculated for an applied current density j, = 10° A/cm? along the
x direction parallel to the surface. The atom positions along z are
indicated by the red circles. The dashed line marks the position of
the surface. Note the different scales used along the vertical axis in
the three panels.

all materials we check that the obtained surface spin density
is converged with respect to the slab thickness.

IV. DFT RESULTS

We investigate the 5d transition metals with room temper-
ature equilibrium crystal structures which are either fcc (Au,
Pt, Ir) or bec (Ta, W). The calculations are performed for
ideal slabs with a vacuum outside. Unless stated otherwise,
we consider the (001) surfaces, which are described by the
gyrotropic point group Cy4,. We assume a Cartesian frame
of reference such that the x and y axes coincide with the
(110) and (110) crystal directions. The surface normal lies
along the z axis, and we indicate the normal unit vector as z.
The only nonzero components of the pseudotensor y allowed
by symmetry in Eq. (1) are y; and y;, and additionally,
Yy = =y = y. Thus Eq. (1) can be rewritten as S = yz x j
(Ref [53]), where S is the surface spin density. The calcula-
tions are carried out in such a way that the charge current is
along the x (y) direction. We then obtain the in-plane aver-
age spin-y (spin-x) density, also called “spin density profile,”
sw(z) = [dxdy s (x,y, z)/A, where A is the unit cell area
in the xy plane. Finally, the surface spin density $*™ is ob-
tained by integrating s, (x)(z) from the center of the slab to the
vacuum region outside one of the slab’s surfaces. We verified
that the numerical calculations give sy (z) = s%,(2) = sav(2)
for j, = j, as expected because of the systems’ symmetry.

The calculated spin density profile for a current density
equal to 10° A/cm? is plotted in Fig. 1 for three representative
systems, namely, Au(001), Pt(001), and W(001). Such large
current density is merely chosen for display reasons so that no
numerical noise is visible in the curves. Nonetheless, since the
surface spin density depends linearly on the current density
according to Eq. (1), the density profiles corresponding to
any other current density value can be readily obtained just
by rescaling the plots accordingly. The red circles mark the
position of the atoms along the z direction. The surface is lo-

cated at z = zg ~ 87 A (dashed vertical line), and the vacuum
extends from there towards z = +00. At the qualitative level,
sw(z) looks quite similar in the three materials. It presents
a peak at the surface atomic layer (located at zg ~ 87 A)
accompanied by an identical and opposite peak at the other
slab surface (not shown). It then decays from the surface to the
interior of the slab within about four atomic layers. Inside the
slab, it assumes a periodic (almost sinusoidal) behavior with
the period equal to the lattice spacing. In other words, we see
the formation of a spin dipole with the positive and negative
polarities centered between the atoms and integrating to zero
over the bulk unit cell. CISP is therefore absent as a bulk unit
cell property. It instead emerges at the surface layers because
of the microscopic local gyrotropy. This behavior is the same
as that found for another SOC-driven effect associated with
gyrotropy, namely, non-Abelian diamagnetism [68,70]. In that
case, one can calculate the effect’s characteristic quantity,
which is the equilibrium spin current [71], and show that it
is finite at surfaces but it vanishes when integrated over the
bulk unit cell [68] in the very same way as the spin density in
CISP does.

The quantitative comparison of the results in Fig. 1 shows
that the surface layer’s spin density of the W slab is s,y (z5) ~
10~* 13/A3, which is an order of magnitude larger than that
of the Au and Pt slabs, s, (zs) ~ 107> ug/A3 (note the differ-
ent scales used in the three panels of Fig. 1). These values
can be compared with the results reported in Ref. [52] for
Te. For the same current density considered here, the spin
density in Te is extrapolated to be approximately 10! /A3,
i.e., several orders of magnitude larger than in our 5d
metal surfaces. The surface CISP due to local gyrotropy in
an otherwise centrosymmetric system is generally a much
weaker effect than CISP in materials with bulk gyrotropic
symmetry.

To see whether our estimates may depend on the surface
cut, we performed additional calculations for (111) slabs.
Overall, for all three materials, we find that the surface
layer’s spin density and the integrated surface spin density
have values similar to those for the (001) case, although
the spin density profile may be locally different. Once the
spin density profiles are integrated, we obtain that the to-
tal spin density S*® is about 10* ug/cm® for W, while
it is @ ~ 10% up/cm? for Au and Pt. These are small
values, but, as stated in Ref. [53], they could in princi-
ple be measured in optical experiments with the current
resolution.

A systematic comparison of the surface CISPs across the
various considered 54 materials is done by plotting in Fig. 2
the parameter y = yy" =y of Eq. (1) (see the black circles).
In the case of Ta, we also consider the so-called B phase,
which is commonly regarded as a high-performing material
for spin-charge conversion [72,73]. The most striking conclu-
sion that can be drawn based on the results is that the surface
CISP in Ta and W is about an order of magnitude larger than
in the late 5d materials. Specifically, we get that y is about
10 pug/A for Ta and W, while it is 10> pg/A for Pt and
Au. This might indicate that there could be a correlation be-
tween CISP and the Hund’s coupling, although we must stress
that CISP depends on the fine details of the slabs’ intricate
band structure, which is populated according to the out-of-
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FIG. 2. Surface CISP (SHE) factor y (ysug) for the various in-
vestigated 5d metals.

equilibrium electron distribution. A simple interpretation of
the results based on a single atomic property is therefore not
possible. Yet, looking at our calculations, we can suggest that
spintronic devices aiming at exploiting surface CISP should
be made of either Ta or W films to achieve the best possible
performance.

Although our results are obtained for ideal surfaces with a
vacuum, we think that they will remain valid also for systems
with rough surfaces or in contact with layers of other mate-
rials, as found in experiments. Disorder at the surface layer
will decrease the in-plane symmetry, but any heterointerface
is intrinsically a polar system (it allows for a polar vector,
normal to the surface) and, as such, is always gyrotropic. In
the limit of full disorder, a surface layer will become, on
average, isotropic. This formally corresponds to the C, point
group, which has the same symmetry as the Rashba model,
and therefore it allows for CISP with the same directional
character as found for our ideal systems. In the case of a
surface in contact with another material, the band structure of
the surface layer would be strongly modified by the bonding
with the adjacent layer. However, based on the results of
Ref. [53] for Au, we believe that surface CISP in 5d metals
is due mostly to bulk states scattering off the surface, while
surface or interface states play a less important role. As such,
the magnitude of the spin density profile would not drasti-
cally change in multilayer samples compared with our ideal
systems.

Recently, spin-polarized positron beam experiments were
performed to directly probe CISP at some 5d metal sur-
faces [18]. To compare our calculations with these experi-
mental results, we define the spin polarization (SP) as the
spin density divided by the charge density in proximity to
the surface layer. The largest calculated SP is obtained for
W and is equal to about 10~ for a charge current density as
large as in experiments (10° A /cm?). This SP is several orders
of magnitude smaller than the experimentally reported one,
which is about 0.1. Overall, all experimental values appear
surprisingly large, and even much larger than the results in
Refs. [17,52] for bulk Te, which, as mentioned above, is
a “strong” gyrotropic material and is expected to show en-
hanced CISP compared with any metallic surfaces. Resolving
such disagreements between the calculated and measured SP
will represent an important issue for potential future studies.

V. CISP VERSUS THE SPIN HALL EFFECT

We now turn to the question of the importance of CISP
with respect to the SHE in 5d metallic films. To determine
the relative magnitude of the two phenomena, we just need
to quantify the spin accumulation induced by the SHE and
compare it with the calculated spin density due to CISP.

We consider a semi-infinite system along the z direction,
with the surface located at a position z = zg, and a vacuum
extending from zg towards z = +o0o. The charge current j,
flows along the x direction as in the CISP calculations above.
Assuming diffusive spin dynamics, the SHE induces a z-
dependent spin current and a spin density that are given by
the equations [74,75]

J2(2) = [Bshejx — DO-sgue(2)]. )
1
O2556(2) — 75~ Seup (@) = 0. 3)
SD

where Osyg is the bulk spin Hall angle, Isp is the bulk spin
diffusion length, and D is the bulk diffusion constant. These
equations are decoupled from Eq. (1) because the interface
CISP enters the drift-diffusion theory as an effective boundary
condition [75]. Internal consistency requires that it modifies
only the computation of the surface spin but does not change
the calculation of the bulk “diffusive spin.” Hence, in the
limits of validity of the drift-diffusion theory, the bulk spin
accumulation due to SHE can be calculated independently
of the surface CISP. In simple words, in the experimentally
relevant linear regime, the SHE and the surface CISP are
two physically distinct mechanisms for the generation of the
integrated surface spin density; their response coefficients can
be obtained separately, and add up.

Equation (3) implies that the spin density stemming from
the SHE vanishes exponentially from the surface towards the
bulk of the system, and the solution reads

e 2 <z, )

Syp(2) = se
where s is the spin density at the surface, i.e., at z = zs.
Equation (2) must be accompanied by the boundary condition
Jj2l:=zs = 0, which enforces that the spin current vanishes at
the surface as it cannot flow into the vacuum region. Thus the
integrated spin density is

SgHE = VSHij (5)

and defines the spin accumulation due to the SHE. The pa-
rameter Ysyg = GSHElgD/D expresses the magnitude of the
spin density induced only by the SHE as opposed to y in
Eq. (1) that uniquely characterizes CISP. ysyg can be di-
rectly computed provided that Osyg, /sp, and D are known to
a reasonable accuracy. Unfortunately, however, the reported
values for these quantities vary widely from experiment to
experiment [45,46] likely because of the different crystalline
quality of the measured samples and unavoidable extrinsic
contributions from disorder or impurities [76]. We therefore
employ here the theoretical estimates provided by Nair ez al. in
Ref. [77], which are based on scattering theory combined with
DFT. The calculated values of ysyg are presented in Fig. 2 as
red diamonds. No data are available for §-Ta.
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In Ta and W, ysyg is almost as large as the CISP factor
y. This means that the integrated spin density induced by the
SHE and CISP are comparable in these materials. However,
it is important to point out the different length scales over
which the spin density is localized. In CISP, the spin density is
mostly confined within a few atomic layers around the surface
(see Fig. 1), i.e., over a length Icisp =~ 1 nm. In contrast, in
the SHE the spin density is accumulated over a characteristic
length dictated by the spin diffusion length. In the case of W,
Isp is 29.6 nm (about 140 atomic layers). This means that
at the surface layer, ssyg/Scisp & lcisp/Isp & 3 X 102, The
spin density originating from CISP is two orders of magni-
tude larger than that due to the SHE, or in other words, the
contribution of the SHE in W is negligible compared with that
of CISP. Similar considerations also apply to Ta, although we
obtain ssyg /scisp &~ 107! since Isp is much smaller (6.16 nm)
than in W. Nonetheless, we must point out that the spin Hall
angles of W and Ta taken from Ref. [77] are very small, i.e.,
Osug ~ 0.4 and 0.5. While the value for Ta appears to be in
fair agreement with the experimental results [73], in the case
of W, the experimental estimates for Osyg span from 0 to 5%
(Refs. [78,79]). A theoretical evaluation of the intrinsic contri-
bution based on the Berry curvature of the band structure gave
2% (Ref. [80]). Using this value, we would obtain a slight
increase in the relevance of the SHE.

In the case of Au, ysgg is not vanishing in spite of the
negligible spin Hall angle (Ospyg = 0.25%). This is because
of the huge spin diffusion length, Ilsp = 50.9 nm. As a result,
we find that ssyg /scisp & 0.5. Thus, in Au, the SHE and CISP
contributions to the surface spin density are somewhat compa-
rable. Finally, in Pt, we find that ysyg &~ 2.5 x 10* is much
larger than in any other material because of the short spin
diffusion length /sp = 5.21 nm and of the large spin Hall an-
gle (0 = 4.02%). Consequently, at the surface layer we obtain

SsHE/Scisp &~ 25. This means that the surface spin density is
mostly induced by the SHE rather than by CISP. Pt represents
the opposite case of W. Some important experiments with Pt,
where CISP due to the surface states was considered as the
dominant contribution to the surface spin density [19], might
need to be revisited in terms of the SHE.

VI. CONCLUSION

In conclusion, we provided an estimate of the CISP mag-
nitude for several 5d metallic surfaces. The W surface shows
the largest effect, while CISP is an order of magnitude smaller
at the Pt and Au surfaces. We also showed that the spin
density due to CISP may often be comparable to the spin
accumulation induced by the SHE. However, the two effects
appear at different length scales. In the case of W, the spin
density at a film’s surface layer is mostly due to CISP. In
contrast, in the case of Pt, the surface spin density is caused
mostly by the SHE. These observations may be valuable for
the interpretation of experiments.
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