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Electrical control of magnetization is of crucial importance for integrated spintronics devices. Spin-orbit
torques (SOT) in heavy-metal/ferromagnetic heterostructures have emerged as a promising tool to achieve
efficiently current-induced magnetization reversal. However, the microscopic origin of the SOT is being debated,
with the spin Hall effect (SHE) due to nonlocal spin currents and the spin Rashba-Edelstein effect (SREE)
due to local spin polarization at the interface being the primary candidates. We investigate the electrically
induced out-of-equilibrium spin and orbital polarizations in pure Pt films and in Pt/3d-metal (Co, Ni, Cu)
bilayer films using ab initio electronic structure methods and linear-response theory. We compute atom-resolved
response quantities that allow us to identify the induced spin-polarization contributions that lead to fieldlike (FL)
SOTs, mostly associated with the SREE, and dampinglike (DL) SOTs, mostly associated with the SHE, and
compare their relative magnitude, dependence on the magnetization direction, as well as their Pt-layer thickness
dependence. We find that both the FL. and DL components contribute to the resulting SOT at the Pt/Co and
Pt/Ni interfaces, with the former contributions being larger at the Pt interface layer and the latter larger in the
Co or Ni layers. Our calculations show that the electrically induced transverse orbital polarization is exceedingly
larger than the induced spin polarization and present even without spin-orbit coupling, in contrast to the spin

polarization.

DOI: 10.1103/PhysRevMaterials.5.074407

I. INTRODUCTION

Electrical control of magnetization has attracted con-
siderable attention because of its potential for high-speed
spin-based memories with low-power consumption. Fol-
lowing theoretical predictions [1,2] it was shown that the
magnetization of a ferromagnetic layer in a multilayer stack
can be switched with a spin-transfer torque (STT) exerted by
a spin-polarized electric current flowing through the magnetic
layer in perpendicular direction [3—7]. STT enabled the de-
velopment of current-operated nonvolatile spin-logic devices,
such as the STT-magnetic random access memory (STT-
MRAM) [8]. While STT-based technology is a step forward,
there are still shortcomings, such as unintended switching that
can occur as the write and read currents flow in the same
direction [9].

A different concept to electrical magnetization switching is
the more recently discovered spin-orbit torque (SOT) [10-13].
SOT can be observed in a heavy-metal/ferromagnetic bilayer
film where the current flows dominantly through the heavy
metal and parallel to the ferromagnetic layer. In this configu-
ration, reversible magnetization switching can be achieved in
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a very energy efficient way and, moreover, have read and write
currents flow in distinct directions through the device [14—17].

While it is evident from experiments that the SOT can be
used to efficiently reverse the magnetization in the magnetic
layer, its microscopic origin is still to be fully understood. Two
candidates for driving the SOT have attracted much attention:
the spin Hall effect (SHE) [18,19] and the spin Rashba-
Edelstein effect (SREE) [20]. Both effects are caused by the
spin-orbit interaction, either in the bulk of the material or at
an interface, yet their microscopic appearance is drastically
different. The SHE is a nonlocal effect wherein an electrical
current generates the flow of a transverse spin current to the
boundary of the conducting slab (see Refs. [21-24]) where
it exerts a torque on the adjacent ferromagnetic layer. The
SREE conversely is a local effect: as pointed out by Edel-
stein [20], a nonequilibrium spin polarization is generated
at a symmetry-broken interface by an electric current in the
presence of Rashba spin-orbit coupling (SOC) [25]. Both
effects have been discussed in the context of SOT switch-
ing, in some cases the SHE was considered as the dominant
effect [12,13] whereas in other cases the focus was on the
SREE [10,11,14,26]. In heavy-metal /ferromagnetic bilayer
structures, both effects are expected to be present simulta-
neously and will contribute to the fieldlike (FL) SOT and
dampinglike (DL) SOT [27-33], yet their relative contribution
remains disputed and continues to be a topic of contempo-
rary investigations [34-36] (see also Ref. [37] for a recent
review). First-principles calculations can provide insight in
their detailed microscopic origin and offer a way to make a
quantitatively comparison [27,32,33,38—-40].
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The SHE and SREE are however not the only magnetic
effects that can occur. It was discovered theoretically that, in
addition to the spin polarization induced by a current through
the SHE, also a nonequilibrium orbital polarization can be in-
duced, which represents an orbital Hall effect (OHE) [41-45].
Similarly, the presence of spatial symmetry breaking in a
material was recently shown to lead to a significant local
orbital polarization, i.e., an orbital Rashba-Edelstein effect
(OREE) [46]. Both the OHE and OREE are currently only
poorly understood, in terms of their relative magnitudes as
well as directions of the induced orbital torques. So far
several first-principles calculations have been reported for
the OHE [41-45]. A direct observation of the induced or-
bital polarization is yet to be achieved in experiments (see
Refs. [47,48] for recent studies).

In this work, we employ relativistic density functional
theory (DFT) and Kubo linear-response theory to compute
the spin and orbital response to an external electric field for
realistic metallic bilayer structures in which Pt is chosen as the
heavy-metal material. Specifically, four different systems are
investigated: a pure Pt system and three Pt/3d-metal bilayer
systems, where the 3d element is Ni, Co or Cu. For these we
compute the spin and orbital conductivity and magnetoelectric
(ME) tensors resolved for the individual atomic layers in the
metallic heterostructures.

In the following, we first introduce the theoretical frame-
work of linear response within DFT and subsequently apply
our formalism to compute the spin and orbital responses for
the considered bilayer systems, for various Pt thicknesses. We
analyze the spatial symmetry of the spin response, which is
embodied in the spin ME susceptibility tensor x°. We show
that the direction of the induced spin magnetization 85 de-
pends on the relative directions of the applied electric field
E, the equilibrium magnetization direction M, and the system
geometry. The tensors can be decomposed into odd-in-M and
even-in-M components. Based on this parity with respect to
M, we discuss their relationship to the DL and FL. components
of the SOT.

The relative importance of those tensor contributions
strongly depends on the position of the atomic layer in the
slab, and, to a lesser extent, to the thickness of the Pt slab. We
investigate furthermore the magnetization-direction depen-
dence of the spin and orbital responses. Whereas the spin re-
sponse vanishes when the spin-orbit interaction is turned off,
off-diagonal components of the orbital ME tensor remain. We
compute effective spin-orbit torques on the magnetic Ni and
Co layers and compare our results with previously reported
values. Finally, we compare the relative importance of the FL.
and DL components of x* and discuss their relationship to the
SHE ad SREE. We find that the induced spin polarization on
the Pt side of the Pt/Ni and Pt/Co interfaces mainly leads to
a FL SOT while the induced spin polarization further into the
FM layer contributes more to the DL torque component.

II. THEORY
A. Linear response

The materials are modeled within DFT by the relativistic
Kohn-Sham Hamiltonian as implemented in WIEN2K [49],

Holnk) = € |nk) (D

where Hj is the relativistic Kohn-Sham Hamiltonian, |nk) the
single-electron Kohn-Sham state for band n at wave vector k
and €, the corresponding eigenenergy. Under the influence of
an external perturbation V = —e# - E where e is the electron
charge, E the external electric field and 7 the position operator,
the change 3A in expectation value of a vectorial observable
A associated to vector operator A, can be expressed within
the linear-response formalism [27,29,30,50] as

= > XiE )

j=x.y.z

The response X~~ is expressed in terms of solutions of Hj,

dk ~—~ fik
A
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k
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with m, the mass of the electron, f,; the occupation of
Kohn-Sham state |nk), €2 the Brillouin-zone volume, ank the
p;j momentum-operator matrix element, Amnk the A;-operator
matrix element and fiwpu = €x — €k, the difference of
Kohn-Sham eigenergies. As discussed below, we use for A
the spin and orbital angular momentum operators, 8 and L, as
. . . S
well as the spin and orbital current-density operators, J and
.71‘. The product J,’;;kpfl i 18 proportional to the spin Berry
connection [48]. The quantity Tiner (Tina) 1S the electronic
lifetime for inter (intra) band transitions. In the main part
of this work, Tiper and Ty, are set to hrlmer = 0272 eV
and hrmlm = 0.220 eV. Those values have been determined
by comparing linear-response calculations to experimental
conductivity data for Pt thin films [51]. The influence of the
electronic lifetime on the computed nonequilibrium spin and
orbital polarizations is discussed in Sec. II1 A 4.

B. Angular momentum and flow of angular momentum
The induced angular momentum is composed of a spin and
orbital contribution. Let us first focus on the spin part.

. & . . AS
The spin operator S and spin-density current operator J *
can be defined as

A R
S = E(UX’ Oy, 62), “
Sk {§k7 P} (5)
2m,V

where 6,, 6,, and 6, are the Pauli matrices, {., .} denotes the
anti-commutator, V is a reference volume and k (k = x, y, 2)
an index specifying the direction of the spin polarization
carried by the spin-current density. In this work, V refers to
the individual atomic spheres, allowing us to compute atom-
projected quantities (see Appendix A for details).

Using the linear-response formalism, we can compute the
out-of-equilibrium electrically induced spin angular momen-
tum &S as well as the induced spin-current density J5, using

8S=xE, (6)

J¥=%E, (7
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FIG. 1. Schematic of a typical system studied in this work, a
nPt/2Y bilayer. There are n (= 16, here) monolayers of Pt heavy
metal (HM) capped by two Y monolayers, where Y is Ni, Co, or
nonmagnetic Cu or Pt. The z axis is taken normal to the slab, with
unit vector u,. Each atomic plane is numbered with an index, where
index 1 refers to the Pt atomic-layer interfaced with vacuum, 7 to the
Pt atomic-layer interfaced with the 3d element in layer n + 1, and
n + 2 labels the top layer at the vacuum interface.

where x° is the spin ME susceptibility tensor and o the
spin conductivity tensor. Both x° and o are real 2nd-rank
tensors, but note that, due to the spin component dependence,
the spin conductivity tensor can be associated with a 3rd-rank
tensor, 5.

Analogous quantities can be straightforwardly defined for
the orbital angular momentum L. Thus, we can define the
orbital ME susceptibility tensor x“ and orbital conductivity
tensor o

SL=x"E, 8)

JH=o"E, ©)

where SL is the out-of-equilibrium electrically induced orbital
angular momentum and J% the induced orbital current den-
sity.

C. Computational methodology

The bilayer structures that are studied here consist of
several Pt monoatomic layers that are covered with two
monoatomic layers of the 3d elements Ni, Co or Cu (see
Fig. 1). For comparison, we also study the pure Pt system,
where the top two monolayers consist of Pt. The nomenclature
used in this paper is the following: we denote our systems
by nPt/2Y where n is the total number of Pt monolayers and
Y is either Ni, Co, Cu, or Pt. The minimum total number of
Pt monolayers used in our calculations is 2 while the max-
imum is 18 (denoted as 16Pt/2Pt). The maximum thickness
achieved is then ~3.2 nm. The direction normal to the inter-
faces is taken as the z axis. The monoatomic layers are labeled
from z = 1 for the Pt monoatomic layer at the interface with
vacuum (leftmost layer in Fig. 1) to z=n+ 2 for the Y
monoatomic layer at the interface with vacuum (rightmost
layer in Fig. 1). Particular positions can be identified, like
z = n for the Pt monoatomic layer at the Pt/Y interface and
z =n+ 1 for the Y monoatomic layer at the Pt/Y interface.

To compute the spin and orbital susceptibility and conduc-
tivity tensors, we use the following three-step procedure. (1)
The cell parameters and atomic positions of the heterostruc-
tures are fully relaxed with the DFT package SIESTA [52].
(2) Using the relaxed atomic positions, the ground-state

Kohn-Sham wave functions and energies are self-consistently
computed with the accurate full-potential, all-electron DFT
package WIEN2K [49]. (3) Using the relativistic Kohn-Sham
wave functions and energies, we compute the response tensors
defined by Eq. (3).

As the DFT packages used employ full 3D periodic bound-
ary conditions, all heterostructures contain 20 A of vacuum
to avoid spurious interactions with neighboring simulation
cells. More details on the computational recipe are given in
Appendix A.

D. Symmetry considerations
1. Symmetry of the ME tensors

The structures studied in this work are tetragonal, with
nonmagnetic point group 4 mm. The response tensor x° can
be expanded as

0)s DS 2)§
X = x5 DG Mk Y xi MM
k kl

(10)
where M, is the kth component of the unit vector of
magnetization, i.e., M = |M|M, with M the equilibrium
magnetization. As detailed in Ref. [53], for M || u,, )(S can
be written as

Xx Xy 0
X=1x x5 0 M|ul (11)
0 0 XZSZ

where x5, = — x5 and x5, = x;, # x... With M out of plane,
the system exhibits an in-plane x/y spatial symmetry, which is
fully recovered in our calculations. The x5 tensor can be fur-
ther decomposed into odd-in-M and even-in-M components,

XM = M)+ xS (M), (12)
with specifically,

0 Xxsy 0

xX=|x5 0 ol (13a)
0O 0 0
Xox 0

X.=10 x 0O (13b)
0 0 X,SZ

A nonzero odd-in-M part can obviously not exist for non-
magnetic systems (nPt/2Pt and nPt/2Cu), which is as well
recovered in our calculations. The spin response is highly
dependent on the magnetization direction. Setting the mag-
netization in plane, M || u,, the xS tensor can be written as

0 X;}S;; sz
X’ = x}x 0 0| [M]ul, (14)
sz 0 0

being different from the M || u, case. Now the xy,, Xy« €l-
ements are even-in-M and the yx,,, x,. elements odd-in-M.
We can furthermore mention already that the orbital x* tensor
has the same nonzero elements with the same M parity. Note
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that the magnetization direction breaks the x/y symmetry such
that the xy and yx components of x5/ may be different. Such
difference, if relevant, comes from terms with powers of M of
order higher than two in Eq. (10). As we will see later, those
higher order corrections are indeed relevant for the spin re-
sponse. The symmetry of the system is naturally incorporated
in the electronic density n(r) and magnetization density m(r)
computed with DFT. As a result, our calculations, in which
we do not impose any symmetry constraints, provide the full
M -dependent response, i.e., the left hand-side of Eq. (10).

Depending on the relative orientation of the induced spin
polarization §S with respect to (1) the applied electric field E,
(2) the normal direction u, and (3) the equilibrium magneti-
zation vector M, the components of the ME susceptibility x°
can be classified according to three categories.

(1) E-transverse components (E | ):

S xE X u,. (15)

(2) M -transverse components (M | ):
S o (E xu,) xM. (16)

(3) M-longitudinal component (M )):
88 «M when E || u,. a7

2. Symmetry of the SOT

The SOT 7T felt by the equilibrium magnetization M can
be written as

T =M x B, (18)

where 8B is the SOT effective magnetic field, which originates
from the electrically induced change in the exchange-
correlation effective field Bxc. We can approximate B as

N
NN
where S is the equilibrium value of the expectation value
of S. Essentially, Eq. (19) assumes that the direction of the
exchange-correlation effective field changes while its strength
is unaffected. Note that because the spatial distribution of
68 may differ for different orbital characters (e.g., s, p, d),
Eq. (19) is an estimate of §B.

Using M = —2upS, where g is the Bohr magneton, and
Eq. (19), the torque can be evaluated as

T = —2uplBxc| (M x 5S) (20)
where we used that M = S/|S|. With the induced spin polar-
ization [Eq. (6)] this can be written as

T = —2upBxcl M x (X°E)]. @1

Since x° can be decomposed in odd-in-M and even-in-M
components, we can always decompose the SOT in an odd
(o) and an even (e) component,

T=T+T.. (22)

We can compute 7, and T, e.g. for an in-plane field, E =
|E|u,. When M ||u., using Eq. (13), we obtain

8B ~ |Bxc| (19)

(23a)
(23b)

To = +2up|Bxc| |E| X_{?x Uy,
Te = —2up|Bxc| |E| Xfx uy,

TABLE 1. The E-transverse (E | ), M-transverse (M ), and M-
longitudinal (M) components of the x tensor for M parallel to u_,
u,, or u,. Each row summarizes the equivalency of the x components
for the three magnetization directions. The spatial symmetry of the
induced spin polarization S and whether it leads to a dampinglike
or fieldlike spin-orbit torque 7 are also provided.

M| u, M || u, M || u, 4S8 dependence T
El Xx_v/_vx X.\'y/yx Xxy/yx E x u; FL
ML Xxx/yy Xzx Xzy M x (E X uz) DL
M” Xz Xxz Xyz M (E | u,) -

while for M || u, this yields [see Eq. (14)]

To = — 2unlBxcl [E| x5, us. (24a)
Te = + 2uslBxcl [E| x5 u,. (24b)

We can now easily establish the link between the symmetry
of the components of x°, their evenness or oddness in M, and
the commonly discussed fieldlike torque T g and dampinglike
torque 7 pr, specifically,

T xM x (E xXu,),
ToLr XM x [M x (E x u,)].

(25a)
(25b)

We recognize that 75, and therefore the E; components, cor-
respond to T g while T, and therefore the M | components,
correspond to 7 py .

A similar classification can be carried out for the cases
where M ||u, and M || u,. The classification and symmetry
relations for these magnetization directions are summarized
for convenience in Table 1.

III. RESULTS

A. Spin response
1. Magnetization out of plane

We start with the case where M ||u,. It is instructive
to consider first the thickest heterostructures, i.e., 16Pt/2Ni,
16Pt/2Co, 16Pt/2Cu, and 16Pt/2Pt. In Figs. 2(a), 2(b)
and 2(c), we show the computed atomic layer-resolved pro-
files of the aforementioned nonzero components of x5, as well

as related components of the spin conductivity tensor of;‘, UZS);,
and az% in Figs. 2(d), 2(e) and 2(f), respectively.

In all cases, we observe that the response of the Pt atomic
layer at the vacuum interface (z = 1) is virtually independent
on the type of Y atom used, suggesting that these systems
are thick enough to isolate the Pt/3d-interface properties. The
inclusion of the two monoatomic layers of 3d elements mainly
impacts the x* and o profiles close to their interface.

For the E-transverse components [Figs. 2(a) and 2(d)],
both x* and &5 are qualitatively barely impacted in the bulk
Pt region by the replacement of the two last Pt atomic mono-
layers by two 3d atomic monolayers. The profile of GZS; is in
all cases mostly defined by a plateau in the center of the Pt
layer. This specific component of ¢ is customarily identified
with the SHE in Pt-bulk calculations. The spin-accumulation
profile related to xysx across the Pt layer strongly resembles
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FIG. 2. Computed atomic layer-resolved nonzero components of the spin ME susceptibility x5 and spin conductivity o5 of the 16Pt/2Y
structures. (a) The E-transverse component )()i, (b) M-transverse component x5, and (c) M-longitudinal component )(i The corresponding

components of the spin conductivity tensor are given as (d) E-transverse ofx‘", (e) M-transverse o3, and (f) M-longitudinal af;. The E-

x>’

transverse components of 65 can be associated with SHE. The M-transverse components of x are nonzero only for magnetic systems (16Pt/ 2Ni
and 16Pt/2Co) and in the vicinity of the interface, suggesting the importance of spin-splitting of the electronic states. The M-longitudinal
components are discussed in the text. See Fig. 1 for the numbering of the atomic layers.

the type spin accumulation that is expected from transverse
spin flow. Reversing the magnetization of the Ni and Co layers
from 4u, to —u, in the calculations, moreover, does not have
a notable effect on the (M-even) spin accumulation given by
x5 These results are in agreement with what is observed in
SHE calculations for bulk Pt [51,54]. Note that the accumu-
lated spin moment is given by M = —2(up/h)éS.

For the 16Pt/2Cu system, the discussion cannot be per-
formed on the basis of torques (M is ill-defined). For the
spin accumulation related to Xysp compared to the pure Pt
case, we observe an increase of accumulated spin density at
the Pt side of the Pt/Cu interface as well as a decrease of
spin density within the Cu layer. For 16Pt/2Ni and 16Pt/2Co,
one can in addition observe that a spin depolarization occurs
in the two ferromagnetic layers, as has been discussed in
Refs. [55-59].

The M ; components [Figs. 2(b) and 2(e)], are nonexistent
for nonmagnetic pure Pt and Pt/Cu system. Sizable values are
only obtained close to the interface with Co and Ni, both for
x° and 5. Remarkably, while the E; and M, components
are comparable in size close to the interface, their features

differ greatly: (1) there is no bulklike behavior for ag," / UZS; ,(2)
those components are nonexistent in bulk Pt, and (3) they are
magnetization direction dependent. Although there is a spatial
symmetry breaking at the Pt/Cu interface, no spin polariza-
tion is induced, which strongly suggests the importance of

spin-split electronic states at the interface for x5, and o.5:. The

. . . . S\' .
odd-in-M spin conductivity or was recently named magnetic

SHE [60], to distinguish it from the conventional SHE azS; that
is even-in-M [61].

As aforementioned, the M-longitudinal components [see
Figs. 2(c) and 2(f)] are peculiar in the sense that they are not
SOT-related (the usual SOT configuration does not involve
out-of-plane electrical fields and, also, no torque is gener-
ated by a spin accumulation parallel to the static moment).
Although such components can in principle be obtained via
a symmetry analysis (cf. Ref. [53]), they have not been, to
the best of our knowledge, investigated theoretically so far.
As will be clarified further below, this effect is due to the
spin-orbit interaction. Here, an electric field applied parallel
to the out-of-plane magnetization causes a sign-changing spin
polarization along M in the ~5 topmost monolayers. This is
clearly a magnetic effect, as it does not exist for the nonmag-
netic systems. The spin conductivity OZS; shows a decaying
behavior from z = 16 to 1, but this decay is slower than that
of the equilibrium spin magnetization in the systems. Also,
similar to the M-transverse component, no “bulklike” behav-
ior is observed. A possible way of observing this previously
unidentified SOC-induced effect could be achieved by gating
the ferromagnetic layer from the top and monitor a change of
its magnetization.

So far, we focused on the components of the spin con-
ductivity tensor giving rise to spin currents flowing along u,.
While those components are the ones that should be of interest
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FIG. 3. Dependence of the spin ME susceptibility tensor x5 on the number of Pt monolayers n. (Top raw) E-transverse component of
x5, for (a) the Pt atom at the Pt/Y interface, (b) the Y atom at the Pt/Y interface, and (c) the Y atom at the ¥ /vacuum interface. (Second
row) M-transverse component of x5, for (d) the Pt atom at the Pt/Y interface, (e) the Y atom at the Pt/Y interface, and (f) the ¥ atom at the
Y /vacuum interface. (Bottom row) M-longitudinal component of x°, for (g) the Pt atom at the Pt/Y interface, (h) the Y atom at the Pt/Y

interface, and (i) the Y atom at the Y /vacuum interface.

for understanding SOT in bilayer structures, other nonzero
components can be observed, as well. For a magnetic system
with the 4mm point group, with M || u., we find that ¢ can
be written as

magnitude, here, because of the symmetry breaking with re-

spect to the z axis, the tensor elements are not invariant under

exchange of z and x or y indices. The other seven components,
. S S s s, S .

that is o3, 02, 02, 0.y, Oxi, Oy, and o2 only exists for

magnetic systems. Some of those magnetic components have

S.\'
0 0 o been discussed recently [61-65].
Sy _ Sy
c>=| 0 0 o
s s ‘ 2. Pt-thickness dependence
oy oy 0
s Next, we investigate the Pt layer thickness dependence
0 oy of the E;, M, and M| components of x°. The num-
S = 0 sz‘v i (26) ber of Pt monolayers for our nPt/2Y systems is tied
s, s, from n =2 (Pt thickness ~0.38 nm) to n = 16 (Pt thick-
Oz Oz 0 ness ~3.08 nm). Figure 3 shows the computed Pt-thickness
o5 o5 0 dependence where each column of the figure focuses on
S XSX X; one particular atomic monolayer, with, from left to right,
o =lox oy 0 the Pt monolayer at the Pt/Y interface, the ¥ monolayer
0 0 UZS; at the Pt/Y interface, and the Y atomic monolayer at the

The components associated to the SHE, i.e., al.“jk , where the
indices are such that €;;; # 0 (;jx is the Levi-Civita symbol),
are nonzero whether the system is magnetic or not. However,
while in cubic systems like bulk Pt they are all equal in

Y /vacuum interface. Each row focuses on one particular
component, namely, from top to bottom, the E,, M|,
and M components. The values of the tensor elements
that give rise to the SOT, the E; and M components,
barely fluctuate beyond n =8 (Pt thickness > 1.54 nm).
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FIG. 4. Computed angular dependence of the spin ME tensor x5 of the 12Pt/2Co system at the first Co atom for in-plane magnetizations,

given as a function of the azimuthal angle ¢.

Thus both 7T g and T pL approach their maximum values
already for relatively thin Pt layers, consistent with recent
investigations [33,66].

For the E | components, in the case of pure Pt (nPt/2Pt),
Xysx tends to increase the closer we come to the last layer,
which is typically what we would expect from a transport-
generated spin accumulation profile. When the two last layers
are replaced by a magnetic element (Y = Co or Ni) drastic
changes occur. First, we observe that Xfx is bigger for the 3d
monolayer closer to the Pt layer than for the second Y layer.
Second, at a fixed position, xfx is bigger for ¥ = Ni than
Y = Co.

For the M} components, associated to T pr, the XXSX for the
Pt monolayer at the Pt/Y interface [Fig. 3(d)] is virtually iden-
tical for Y = Ni or Co and for all Pt thicknesses considered.
In the first and second magnetic monolayers [Figs. 3(e)) and
3(f)], the Xfx is, in both cases, bigger for Y = Ni than ¥ =
Co. The bottom row, lastly, shows the M-longitudinal spin
accumulation. Also here, we obtain that a larger magnitude
of XZSZ is generated for ¥ = Ni.

3. Magnetization-direction dependence of the spin response

The direction of the magnetization vector M is often
rotated in out-of-plane or in-plane directions in experi-
ments [35,67]. The magnetization-direction unit vector M
can be written as M = (sin 6 cos ¢, sin 6 sin ¢, cos 8), where
¢ and 6 are the azimuthal and polar angles, respectively. To
capture the M dependence of x5, we self-consistently com-
pute x5 at different (9, ¢) values. We choose the 12Pt/2Co

system for these simulations and consider the ME spin re-
sponse on the first Co atom at the interface with the Pt layer. In
particular, we compute x5(6, ¢) for M constrained in the x-y
plane (Fig. 4) and M constrained in the x-z plane (Fig. 5).

In Fig. 4, we show the computed angular dependence of
the tensor components when the magnetization is in-plane and
rotated from angle ¢ = 0° (i.e., parallel to u,) to 360°. The
panels reveal that spin ME tensor is, to great precision, given
by the following parametric form:

oy sin2¢ oy +3c082¢p g cOS QP
XS = | —ay — a3 cos2¢ —aq sin2¢ agsing |,
o5 COS ¢ o5 Sin ¢ 0
(27
where «; (i = 1, 2, ..., 5) are constants in units of 10‘%%,

whose values are «; = 12.54, a, = —20.83, a3 = 11.50,
o4 = 77.18, and a5 = —8.36. Note that this functional form
only gives the ¢ dependence, that is, 6 is kept constant to 90°.
The computed angle dependence illustrates that the tensor
elements, and thus the resulting SOTs, obey a distinct angular
symmetry. Terms whose angular dependency varies as 2¢ are
even under magnetization reversal, while those that vary as ¢
are odd.

Let us consider, for example, the case where M is along
u,, that is ¢ = 0. If we apply a field E along M, the only
relevant nonzero elements, that is, the elements that give rise
to a torque, are Xysx and XZSX. The former tensor element is even
in the magnetization, giving consistently a “—ay — a3 cos 2¢”
angular dependence, while the latter element is odd in M,
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FIG. 5. Computed angular dependence of the spin ME tensor x° of the 12Pt/2Co system at the first Co atom for magnetizations in the x-z

plane, given as a function of the polar angle 6 (and for ¢ = 0).

giving a cos¢ dependence. Note that the expression (21)
for the SOT contains the cross product M x (xSE), which
implies that an additional trigonometric function (sin ¢, cos ¢)
appears in the SOT.

Analogous calculations have been carried out for M being
varied along the polar angle 6, with ¢ set to 0. Figure 5 shows
the computed #-angle dependence of the ME tensor x° for
the 12Pt/2Co system. It can be recognized that the angular
variation of the matrix elements obeys the & dependence

cos 6 Bi1 +cos20  cosb
XS o« | B» — cos26 cos 6 sin26 |, (28)
—siné —sin 26 cos 6

where B; and B, are constants. Here, we only give the generic
trigonometric dependence of the tensor elements. In this case,
there are nine constants needed to describe the angle depen-
dence precisely as in Eq. (27).

The angular dependence of the x* tensor was computed for
a particular atomic position in the bilayer. Performing further
calculations, we find that the obtained angular dependence
[Egs. (27) and (28)] is valid at any atomic position in the layer,
albeit with vanishing constants for the odd-in-M components
when the atomic layer is close to the vacuum/Pt inter-
face. For each atomic position there are different constants
for the tensor components, however, a decisive property is,
whether the tensor component is E-transverse, M -transverse,
or M-longitudinal. As illustrated in Table I, in this way
equivalent tensor elements can be identified for different M
directions.

In Fig. 6, we compare the atomic-layer resolved profiles
of x5 for the 6Pt/2Ni system, for M ||u, and M ||u,. We
compare the E |, M |, and M| components, which allows us
to track the physically equivalent quantities with respect to the
SOT symmetry (FL or DL). We use in Fig. 6 the superscript
u, (u,) to denote quantities computed with M ||u, (M || u,).
For most of the atomic positions, the corresponding tensor
elements for both M || u, and M || u, show a strikingly similar
behavior, with the exception of the )(fy element that differs
most in the Ni layer. The similar behavior and approximately
identical values illustrate that the tensor elements transform
in an almost rigid manner when the magnetization vector is
rotated. The larger difference in the XxSy component suggest
that the orientation of M has a stronger influence on the Pt/Ni
interface electronic structure. Note that although Xf);”-' and

Xf}’,"Z differ significantly at the Pt/Ni interface [see Fig. 6(a)],
X;f}:“x does not become effective, as it would give rise to an
induced magnetization along the equilibrium magnetization,
and can therefore not contribute to SOT.

For the M, components, shown in Fig. 6(c), very simi-
lar magnitudes are observed but there is an opposite sign in
the Xxs;ru*” and XZS);“* components. This sign reversal is easily
recovered using our proposed classification. Indeed, in the
case M ||u,, one finds from Eq. (16) for the corresponding
component

Kozt 88 o (uy X uy) X U, = —uy,
while for M || u,, we have

Xor 1 08 o (uy X uy) X uy =u,
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z

which perfectly captures the sign reversal. The M-longitudinal
x5 components, lastly, follow the approximate transformation
behavior quite well, see Fig. 6(d). These calculations illustrate
the usefulness of the classification of the tensor elements ac-
cording E | , M | , and M, for identifying their resulting torque
properties.

4. Electronic lifetime dependence

In the above calculations, we employed the intraband
and interband electron lifetimes (/itj,a = 0.220 €V, ATiper =
0.272 eV) obtained from fitting the calculated linear-response
conductivity to experimental electrical conductivities of Pt
films [51]. In general, these electronic lifetimes depend on
the sample purity and microstructure. To investigate the in-
fluence of these lifetimes on the nonequilibrium spin and
orbital polarizations we have varied these parameters in our
calculations, adopting the 12Pt/2Co and 14Pt films as typical
model systems. We consider the case M || u, for the 12Pt/2Co
film, for which the nonzero spin tensor elements are x;,, X5,
and XZSZ. For the 14Pt film only the tensor element X),Sx is
nonzero, cf. the results shown in Fig. 2. At this point it is
relevant to mention that the M-transverse tensor element x5
has only interband contributions, whereas the E-transverse
spin polarization Xfx has both intra- and interband contribu-
tions. The calculated dependence of the torque-related, spin
ME responses on the electronic broadening 48 (= /i/t) is
shown in Fig. 7. The intraband part of Xysx increases linearly
for decreasing lifetime broadening, as expected from Eq. (3).
The interband contributions, conversely, vary with the life-
time broadening but become more broadening independent
for large values of 6. For small § the interband contributions
converge to nonzero values (but the values for X),SX become
small). For realistic lifetime values (/T ~ 0.25 eV) the intra-
and interband induced spin polarizations have the same mag-
nitude and need to be treated on equal footing. Note that
semiclassical Boltzmann transport theory only captures the
intraband spin ME component [68], an approximation that is
viable for very pure crystals with long electron lifetimes.

In the limit of very small electronic broadenings, the in-
traband contribution to Xfx will dominate completely the
electrically induced spin polarization. This is the component
that leads to a fieldlike SOT, see Table I. The intraband
part of the spin response is commonly associated with the
Rashba-Edelstein effect [53,60], consistent with the shape of
the Rashba spin-orbit coupling Hamiltonian [25] that leads
to a fieldlike torque in Landau-Lifshitz-Gilbert equations of
spin dynamics. The spin Hall effect is conversely commonly
associated with an interband contribution [24]. Such contri-
bution is present both in x5 and x5, i.e., in the £, and M,
terms. The SHE will thus contribute to both a fieldlike and
a dampinglike SOT. The SHE is considered to lead to a DL
torque [12] when using the Slonczewski model [1]. The SHE
was however also proposed to lead to a FL torque [28,69],
consistent with our calculations. The latter identification was
made within the microelectronic circuit model, wherein the
M, (E)) component is mainly due to the SHE (SREE),
when the spin mixing conductance is chiefly real [28,69].
To obtain such result, it is assumed that the transverse spin
current and spin accumulation exists in the HM layer only,
i.e., these quantities are zero in the FM layer. This might be a
reasonable approximation for thicker layers, but in our case,
where we compute atomistic quantities, we find a nonzero
spin conductivity and spin accumulation (see Fig. 2) in the FM
layer which is only two atoms thick. For a very small lifetime
broadening the FL E | contribution will dominantly stem from
the intraband SREE and the DL M | contribution from the
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FIG. 7. Dependence of the interband and intraband contributions
of the spin ME response x on the electronic broadening §, computed
for the 12Pt/2Co and 14Pt systems. The x5 component is purely
interband while XXS‘, contains both interband and intraband contribu-
tions. The electronic broadening used in the main part of this article,
8 = 0.22-0.27 eV, is a realistic value for metallic systems.

SHE. We note however with respect to this discussion, that
our DFT Hamiltonian contains the full form of the spin-orbit

interaction and is thus different from the more elementary
Bychkov-Rashba SOC [25], but it provides all materials’ spe-
cific SOC effects.

For sake of completeness, we mention that the unusual M-
longitudinal ME susceptibilities and conductivities (x,, and
UZSZ‘" for M ||u,, x., and GXSZX for M || u,) only have interband
contributions.

B. Orbital response
1. Atomic layer-resolved orbital response

A similar analysis can be performed for the orbital re-
sponse, both in terms of x* and o’. While similarities are
observed, unique characteristic can be observed, too. To start
with, we show in Fig. 8 the calculated layer-resolved orbital
ME susceptibilities x* and orbital conductivities o* for the
16Pt/2Y systems, for M || u,, similar to the spin counterparts
shown in Fig. 2. For the sake of completeness, we provide
in Appendix B analogous plots to Fig. 3 for the Pt-thickness
dependence and to Figs. 4—6 for the angular dependence of the
x© tensors and their transformation properties under rotation
of the magnetization direction.

The layer-resolved results, shown in Fig. 8(a), reveal that,
just like for the spin, the E-transverse component in the
pure Pt system resembles strongly the transport-induced ac-
cumulation of orbital angular momentum. The transverse

conductivity aZLx" in Fig. 8(d) is the orbital counterpart of the
SHE, i.e., the OHE conductivity. Notwithstanding the analogy

to the spin response, the overall shapes of x% and aé" show
distinct features when compared to their spin counterparts.
The shape of the Xny profile is considerably less smooth and

the flat area of azi'" in the interior of the Pt layer is far more
extended for all systems. In this area the orbital susceptibility,
and thus the local accumulated orbital polarization, vanishes.
Notably, considering the values obtained, we obtain a huge or-
bital response Xpr roughly one order of magnitude larger than
the spin counterpart. Also the OHE conductivity [Fig. 8(d)]
is larger than the SHE conductivity. This finding is consis-
tent with previous calculations of the OHE in bulk metals,
which obtained an intrinsic OHE that is much larger than the
SHE [42,43,70]. The huge induced E | -orbital susceptibility is
consistent with previous calculations for noncentrosymmetric
antiferromagnets that obtained an OREE that was much larger
than the SREE [46].

When it comes to the relative magnitude of the different
configurations, E |, M |, and M, striking differences com-
pared to the spin responses can be observed. Here, the orbital
response at the interface is dominated by the E-transverse
component. We associate the E-transverse XyLX component,
as before, to the orbital accumulation caused by both the
OREE and the OHE. As we will see below, in particular
the OREE (intraband) contribution to X}I,} is gigantic. The
M-transverse and M-longitudinal orbital ME susceptibilities
[Figs. 8(b) and 8(c)], are an order of magnitude smaller.
Again, it is evident that the latter two orbital susceptibilities
have a purely magnetic origin (M-odd) as they vanish for
the nonmagnetic systems and are furthermore caused by the
breaking of inversion symmetry. Similar to the case of the spin
angular momentum, we identify the M-transverse component
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aZLZZ. The E-transverse component crbLg" is associated with the OHE conductivity, conventionally defined for bulk Pt. The M-transverse
components are nonzero only for the magnetic systems (16Pt/2Ni and 16Pt/2Co), and also the M-longitudinal components arise from the

spin polarization of the electronic states.

xL therefore as being an orbital polarization due to the mag-
netic OHE.

A further significant difference between the spin and or-
bital ME susceptibilities is the rapid variation of the orbital
ME susceptibilities in the last few layers of the Pt/Y inter-
face. While the Xfx component has positive values for the
atomic monolayers in the vicinity of the interface [Fig. 2(a)],
the orbital counterpart exhibits a sign change for the two
topmost layers. A similar behavior can be observed for
the M-transverse components, x5 and x%. The unusual
M-longitudinal components exist, too, for the orbital ME
susceptibility and conductivity, Figs. 8(c) and 8(f), but these
quantities are, interestingly, much smaller than their spin
counterparts.

The dependence of the orbital responses on the Pt-layer
thickness is shown in Fig. 12 in Appendix A. Pt-layer thick-
nesses of about 8 monolayers provide stable values, for both
the E | and M | components of the orbital ME susceptibilities.

Orbital transport and orbital polarization at interfaces are
currently only poorly understood, and first measurements are
being made [71-73] as well as theory developed [45,74]. Our
calculations show that dependence of the orbital response x*
on the magnetization direction exhibits similarities with the
spin response x>, as the nonzero components are the same for

both cases. However, while the pair XXS);”Z / XxSy.u,t differs close

to the Pt/Ni interface, we find that xr"/ x5t are virtually
identical. This suggests a different, much smaller, dependence
of orbital polarization on the magnetization direction at an
interface.

Next, we have investigated the dependence of the induced
orbital polarization on the magnetization direction. In the

Appendix B, in Figs. 13 and 14, we show the computed
dependence of the components of x* on the magnetization
angles ¢ and 6, respectively. The ab initio computed an-
gle dependence of x" bears several similarities to the angle
dependence of the spin susceptibility x5, shown in Figs. 4
and 5. The components of the tensor x* follow a trigonometric
dependence on the angles 8 and ¢, but not identical to the ones
given by Egs. (27) and (28). However, for angles where a X[Sj

component is zero, the corresponding XiLj component is also

zero. The symmetry of the x* and xfj tensor components with
respect to M, i.e., odd or even in M, is also identical. A most
significant difference is the dominance of the E-transverse
components y,;, ~ — Xny that are an order of magnitude larger
than the other components.

Further insight is obtained from considering the depen-
dence of the orbital ME susceptibilities on the electronic
lifetime. To exemplify the broadening effect we consider the
12Pt/2Co and 14Pt systems. In Fig. 9, we show the com-
puted dependence of the nonzero orbital ME tensor elements
on the lifetime broadening. Similar to the spin ME tensor
elements, the intraband contributions increase linearly for
decreasing broadening, whereas the interband contributions
approach nonzero values (except for Xny)- The orbital ME
susceptibilities reach however considerably larger values; for
example, the intraband contribution to Xny is a factor of 150
larger than its spin counter part for the last Co atom of the
12Pt/2Co system. This implies that in the limit of very pure
crystals the E-transverse interband Xny element, associated
with the OREE, will dominate completely the response of this
system. This conversely implies that the electrically induced
orbital polarization has then always a pure Rashba symmetry,
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FIG. 9. Dependence of the interband and intraband contributions
of the orbital ME response x on the electronic broadening § for
the 12Pt/2Co and 14Pt systems. Note that the orbital ME response
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response.

i.e., the induced orbital moment is perpendicular to the electric
field direction. This is in accordance with previous calcula-
tions for noncentrosymmetric antiferromagnets that showed
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that the OREE has perfect Rashba symmetry and is consid-
erably larger than the SREE that does not give a perfectly
E-orthogonal spin response [46].

2. Dependence on spin-orbit coupling

To investigate the dependence of the spin and orbital ME
susceptibilities and conductivities we can vary the strength
of the spin-orbit coupling in the calculations. To do this, we
artificially introduce a SOC scaling parameter « in the DFT
calculations such that Hy can be written as Hy = Hy. + oHyoc
where H,. is the scalar-relativistic part of the Hamiltonian
and H,,. the SOC part. We find that without the H,,. term
the whole spin ME susceptibility x° and spin conductivity
olik, with indices such that €; 4 = 0, vanish. Obviously, as the
electric field E couples only to the electron’s position operator
7, relevant to the electron’s orbital motion, SOC is necessary
to provide a coupling to the spin. Thus these spin quantities
are completely induced by the SOC. For x”, the story is quite

different. When « is set to zero, x; and x;, as well as o'/ and

oij, are nonzero and are actually not really affected by the

modified SOC strength, a feature of the that has been noted
before for the OHE conductivities [42,43] and for the orbital
polarizations induced by the OREE [46].

In Fig. 10, we show comprehensive results for the layer-
resolved profile of X,fy and X;‘y for 6Pt/2Ni, computed for
a=0,0.1, 0.5, and 1, with & = 1 corresponding to the in-
trinsic SOC strength. It is evident from Fig. 10(a) that spin
ME susceptibility is a pure SOC effect that scales linearly
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with the SOC. The situation is different for the orbital ME
susceptibility, which exhibits practically no dependence on
the SOC strength, see Fig. 10(b). Clearly, the induced E-
transverse orbital polarization represents the nonrelativistic
response of the electron system to the electric field. That the
induced orbital moment is nonrelativistic and perpendicular
to the electric field E can be recognized from the one-electron
operator expression

d .
0Ly =7 x E. (29)

that does not require SOC. For all other spin and orbital
susceptibility components, as well as for the spin conductivity
tensors elements, we find that these scale linearly with the size
of the SOC, i.e., these are quantities induced by the SOC.

IV. DISCUSSION
A. Spin-orbit torque

Freimuth et al. [75] evaluated directly the SOT using a dif-
ferent approach to the perturbative DFT framework. While our
computational method is distinct from theirs, we can evaluate
the SOT 7 in a similar fashion. Using Eq. (21), we can write

{ 1

~ <VKS B VKS> S
2up|S|
Xsor

E, (30)

where Vés (VKTS) is the Kohn-Sham effective potential for
minority (majority) spin electrons and S the equilibrium spin
angular momentum. As mentioned in Sec. IID 2, this is an
approximation of 6B.

We define furthermore xgor as the SOT spin susceptibility
tensor in units of TmV~!. Since our computational approach
involves quantities evaluated for each atomic site, we can
access a layer-resolved Bsor.

For the thickest magnetic systems, 16Pt/2Co and
16Pt/2Ni, we find that the E | contribution to the SOT at the
first (second) layer of Ni is 0.0032 (0.0020) mT cm v~!and
0.0019 (0.0007) mT cm V~' for Co. For the M| contribution,
we find 0.0020 (0.0030) mTem V™! for the first (second)
layer of Ni and 0.0019 (0.0020) mT cm V™! the first (second)
layer of Co. These values are smaller than, but consistent with,
those obtained by Freimuth et al. [27], because they used a
much smaller broadening of electronic states.

The possible generation of large orbital torques has re-
cently drawn attention [45]. However, although the orbital
ME susceptibility is large, this does not automatically imply
a large torque, because the induced orbital polarization can
only couple to the static magnetic spin moment M via SOC.
More precisely, in the commonly used formulation and im-
plementation of DFT, the effective Kohn-Sham potential is
not a functional of the orbital character, i.e., the exchange-
correlation field only couples to spin angular momentum. The
influence of the x* on the SOT is nonetheless included in
our calculations as the induced §L couples to S via SOC
(and vice versa). Notwithstanding, theoretical efforts have
recently been devoted to predicting the orbital torque [45,76]
and experimental efforts are being undertaken to detecting the

100 T ! 1 1 1 I—1
80
60
40r  nPt/2Ni A
nPt/2Co °
20F Pt at the
(a) Pt/Y interface
§ 100
Py
N—
5
+
N—
S
i 20} Y at the
oy (b) P/Y interface
CO?;;\ L L L L L L
— 100
Y at the
80f Y/vacuum interface
60
40F
20F
(©)
> 4 6 8 10 12 14 16

Number of Pt monolayers n

FIG. 11. Computed ratio of the fieldlike and (vectorial summed)
total SOT as function of Pt layer thickness for the nPt/2Co and
nPt/2Ni systems with M || u,. The fieldlike E-transverse torque is
proportional to Xysx and the dampinglike torque to x5 . (a) The ratio
at the Pt atom at the Pt/Y interface, (b) the ratio at the ¥ atom at
the Pt/Y interface, and (c) at the Y atom at the Y /vacuum interface
(Y = Co or Ni).

orbital polarization and torque and disentangling it from the
spin torque [72,73,77,78].

B. Relative sizes of fieldlike and dampinglike torques

The layer-resolved SOTs are dominantly defined by the
size of the spin ME susceptibility x°. Any resulting torque
can be decomposed, as customary is done, in an even-in-M
FL component and and odd-in-M DL component. The linear
dependence of the effective SOT magnetic field on x° permits
to compare the relative sizes of the FL and DL SOTs. Consid-
ering the case M || u,, the E; component Xysx leads to the FL
torque, while the M| component x5 corresponds to the DL
torque. We can then quantify the relative importance of the
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FIG. 12. Dependence of the orbital susceptibility tensor x“ on the number of Pt monolayers n. (Top row) E-transverse component of
x* for (a) the Pt atom at the Pt/Y interface, (b) the Y atom at the Pt/Y interface, and (c) the Y atom at the ¥ /vacuum interface. Middle row:
M-transverse component of x© for (d) the Pt atom at the Pt/Y interface, (€) the Y atom at the Pt/Y interface, and (f) the Y atom at the ¥ /vacuum
interface. (Bottom row) M-longitudinal component of x* for (g) the Pt atom at the Pt/Y interface, (h) the Y atom at the Pt/Y interface, and (i)

the Y atom at the Y /vacuum interface.

two torques by computing the ratio
2
x|

[+ [l
A value of >50% (<50%) would then refer to a fieldlike
(dampinglike) dominated torque. The square exponent ac-
counts for the fact that we are comparing vectorial quantities.

Note that |x 3| should be replaced by |x2.| for M || u,.

The calculated Pt-thickness dependence of this ratio for
the nPt/2Ni and nPt/2Co systems is displayed in Fig. 11,
for the last Pt monoatomic layer at the Pt/Y interface, as
well as for the ¥ monolayer at the Pt interface and at the
vacuum interface. It can be observed that there is virtually no
change for the computed torque ratio for Pt layer thicknesses
beyond eight Pt monolayers. For the Pt monolayer at the Pt/Y
interface, the induced torque is to 90% composed of the FL.
torque component, see Fig. 11(a). For the Y monolayer at
the Pt/Y interface, the torque consists for ~75% of the FL
component for ¥ = Ni and ~50% for ¥ = Co [Fig. 11(b)].
For the Y monolayer at the Y /vacuum interface, the torque
consist for ~30% of the FL component for Y = Ni and ~10%
for Y = Co [Fig. 11(c)]. This suggests that the Pt/Ni interface
is more transparent to spin currents from the Pt than the
Pt/Co interface, consistent with the better matching electronic
structures of isoelectronic fcc Ni and Pt.

x 100% . (€20

The torques resulting from the induced spin polarization
on the two ferromagnetic ¥ monolayers will be the most
important ones for the magnetization switching. The torque
on the ferromagnetic layer at the vacuum interface is thus ap-
proximately both field- and dampinglike, whereas the torque
at the ferromagnetic layer adjacent to the Pt layer has a larger
FL contribution. As the relative contribution of the E; and
M, components differs in both 3d monolayers, the direc-
tion of the total torque per monolayer will be different for
each of the two Y monolayers. The calculated atomic-layer
specific torques are ideally suited to investigate current-
driven magnetization switching dynamics using atom-specific
Landau-Lifshitz-Gilbert spin-dynamics simulations (see, e.g.,
Refs. [79-81]). Such simulations would provide layer-specific
insight in how the magnetization of the ferromagnetic layers
reverses under an applied electric field.

V. CONCLUSIONS

We have employed first-principles calculations to inves-
tigate the electric-field induced spin and orbital magneto-
electric susceptibility and the spin and orbital conductivity of
heavy-metal/3d-metal bilayer structures. For each orientation
of the 3d magnetization and the applied electric field we have
shown that the susceptibility tensor and its associated con-
ductivity tensor can be uniquely decomposed in components
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FIG. 13. Computed angular dependence of the orbital susceptibility tensor x of the 12Pt/2Co system at the interfacial Co atom for

in-plane magnetizations, given as a function of the azimuthal angle ¢.

depending on the spatial symmetries, i.e., transverse electric
E |, transverse magnetic M | , and longitudinal magnetic com-
ponents M|, as well as the magnetic symmetries (odd-in-M
and even-in-M, respectively). Our atomic-layer specific cal-
culations of the tensors show that all components are highly

dependent on the position of the atomic layer in the considered
heterostructure.

Analyzing the properties of the computed ME suscepti-
bilities, we have identified the even-in-M, E; components
of x° as spin accumulation associated with both the SHE

L L

| 200} Xy 25l Xz
1 150
5,
1 100}
sol 2.5

35 90 135 180 0 45

90 135 180 0 45 90 135 180

Angle 0 [deg]

FIG. 14. Computed angular dependence of the orbital susceptibility tensor x of the 12Pt/2Co system at the interfacial Co atom for

magnetizations in the x-z plane, given as a function of the polar angle 6.
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and SREE, and the odd-in-M, M, components with the
magnetic SHE. We note however that our ab initio for-
mulation uses a more general form of the SOC than the
often used more elementary Rashba SOC. Extending the
calculations to field-induced orbital polarizations, we have
performed a similar analysis and decomposition for the or-
bital susceptibility tensor x* and orbital conductivity, o*.
We have analyzed the relative importance of the different
spin and orbital contributions as a function of Pt thickness.
Both out-of-equilibrium E; and M, spin responses lead to
atomic-layer dependent SOTs that are of the same order of
magnitude, but act in perpendicular directions. We find that
the E-transverse spin accumulation is largest for the Pt layer
at the Pt/3d-metal interface. The M-transverse spin accu-
mulation, conversely, is larger at the 3d-vacuum interface.
Our calculations show that both effects should be considered
together when analyzing current-induced spin polarization in
heavy-metal /ferromagnetic bilayer systems.

This perception is valid for electronic relaxation times that
are realistic for metallic systems (i/t ~ 0.25 eV). For ex-
tremely pure materials, however, the intraband contribution to
the E-transverse induced spin polarization will be much larger
than other (interband) contributions, leading to a predominant
fieldlike SOT.

Considering the electric-field induced orbital polarization,
we find that the E-transverse orbital susceptibility and con-
ductivity components are always much larger (~10x) than
their M-transverse orbital counterparts. In contrast to the spin
counterparts, the E | -orbital ME susceptibility and OHE con-
ductivity do not dependent on SOC. This exemplifies that
the induced E-transverse orbital polarization is the primary
response of the electron system to the electric field and that the
other, both spin and orbital, induced polarizations are gener-
ated from the nonzero E | -orbital susceptibility by SOC. The
nonrelativistic orbital ME susceptibilities are ten to a hundred
times larger than the corresponding relativistic spin suscep-
tibilities. However, although the electrically induced orbital
polarization is huge, it can only couple to the equilibrium spin
moment via SOC.

The computed induced spin and orbital polarizations
follow trigonometric functional dependencies on the mag-
netization direction angles that are consistent with the M
symmetry of the ME susceptibility components. Of particular
interest are the large E | -orbital ME components that are prac-
tically angle independent and antisymmetric, i.e., x f} =— X\Lx
The induced E -transverse orbital polarization exhibits conse-
quently a pure Rashba symmetry.

Our calculations show furthermore that there exists as well
an electric-field induced spin and orbital polarization along
the magnetization direction. This unusual spin-orbit effect
does not exert a torque on the static magnetization. We pro-
pose that it could be possible to observe this M-longitudinal
effect in sensitive magneto-optical Kerr effect measurements
(cf. Ref. [51]). Steps in this direction were recently taken for
Pt/Co thin films for which a change of the Co M} moment
was detected [82,83].

When the magnetization direction changes, the spin and
orbital responses also change. We have shown that the mag-
netization direction does have a strong influence on the spin
and orbital responses, but that it is possible to track the evo-
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FIG. 15. Magnetization direction dependence of the orbital sus-
ceptibility tensor x* for 6Pt/2Ni. The data are shown for M || u.
(M || u,) with the red squares (blue triangles). When the magnetiza-
tion direction switches from u, to u,, the transverse components Suf}:“«'
and SyL_);"X are mapped onto themselves. The M-transverse compo-
nents X\LA;‘“ are mapped onto x%*:. The M-longitudinal component
Xsz'ux is mapped onto XXLZ*”*. The mapping of the components upon
magnetization rotation respects our symmetry analysis, in terms of
E,,M,, and M, principal components.

lution of the individual components using simple, but robust,
symmetry relations. This should aid the future investigation
of SOT magnetization switching using atom-specific Landau-
Lifshitz-Gilbert spin-dynamics simulations.
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APPENDIX A: COMPUTATIONAL DETAILS

As mentioned in Sec. II C, the calculations are performed
in three steps. First, the structures are fully relaxed with the
DFT package SIESTA [52]. The cell parameters and atomic
positions of the pure Pt films are relaxed until the pressure
reaches values below 0.001 GPa and atomic forces on each
atom are below 0.01 eV/A. Then, the cell parameter is fixed
and two monolayers of 3d elements (Ni, Co, or Cu) are added.
The atomic positions are then relaxed using the same crite-
rion as before. All SIESTA calculations are performed using
a 15 x 15 x 1 Monkhorst-Pack grid [84] with an electronic
temperature of 300 K. The double ¢ with polarization pseudo-
atomic basis set functions are used. The mesh-cutoff for real
space integration is set to 250 Ry and we use the generalized
gradient approximation (GGA) for the exchange-correlation
functional in the PBEsol parametrization [85]. All structures
contain 20 A of vacuum to avoid spurious interactions with
neighboring simulation cells.

Second, once the structures are relaxed, the ground-state
Kohn-Sham wave functions and energies are computed us-
ing the accurate full-potential, all-electron code WIEN2K [49],
with spin-orbit interaction included [86]. The product between
the smallest muffin-tin radius Ryr and the largest reciprocal
vector Kpax 1S set to Ryr X Knax = 8.5 and the self-consistent
spin-polarized density is computed using a 30 x 30 x 1 k-
point Monkhorst-Pack grid. The computed spin moments for
the 16Pt/2Ni bilayer are 0.855 up and 0.760 pp at Ni18 and
Nil7, respectively. The spin moment on the Pt interface layer
(Pt16) is 0.212 pp. For the 16Pt/2Co bilayer the equivalent

moments are 2.02 up, 1.942 pp, and 0.251 pp. The proximity
induced moments in the Pt layer vanish within four layers.

Finally, the atom-resolved spin response tensors are then
computed with a denser 200 x 200 x 1 k mesh. As the
WIEN2K code uses atom-centered wave functions, we exploit
here this property to compute them in an atom-projected
fashion. The simulation cell is divided into two subspaces:
muffin-tin spheres around each atom, in which the wave func-
tion is expanded in terms of spherical harmonics, and the
interstitial region in which the wavefunction is given in terms
of plane waves, i.e.,

W(r) =) Wu(r —Ry) + (1), (A1)

where the first right-hand term is the wave function about
atom « and W;(r) is the wave function in the interstitial. The

atom-projected expected value of an operator O is taken as
0, = / drWi(r—R,)OV¥,(r —R,), (A2)

where the integral is over the o™"-muffin-tin volume and O can
be replaced by any operator described in Sec. I B.

APPENDIX B: PROPERTIES OF THE ORBITAL
RESPONSES

In this Appendix, we provide detailed calculated results for
the orbital susceptibilities. We show in Fig. 12 the calculated
dependence of the layer-resolved x“ tensor elements on the
number of Pt monolayers n, similar to the results for the spin
counterpart shown in Fig. 3. In Figs. 13 and 14 we provide the
selfconsistently calculated dependence of the tensor elements
on the magnetization angles ¢ and 6, respectively, for the
12Pt/2Co system. The angular dependencies are similar to the
ones computed for the induced spin susceptibilities, shown in
Figs. 4 and 5, and are even or odd-in-M, consistent with the
symmetry classification. The slight asymmetry of some tensor
elements, e.g., XXLX and XyLy in Fig. 13, can be ascribed to an

angular dependence of the form sin 2¢/(a cos® ¢ + bsin’ ¢),
with nonequal constants a and b.

In Fig. 15, lastly, we provide the computed magnetization-
direction dependence of the x* for magnetization directions
M ||u, to M ||u,. The similar shape of the curves and the
very similar values of the x* tensor elements illustrates the
mapping according to the employed classification.
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