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Calculating interface transport parameters at finite temperatures: Nonmagnetic interfaces
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First-principles scattering calculations are used to investigate spin transport through interfaces between
diffusive nonmagnetic metals where the symmetry lowering leads to an enhancement of the effect of spin-orbit
coupling and to a discontinuity of the spin currents passing through the interfaces. From the conductance and
local spin currents calculated for nonmagnetic bilayers, we extract values of the room-temperature interface
resistance Rj, of the spin memory-loss parameter 8, and of the interface spin Hall angle ®; for nonmagnetic
Au|Pt and Au|Pd interfaces using a frozen thermal disorder scheme to model finite temperatures. Substantial
values of all three parameters are found with important consequences for experiments involving nonmagnetic
spacer and capping layers. The temperature dependence of the interface parameters is determined for Au|Pt.
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I. INTRODUCTION

With the discovery of the giant magnetoresistance (GMR)
effect in magnetic multilayers [1,2], it was recognized that
interfaces play a key role in spin-transport phenomena. In
semiclassical formulations of transport [3—7] they appear as
discrete resistances and the description of the transport of
a current of electrons through a nonmagnetic NM|NM' bi-
layer comprising two nonmagnetic metals then requires three
parameters: two resistivities p and o’ and the interface re-
sistance R;. Because spin is not conserved when spin-orbit
coupling (SOC) is included, describing its transport requires
introducing a spin-flip diffusion length (SDL) in each ma-
terial, I/ and l;f as well as its interface counterpart, the
spin memory-loss (SML) parameter §. Thus, to describe spin
transport through a NM|NM’ bilayer requires a total of six
parameters. While bulk resistivities are readily measured, de-
termining /g remains controversial; for well-studied materials
like Pt, values reported over the last decade span an order
of magnitude [8—10]. Almost everything we know about in-
terface parameters is from current-perpendicular-to-the-plane
(CPP) magnetoresistance experiments [7,8] interpreted using
the semiclassical Valet-Fert (VF) model [4]. While these ex-
periments are relatively simple to interpret, they are restricted
to low temperatures as they require superconducting leads [7].
Because the vast majority of experimental studies in spintron-
ics are carried out at room temperature, there is a need to
know how transport parameters, in particular those describing
interfaces, behave as a function of temperature.

This need is accentuated by the huge interest in recent
years [9,11] in the spin Hall effect (SHE) [12—-14] whereby
a longitudinal charge current excites a transverse spin current
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in nonmagnetic materials, and, in its inverse, the inverse SHE
(ISHE). Determination of the spin Hall angle (SHA) ®y that
measures the efficiency of the SHE is intimately connected
with the spin-flip diffusion length and, because an interface is
always involved, with the SML [15]. When use is made of spin
pumping and the ISHE [16-19] or the SHE and spin-transfer
torque (STT) [20], the interface in question is an FM|NM
interface between ferromagnetic and nonmagnetic materials.
When the nonlocal spin injection method is used [21,22], two
interfaces are involved: an FM|NM interface to create a spin
accumulation and an NM|NM’ interface to detect it. Recent
studies suggest that measurements of the SHA may actually
be dominated by interface effects [15,23-25] and that the
experimental determination of interface and bulk parameters
is inextricably coupled.

In such a situation, it is crucial to have a way of deter-
mining the interface parameters independently. We recently
described a formalism to evaluate local charge and spin
currents [10] from the solutions of fully relativistic quan-
tum mechanical scattering calculations [26] that include
temperature-induced lattice and spin disorder [27,28]. This
yielded a layer-resolved description of spin currents propagat-
ing through atomic layers of thermally disordered Pt and Py,
that allowed us to unambiguously determine bulk transport
properties. For Pt, large deviations from bulk behavior were
observed close to the interfaces with the (ballistic) Au leads
that pointed towards strong interface SOC effects. In this
paper we focus on interface transport properties and study
realistic interfaces between thermally disordered materials.
By focusing on charge and spin currents rather than scattering
matrices [29,30], we will evaluate the parameters entering the
VF semiclassical formalism [4] that is universally used to in-
terpret current-perpendicular-to-the-plane (CPP) experiments
[7] as well as the interface SHA. Since everything we know
about nonmagnetic interfaces is through low-temperature
magnetoresistance experiments [7,31] or through calculations
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FIG. 1. A fully spin-polarized current [j;(0) = 1] is injected into
470 nm of diffusive Au at 300 K for a 4 x 4 lateral supercell. The
open circles indicate the calculated spin-current profile. An expo-
nential fit yields /5, ~ 100 nm.

for ballistic interfaces [29,30,32-36], we will also investigate
the temperature dependence of interface transport parameters.

The NM|NM' interfaces we will investigate are Au|Pd
and Au|Pt. This choice offers several advantages. Au has a
low effective SOC because its d and p bands are completely
filled or empty and only affect transport via hybridization
with the free-electron-like s band that is Kramers degenerate
for an inversion-symmetric material. This is expected to lead
to a very long spin-flip diffusion length and small SHA. At
room temperature, literature values of /5, = I3" are reported
in the range 25-86 nm [9] while ©4, = ©4} is found to
be as small as 0.05% [37] or as large as 11.3% [9,38] and
apparently depends strongly on the thickness of the samples
used in the measurements [38—40]. We can estimate 5, at
room temperature by injecting a fully spin-polarized current
from a “half-metallic ferromagnetic” Au lead (Au1) [10,26]
into a long scattering region composed of diffusive Au. The
results obtained for a single configuration of thermal disorder,
a small 4 x 4 lateral supercell, and a 470-nm-thick slab of
diffusive Au are plotted in Fig. 1. By fitting the exponentially
decaying spin current, that does not fully decrease to zero, we
obtain an estimate of /5, ~ 100 nm. A more detailed study'
yields a better estimate of 50.9 nm [41]. In order to determine
the interface spin memory loss, we will use this Aut|Au
construction to inject a fully spin-polarized current into a thin

'The present estimate is not converged with respect to the lateral
supercell size and is only a rough estimate. A better estimate of
50.9 nm can be obtained from a systematic study at an elevated
temperature of 1000 K [79]. This makes it possible to determine
the dependence on the lateral supercell size for scattering regions
that are both sufficiently long and computationally tractable and
extrapolate to infinite lateral supercell size. By focusing on the
product p(T)ly(T), that according to the Elliott-Yafet relationship
is independent of temperature [41], the room-temperature value can
be obtained as /(300) = p(1000)I(1000)/0(300).

slab of diffusive Au that will undergo minimal decay before
encountering an interface with either Pt or Pd. The lattice
mismatch between Au, Pt, and Pd is small enough to construct
pseudomorphic interfaces by compressing Au uniformly to
match the other two lattices without drastically changing the
electronic structure of Au at the Fermi energy. The effect of
this approximation will be examined by constructing inter-
faces between fully relaxed lattices.

Besides evaluating §, we will look to see if there is an
interface spin Hall effect at the Au|Pt and Au|Pd interfaces.
Since the prediction of Wang et al. of such an effect for
Py|Pt [24], there have been experiments [42] and theoretical
studies [25,43] that point towards a role for interface SOC in
generating spin currents at NM|NM’ interfaces.

The plan of the paper is as follows. In Sec. II we first
summarize the original VF model (Sec. Il A) and then extend
it to include the effect of SOC at interfaces and discuss how
it will be used to extract interface parameters (Sec. I B). We
describe how transverse spin currents generated by the spin
Hall effect behave at interfaces (Sec. II C) before elaborat-
ing on the scheme we use to extract quantitative estimates
of the interface SHA from ISHE calculations for interfaces
(Sec. IID); a more general scheme is given in an Appendix.
In Sec. IIl we briefly summarize a number of important
features of our first-principles scattering theory [10,26,44],
give details of how Au|Pt and Au|Pd interface geometries
are constructed, and describe how temperature is incorporated
in the adiabatic approximation. In Sec. IV, we demonstrate
the procedure described in Sec. II by extracting the interface
parameters for Au|Pt at room temperature: interface resis-
tance (Sec. IV A), spin memory loss (Sec. IV B), interface
spin Hall angle (Secs. IV C and IV D), compare them with
interface parameters for Au|Pd (Sec. IVE), and determine
Au|Pt parameters at 200 and 400 K (Sec. IVF). In Sec. IVF
we summarize our findings and present some conclusions.
Details of a parallel study of interfaces between nonmagnetic
and ferromagnetic materials can be found in [45] and a brief
report of both appeared in Ref. [46].

II. METHODS
A. Valet-Fert model

In this section, we recapitulate the VF model [4] for spin
transport before generalizing it to include spin-flip scattering
at interfaces [47]. The macroscopic equations derived by Valet
and Fert characterize transport in terms of material-specific
parameters. For a current flowing along the z direction per-
pendicular to the interface plane in an axially symmetric CPP
geometry, the spatial profiles of majority- (minority-) spin cur-
rent densities j; ;) and chemical potentials (4 are related as
follows:

BZMS s
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@) =— . (1b)
e epr) 9z

Here, pug = w4y — py is the spin accumulation, / = /s denotes
the spin-flip diffusion length, and p4(,) is a spin-dependent
bulk resistivity. According to the “two-current series-resistor”
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FIG. 2. Generalized VF model for spin-flip scattering in a non-
magnetic bilayer. A fully spin-polarized current is injected into NM;
from a ballistic half-metallic lead. The decay of current in NM; is
parametrized by the resistivity p; and spin-flip diffusion length /;
of material, i = 1, 2. Because of the enhancement of the effective
spin-orbit interaction at an interface, the spin current is discontinuous
at z; (position of the geometrical interface). This discontinuity is
characterized in terms of the interface resistance Ry and spin memory
loss §.

(2CSR) model [4,48,49], resistances are first calculated sep-
arately for spin-up and -down electrons and then added in
parallel. For nonmagnetic materials, p4 = p, = 2p, where
p is the total resistivity. Thus, spin transport in the bulk of
a material can be characterized in terms of its resistivity p
and spin-flip diffusion length /. Equations (1a) and (1b) can
be solved for w4, 1y, jp, j, making use of the condition
that the total current density j = j; + j, is conserved in
one-dimensional transport. The general solution of (la) is
ws(z) = Ae?/! + Be=*/!. The normalized spin-current density
Js(2) = [j1(2) — j, (2)1/] is given by

1
.]S(Z) = m[Be - Aez/l], 2)
where the coefficients A and B are to be determined by using
suitable boundary conditions.

Spin-dependent scattering at an interface is characterized
in terms of the interface resistances Ry()). By analogy with
the bulk resistivity, Ry = 2Ry where Ry is the total interface
resistance.

B. Interface discontinuity

The model described above was extended by Fert and
Lee [50] to include the effect of interface SOC in terms
of additional spin-flip interface resistances. The effect of
interface spin flipping was first described in terms of the
spin memory-loss parameter § by Baxter et al. for NM|NM’
interfaces between two nonmagnetic metals [47]. In this sec-
tion, we summarize this generalized VF model and extract
the boundary conditions for a geometrically sharp NM|NM’
interface.

In Fig. 2 we sketch how a spin current passes through a
nonmagnetic bilayer. A fully spin-polarized current j;(0) = 1
enters the first diffusive nonmagnetic layer NM, from the left.
The SDL in this material, /;, determines the exponential decay
of j;(z). An interface breaks inversion symmetry and lifts the

Js(2) NM, [I]| NMm,
RN
P1

P1>l1 l p2712
1

21 2:1—i—15k

T >
transport direction (z)

FIG. 3. VF model for a NM;, |[I[|NM, trilayer. The interface is
modeled as a fictitious bulklike layer with thickness ¢ that is
characterized by parameters p; and [, such that p = AR/t and
Iy =t/4. This spin current is continuous at the NM, |l and I|NM,
interfaces.

Kramers degeneracy. The effect of SOC-induced energy band
splittings is enhanced by the symmetry lowering so that the
spin current decays rapidly in the vicinity of the interface
leading to an interface discontinuity in j;(z). In the semiclas-
sical framework, the discontinuity is quantified in terms of the
spin memory-loss parameter §. After the abrupt decay at the
interface, the spin current that survives in NM, decays to zero
on a length scale described by the SDL /.

By fitting js(z) calculated quantum mechanically from
scattering theory to the corresponding VF equation, we obtain
values of j;(z;) on either side of the interface, z = z1 * €.
To extract §, the interface discontinuity is incorporated into
the VF framework. It is assumed that the interface region (I)
has a finite thickness ¢ and can be treated as a material with
resistivity pr and spin-flip diffusion length /1. In terms of these
“bulk” parameters, the areal interface resistance ARy and SML
6 are

ARy =limpit and § =limzt/l. 3)
t—0 t—0

With the above description of the interface, a bilayer of any
two nonmagnetic bulk materials (NM; and NM,) becomes a
fictitious trilayer NM; [I|NM,. Spin transport in this geometry
can thus be characterized by six bulk transport parameters
P1, P1, P2, L1, I, I instead of p;, p2, ARy, I, I, and §. The
generalized spin-transport equations for the three distinct lay-
ers labeledi = 1,2 and I are

1si(z) = A" + Bie™/", (4a)

DN o=l A el
\mn—%m%me Aiet!]. (4b)
To switch from an NM;|NM,; to an NM; |I[|NM, description,
the discontinuity at the sharp interface at z = zj in u,(z;) and
Jjs(z1) in Fig. 2 becomes a continuous transition through the
interface layer between z = z; and z = z; + ¢ in Fig. 3. Con-
tinuity of u(z) and js(z) at the NM;|I and I|NM; interfaces
yields the equations

11 (ar) = A" + B/, (52)
/'LXZ(ZI + t) = AIeZI/ZIe5 + Ble*ZI/heﬂS (Sb)
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and

Jsi(z) = [Bie /" — Are/t], (6a)

2ejpih

jSZ(ZI —|— [) = 2 [BIe—ZI/]Ie—5 _ AIeZI/hea]. (6b)

ejpih

Eliminating A; and B; and taking the limit # — O leads to the
expected discontinuity in u, and j; at the NM;|NM,

J

. )
Jsi(z) = Rrsinhs

j52 (ZI)

In principle, we can solve either of the above two equa-
tions numerically by substituting values of all parameters and
Js1(z1) and jo(zr) to find 8. However, as mentioned in the
Introduction, I, cannot be easily determined accurately. To
avoid using /, in extracting §, we eliminate p;/; in the above
two equations to yield

; !
J1@) s s sinhs pz—Rz ©)

Js2(z1 I

expressing § in terms of jg (z1) and j(z1) as well as po, D,
and Ry.

p> and ARy can be determined from calculations of the
conductance using the Landauer-Biittiker relationship. The
spin-flip diffusion length /, is extracted using the method
illustrated in Fig. 1 for Au and described in more detail in
[10]. js1(zr) and js(zr) will be determined by fitting the spin
current in NM; |NM, using (4b).

C. Transverse spin current at an interface

When a charge current is passed through a nonmagnetic
bulk material, the SOC leads to a transverse spin current
in an effect called the spin Hall effect [9,11-13]. This spin
current can be denoted ji, where « labels the direction of the
spin polarization that is given by the vector product of the
driving charge current and the induced transverse spin current.
As sketched in Fig. 4 for a constant charge current in the z
direction, j = jZ, transverse spin currents are generated in the
radial direction, e.g., x and —y directions that are polarized
in the y and x directions, respectively. The amount of spin
current generated per unit charge current is given by the SHA
O = j/j. By measuring charge currents in terms of the
fundamental unit of charge —|e| and spin currents in units of
h/2, ©gy becomes dimensionless.

When the constant charge current j passes through a bi-
layer composed of the nonmagnetic materials NM; and NM,
perpendicular to the NM; |[NM; interface, it gives rise to trans-
verse spin currents j;- with magnitudes given by jO; in NM;
and j®, in NMy, respectively (see Fig. 4). In the vicinity of
the interface, the possibility of an abrupt deviation from the
bulk behavior resulting from an interface spin Hall effect and

|:,oll| cosh(S{ coth (;—I
1

interface. Substituting (3) then yields

Jsi(z) = [ms1(z1) cosh & — up(zn)], (7a)

2ejAR; sinh §

Js2(z) = (151 (21) — ps2(zr) cosh 8] (7b)

2ejAR; sinh §
Use of the remaining boundary conditions j;(0) =

1, js(co) =0 allows us to express py(zr) and psp(zr) in

terms of jy (z1) and js»(zr). After some algebra, we obtain

)[jsl (@) — e/ + e/h } — paby jﬂ(zo}, (8a)

8 Z . )
~ Risinhs |:’Olll{ coth (ﬁ) [st @) — /] + &/1 ] — p2la js2(z1) cosh 8:|. (8b)

(

described by the angle ©; has been proposed [24]. Because of
the finite width of this peak, it is not possible to directly extract
®; from the transverse spin currents. Instead, we will follow
Wang et al. [24] and access it through the ISHE whereby a
spin current polarized perpendicular to the current direction
generates a transverse charge current along a mutually per-
pendicular direction. How ®; can be extracted from ISHE
calculations is described in the following subsection.

D. Transverse charge current and interface ISHE

A fully spin-polarized current with magnitude j entering
an NM| [NMj; bilayer as sketched in Fig. 2 undergoes diffusive
spin flipping in each layer as described by Eq. (4b) in Sec. II B.
If the spin polarization is oriented in the —x direction perpen-
dicular to the current direction z, then the spatially decaying
spin current j (z) = ji.(z)/j induces a transverse charge cur-
rent j(z) in the y direction, sketched in Fig. 5. For two layers
labeled i = 1, 2, the normalized charge current is given by
Ji(z) = ©; j,i(z). At the interface, the abrupt decay in spin
current that is called spin memory loss, combined with an
interface SHA Oy yields a peak j? (z1) = O1J18(z — z1) where

NM

2

. /L NM,

/sl/
7/5)

O2

Je @1

X
/ z 21

transport direction (z)

FIG. 4. Sketch of the transverse spin currents j ( J3,» vertical
green arrows, and — ), pink arrows) generated in response to a
constant charge current j = j (horizontal black arrow) through an
NM; |NM, bilayer. ©; and ©, represent the ratio ji/j in NM; and
NM,, respectively. A sharp peak in j:- at the interface is attributed to
an interface spin Hall effect described by the angle ©.
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FIG. 5. Oninjecting a spin-polarized current, whose polarization
is perpendicular to the current direction, into a NM,;|NM,; bilayer, a
transverse charge current j is generated in a mutually perpendicular
direction because of the ISHE. The spin current j? (z), composed of
up and down spins propagating to the right (black horizontal arrows),
is not conserved because of SOC-induced spin flipping. It induces a
transverse charge current in each layer determined by the respective
SHAs and results in the spatially varying j(z) sketched in the figure.
At the interface, the discontinuity in j,(z) that is spin memory loss
(Fig. 2) combined with the interface SHA (Fig. 4) gives rise to a peak
in j(z) about z;.

J1is the effective spin current at the interface. Following Wang
et al. [24], we integrate the spin current and the transverse
charge current in NM, from the interface at z = z; = 0 out to
a distance L. As a function of L, the total spin current is

L L

J(L) = f Js()dz ~ f (J18(z) + joTe*/")dz  (10a)
0 0

=T+ 0L —e "), (10b)

where jo* is defined as the value of the exponentially de-
caying current extrapolated to the interface at z = z; from the
right (see Fig. 2), so that

L
Ty = f Js@dz = jIh(1 = eTH"). (11
0

The total transverse charge current induced by the spin current
is

J(L) = O} + 0, j (1 — ") (12)
and an effective SHA due to the ISHE can be defined as

(L) Ol 40y h(1 —e /")
L(L) T4 oL (1 — eLt)

Oeit (L) = (13)

With the exception of @y, all quantities on the right-hand side
of this expression can be determined independently: ®, and
I, from calculations for bulk NM,, J_SI, and j?* by fitting j;(z)
to the form (10b). To extract ®p, we evaluate Oy from the
numerically calculated spin and transverse charge currents
and then vary it to optimize the fit to expression (13).

This procedure for extracting ®; proposed by Wang et al.
[24] only takes the contribution from the right side of the
interface at z;y = 0 into account. To account for the interface
contribution from both sides, a generalized procedure is de-
rived in the Appendix.

° T
4 ap=4.078 A — E/’ i

" ap,=3.924 A — i
| a,,=3.891 A —

Energy (eV)

=

-12 :
L r X W L K r

FIG. 6. Band structure of uncompressed Au (black) and for Au
compressed to have the lattice constant of Pt (blue) and Pd (red).

III. CALCULATIONS

Within the framework of density functional theory [51,52],
we solve the quantum mechanical scattering problem [53] for
a general two-terminal £|S|R configuration consisting of an
NM|NM’ scattering region (S) embedded between ballistic
left (£) and right (R) leads (Au or Pt) using a wave-function
matching method [54] implemented [44,55] with a tight-
binding (TB) muffin-tin orbital (MTO) basis in the atomic
spheres approximation (ASA) [56-58] and generalized to
include SOC and noncollinearity [26] as well as temperature-
induced lattice and spin disorder [27,28]. The solution yields
the scattering matrix S, from which we can directly calculate
the conductance [53,59], as well as the full quantum mechani-
cal wave function throughout the scattering region with which
we can calculate position-dependent charge and spin currents
[10,24,60]. Atomic sphere (AS) potentials for Au, Pt, and Pd
are generated using the Stuttgart TB-LMTO code. Scattering
calculations are carried out with an spd orbital basis and
two center terms in the SOC Hamiltonian [10,26] with tests
carried out with three center terms. In all the calculations that
follow, the transport direction is along z and the atomic layers
correspond to fcc [111] planes.

A. Lattice mismatch: Supercells

The lattice constant of Au is 4.078 A, that of Pt 3.924 A,
and of Pd 3.891 A [61]. To construct Au|Pt and Au|Pd bilay-
ers, the unit-cell areas of the two materials should be equal.
This can be achieved by using lateral supercells [23,24,26].
However, because of its simple nearly free-electron-like
nature, the electronic structure of Au does not change qual-
itatively close to the Fermi energy (shown in Fig. 6) when
Au is compressed to make it match the lattice constants of
Pd and Pt. This makes it much easier to study how modeling
disorder in a lateral supercell depends on the supercell size,
so we begin by adopting this simpler procedure. The effect of
this approximation on the interface transport parameters will
be explicitly examined with fully relaxed lateral supercells
in Secs. IVB 2 and IV D 2 and the results collected for easy
comparison in Table I. In [10], we studied the dependence
of the spin-flip diffusion length and SHA in Pt on the lateral
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TABLE I. Room-temperature (7 = 300 K) transport parameters.
(Upper) Bulk parameters: resistivity p (1€2cm), spin-flip diffusion
length [ (nm), and spin Hall angle ®gy (%) for NM = Pt or Pd.
(Lower) Interface parameters: interface resistance ARaunm (f2 m?),
spin memory loss é (dimensionless), and interface spin Hall angle
Oaunm (%) for Au|Pd and Aul|Pt interfaces. Two interfaces are
considered: a pseudomorphic interface for which a,, is chosen to
be equal to any (compressed) and an interface between equilibrium
Au and NM (relaxed).

Bulk NM Pd Pt

P 10.8+0.1 10.7+0.2

Ist 7.06£0.02 5.25+0.05

O 3.5+0.1 3.7%0.1
AulNM  Compressed Relaxed [69] Compressed  Relaxed
Interface  aay = apg Ay = Aay Apau = apy Apau = dpu
AR, 0.36+0.04 0.55+0.02 0.54+0.03 0.81£0.04
8 0.32+£0.02 0.63+£0.02 0.62+0.03 0.81+£0.05
O 21+£3 17+6 35£10 46 £ 18

supercell size used to model thermal disorder. We concluded
that a 7 x 7 supercell was sufficient to obtain adequately con-
verged spin currents and derived parameters. For the bilayer
calculations presented in this chapter, we have tested how
spin currents passing through a Au|Pt interface depend on the
supercell size and found that 7 x 7 is sufficient to describe
interface parameters as well. Thus, the calculations presented
in the Results section are carried out with 7 x 7 supercells
unless stated otherwise. The Brillouin zone (BZ) sampling
used for this supercell is 32 x 32 k points corresponding to
an equivalent sampling of 224 x 224 k points for a 1 x 1 unit
cell.

B. Thermal disorder

A frozen thermal disorder scheme [27,28] is used to model
the NM|NM' bilayer systems at finite temperatures in the
range 200400 K. We use an uncorrelated Gaussian distri-
bution for the displacements of atoms from their equilibrium
lattice positions that is characterized in terms of a root-mean-
square (rms) displacement A. For each material (NM = Au,
Pd, Pt) and temperature T, Anm(T') is chosen so as to re-
produce the experimental resistivity at that temperature [62].
On constructing the NM|NM’ bilayer, Axm(7T) and Anw(T)
are used for each material to generate multiple configurations
with the required thermal disorder at temperature 7. All the
data that will be presented result from averaging over 20 such
configurations.

IV. RESULTS

We illustrate the methods described in the previous two
sections with results calculated for the Au|Pt interface at 300
K: for ARy in Sec. IV A, for é in Sec. IV B, for the interface
SHE in Sec. IV C, and for ®; from the ISHE in Sec. IV D. The
Au|Pt interface parameters are compared to those calculated
for Au|Pd at 300 K in Sec. IV E. Finally, the dependence of
ARy , 8, and O; on temperature is presented in Sec. IV F.

Au (b) Pt (300 K)JAu (300 K)

GSh pP’(LPt/2 Pau I'Au
LA =45 nm
u
: T T I T T T T I T T T T I T T T T I T T :
F Pt (300 K) ]
C Ppik ]
6k Pt Pt .
E F ]
& I ]
=51 2ARNR .
- - _
g:: 4 F ppy = 10.7240.18 pf2em ;
C _ 2 ]
- ARAu|Pt_ 0.54+0.03fQ m ]
3 - -]
: 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 :
20 30 40 50
L., (nm)

Pt

FIG. 7. Total resistance of a diffusive Pt|Au|Pt trilayer,
Pt(Lp./2)|Au(Lay)|Pt(Lp;/2) sandwiched between ballistic Au leads
as a function of the total Pt thickness Lp, for a fixed Au thickness
Lay = 45 nm. To extract ARsup (red), contributions from diffusive
Au (pale yellow), ballistic Au (Gg, yellow), and the interface resis-
tance between ballistic Au and Pt (green) are calculated separately
(see Fig. 8) and subtracted. p,, is also determined separately. The
intercept of AR(L) at L = 0 yields ARaupt-

A. Au|Pt: Interface resistance

The interface resistance ARy p; is extracted in a two-step
procedure. We first calculate the total resistance for a symmet-
ric Pt|Au|Pt trilayer embedded between ballistic Au leads for
a variable length Lp, of Pt and fixed length of Au, La, = 45
nm. Both Lp, and La, should be much longer than the re-
spective mean-free paths so that the total areal resistance for
the scattering region can be expressed in terms of the series
resistor model, sketched at the top of Fig. 7, as

AR(Lpy, Lau) = ppilpe + pauLlaw + 2AR Ay pt
+ 2ARpyaup) + 1/Gsh. (14)

Here, ARaypt = ARy is the interface resistance we are inter-
ested in, ARpjau(v) is the interface resistance between Pt and
the ballistic Au lead, and Ggy, is the Sharvin conductance of
the Au lead. In separate calculations for a variable thickness
Lp; of Pt embedded between Au leads, shown in Fig. 8, the
total areal resistance

AR(Lpy) = ppLpt + 2ARpAu) + 1/Gsn (15)

is determined. Fitting AR(Lp;) to (15) yields pp; as the slope
and the final two terms as the intercept. A similar calculation
for diffusive Au yields pa,. We subtract the contributions
2ARPt\Au(b) + I/GSh as well as ,OAuLAu from AR(Lpt, LAu) and
plot the remainder, pp.Lp; + 2ARaypt, in Fig. 7. Linear fitting
yields the Lp, = 0 intercept ARsypr = 0.54 £0.03 fQ m? at
300 K.

B. Au|Pt: §

To calculate § for a Au|Pt interface, we inject a fully
spin-polarized current from a ballistic Au? lead into a Au|Pt
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FIG. 8. Total resistance for diffusive Pt sandwiched between bal-
listic (b) Au leads as a function of the Pt thickness Lp. A linear fit
AR(L) yields pp, as the slope; the intercept is a sum of interface and
Sharvin contributions.

bilayer sandwiched between Au leads. The diffusive Au slab
into which the spins are injected should be thick enough to
avoid artifacts arising from ballistic transport but sufficiently
thin that a substantial spin current still enters Pt after spin
flipping has occurred at the interface. We carried out tests with
various lengths of Au (50, 100, 150 atomic layers) keeping Pt
fixed at 150 layers and found that the final results for § were
not affected by this choice. The results presented here are for
50 layers (~10 nm) of Au and 150 layers (~30 nm) of Pt
that we denote Au(10)|Pt(30). Both Au and Pt are modeled at
300 K using the rms displacements discussed in Sec. III B.

The left lead is made to be “half-metallic” by lifting the
bands of one spin channel above the Fermi energy so that a
fully spin-polarized current flows into the bilayer. As seen in
Fig. 9, the spin current decays rather slowly in Au reflecting
the large value we found for /a,. At the Aul|Pt interface, we
see a sharp decrease in the spin current as it enters Pt which is
a clear indication of spin memory loss. The spin current then
decays exponentially towards zero in Pt. Giving values of the
spin current close to the interfaces less weight, we fit j;(z)
piecewise in Au and Pt using (2) and extrapolate the fitted
curves to the interface at z; to obtain js au(z1) and jspi(z1)-
In Fig. 9, we shift the origin of the z axis so that z; = 0 for
convenience. This does not impact the boundary conditions
considered in Sec. IIB as the absolute value of z; does not
enter (9).

We rewrite (9) for the Au|Pt interface as

.\' u . [
Jomn@@) s s sinh s LR (16)

Js.pe(21) ARAupt

In our previous work [10], we extracted a value of Ip, =
5.25£0.05 nm at 7 =300 K using the same lateral su-
percell, basis, and two center terms. As shown in Fig. 8,
ppe = 10.68 = 0.22 u2 cm. The only unknown in (16) is §.
Substituting all the other parameters in (16), § can be extracted
using a numerical root finder. For the Au|Pt interface at 300 K,

10T T ——— T T
:\Q:; Pt T=300 K 1
L ST BRI B |
0.8+ 0.8} jﬁ‘:\ll(zl) - —
- 06 -— ) _- -
0.6 P_e [ dspil(z) 1 7
- L 0.4 4
04l L 1
L o2 4 Tg 4
L '...|...|...|...|... i
- 4 2 0 2 4 6 A
0.2~ z (nm) .
- Z1 i
0.0 [ | I T TR B e L-:
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FIG. 9. A fully spin-polarized current j, injected at 300 K from
the left lead into a Au(10)|Pt(30) bilayer sandwiched between Au
leads decays exponentially in Au and in Pt. The numbers in brackets
are lengths in nm. The solid lines indicate fits for j; in individual
layers using (4b). The change in the spin current in the vicinity of
the interface that is not “bulklike” indicates the interfacial SML §.
Inset: exploded view of the interface. j; ay(z1) and j, p(z1) indicate
the values of the bulk spin currents extrapolated to z; from the
Au side and Pt side, respectively. 6 is extracted using these values
and (9).

we find § = 0.62 £ 0.03. The error bar is evaluated by taking
into account the spread of all the input parameters as described
by their respective error bars.

The clean, lattice-matched interface is ideal for performing
systematic studies to investigate the effect of changing the
temperature on AR; and §; this will be done in Sec. IVF.
Before doing so, we should remember that real interfaces are
not sharp and we need to consider the effects of intermixing
as well as lattice mismatch between Au and Pt. This we will
do in the following paragraphs where the values of ARy p =
0.54 4 0.03 f2m? and § = 0.62 £ 0.03 obtained for an ideal
lattice matched interface at room temperature will serve as
reference values in Table 1.

1. Interface mixing

To study the effect of interface mixing, we consider N
atomic layers at the interface to consist of a AusyPtsy random
alloy for which the Au and Pt AS potentials are calculated
using the coherent potential approximation (CPA) [63,64].
These AS potentials are distributed randomly in the N inter-
face layers so as to maintain the correct stoichiometry. The
thermal disorder is modeled using the average of the room-
temperature values of A, and Apy.

The results we obtain for the spin current j,(z) for this
model of interface disorder and the corresponding values of
6 and ARy at 300 K are shown in Fig. 10 for N =0, 2, 4.
The spin current incident on the interface only differs from
that in the ideal, sharp interface case in the intermixed lay-
ers themselves (yellow for N = 2, green for N = 4) where
Js(z) decreases more rapidly with increasing disorder cor-
responding to larger values of § and AR; (inset). At a
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FIG. 10. A fully spin-polarized current j,(z) is injected into a
Au|Pt bilayer with: a sharp interface (vertical black line), two layers
of AusoPtsy interface (yellow shaded region), and four layers of
AusgPtsy interface (green shaded region) between them. The cal-
culated spin currents ji(z) for the three cases are shown as gray
circles, yellow diamonds, and green squares, respectively. The solid
blue line indicates a fit to the VF equation in Au. The solid, dashed,
and dotted red lines indicate fits to the VF equation in Pt for Au|Pt,
Au|AusoPtso(2)|Pt, and Au|Aus,Ptso(4)|Pt, respectively. Inset: § vs
AR; for N = 0, 2, 4 interface layers of mixed AusoPts.

lattice-matched, commensurable, and clean Au|Pt interface,
crystal momentum parallel to the interface is conserved and
electron scattering only involves Bloch states with the same
k. Intermixing (and thermal disorder) breaks momentum
conservation and allows kj — k| scattering. The higher scat-
tering rate results in a higher spin-flipping probability and
hence larger § and ARy for the intermixed interfaces. More-
over, conduction electrons at the Fermi level in Au are only
weakly affected by SOC. As d states in Pt, they become
very susceptible to the large SOC. The interatomic mixing
effectively increases the region where conduction electrons
experience large SOC and this therefore increases the SML.
In the inset we see that § «« ARy with the factor AR;/§ having
a constant value ~0.85 fQm? corresponding to pil; being
constant.

2. Lattice mismatch

To study the effect lattice mismatch has on the interface
parameters, we calculate them for a (111) Au|Pt interface
where both Au and Pt have their equilibrium bulk volumes
given by aa, = 4.078 A and ap = 3.924 A. A (111) ori-
ented 5 x 5 unit cell of Au matches with a similarly oriented
34/3 x 3+/3 unit cell of Pt to better than 0.02%. The unit cells
need to be rotated with respect to each other to make them
coincide. For this fully relaxed Au|Pt geometry, we repeat
our calculations at 300 K and find AR; = 0.81 £ 0.04 fQ m?
and § = 0.81 & 0.05 (see Table I). Both interface parameters
obtained with the Au lattice in equilibrium are larger than
those obtained with compressed Au; the interface is more pro-
nounced. The same trend will be found for the corresponding
Au|Pd interfaces. We attribute this to the lack of conservation

of transverse momentum and greater kj — k| scattering in
the absence of lattice matching.

C. Au|Pt: Interface SHE

In Sec. IIC we discussed the qualitative behavior of the
spin Hall effect in the bulk of two nonmagnetic materials
and how it abruptly changes at an interface (Fig. 5). We now
pass an unpolarized charge current through a 300-K diffusive
Au(20 nm)|Pt(20 nm) bilayer sandwiched between a ballis-
tic Au lead on the left and Pt lead on the right, chosen to
minimize interface contributions from the leads. Transverse
spin currents generated by the SHE in the two materials and
at their interface are shown as pink circles (j;,) and green
crosses (—ji) in Fig. 11; for the axially symmetric CPP
geometry, jy, = — Jjv. The horizontal blue and red lines show
the values of the bulk SHAs of Au, @4, = 0.25%, and of Pt,
®p; = 3.7%, determined separately for homogeneous scatter-
ing regions. Sufficiently far from the interface, spin currents
are seen to obey their bulk behavior in both materials. For
Pt, this happens very quickly; for Au it takes much longer,
suggesting the spin-flip diffusion length as the relevant length
scale. In a region of ~5 nm about the interface at z;, we see
a clear deviation from bulk behavior in both Au and Pt that
culminates in a large interface spin Hall contribution.”> To
quantitatively describe this sharp peak, we integrate the trans-
verse spin currents in the bilayer starting from the interface
with the left Au lead at z = 0 up to the Au|Pt interface at
z = 71 (zau = Lay in the left-hand inset) and onward to the
interface with the right Pt lead at z = L, + Lp; (right-hand
inset).

The integral [;™ dz'( J% — Jjw) plotted in the left-hand in-
set of Fig. 11 shows the integrated spin current increasing
from zero up to a certain value of za, before decreasing
again to essentially zero close to the interface at z;. If we
add the total integrated contribution from Au and continue
to integrate through Pt, the result is fOLA“ dz'(j, — Jax) +

/. IL;"LYP‘ dz'(ji, — Jjsx) and it is shown in the right-hand inset.

It can be fitted with a straight line whose slope is just the value
we calculate independently for bulk Pt, ®p = 3.7 + 0.1%.
The finite intercept 0.22 yields the contribution from the inter-
face spin Hall effect in units of nm. To extract a dimensionless
interface SHA, ®1, we make use of the charge currents gener-
ated by the ISHE in Au|Pt in the next section.

A closer inspection of the transverse spin current at the
Au|Pt interface suggests that the spin Hall current near the
interface on the Au side is slightly negative, i.e., opposite in
sign to the bulk SHA of Au. This negative contribution from
the Au side is also seen in the left inset of Fig. 11 where the
integrated spin current decreases as the interface at zay = Lay
is approached.® It can be understood as a filtering effect of

*We attribute the oscillations in j(z) to Fermi-surface nesting
effects, quantum effects that are absent in semiclassical transport
formalisms.

3Similar calculations for Cu|Pt reproduce the distribution of
transverse spin current including the strong and positive interface en-
hancement on the Pt side and a small negative net SHA contribution
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FIG. 11. SHE in a Au(20 nm)|Pt(20 nm) bilayer at 300 K embedded between Au and Pt leads on the left and right, respectively, showing
transverse spin currents — jJ. as pink circles and j;, as green crosses. The blue and red horizontal lines show the values of the bulk SHAs of
Au, ®,, = 0.25%, and of Pt, ®p, = 3.7%, calculated separately for bulk diffusive Au and Pt. Left inset: integrated transverse spin current in
Au. Right inset: integrated transverse spin current in Pt. The solid red line indicates the fit obtained from the integrated spin current in Pt. The

intercept at z; shows the contribution from the interface.

a Rashba-type SOC at the Au|Pt interface [65,66] which in-
duces a spin-momentum locking at the Fermi level so that the
effective magnetic field experienced by conduction electrons
depends on their momenta, as indicated by the arrows on the
circles in Fig. 12. For a current of electrons flowing in the z
direction driven by an external voltage, we consider electrons
arriving at the interface (plane) from the Au side with in-plane
velocity components along +y (bottom panel) and —y (top
panel) with spin up or down with respect to the x axis (red and
blue arrows, respectively).

For electrons with an in-plane velocity component along
—y (i.e., top panel), the spin-up electrons (red) find it easier
to pass through the interface because the potential barrier they
see at the interface is reduced by the Rashba field while that
of the spin-down (blue) electrons is increased and they are
reflected more [68]. For electrons with an in-plane velocity
component along +y (i.e., bottom panel), spin-down electrons
(blue) have a higher transmission probability while spin-up
electrons are reflected relatively more. This spin-selective re-
flection leads to transverse spin currents that are in opposite
directions on either side of the interface. On the Pt side, an
up-spin current flows in the —y direction. i.e., it has a positive
SHA reinforcing the intrinsic Pt SHE. On the Au side, this
spin current subtracts from the intrinsic positive spin Hall
current as found in Fig. 11.

The negative contribution resulting from the interface fil-
tering effect is independent of the stacking order of Au and
Pt as confirmed by repeating the calculation but now with a
charge current j. injected from Pt into Au. The calculated

on the Cu side that is, however, larger in magnitude than for Au|Pt
because bulk Cu has a smaller SHA.

FIG. 12. Illustration of the reflection of conduction electrons at
the Au|Pt interface resulting from a Rashba-type spin-orbit inter-
action. The yellow circle represents a surface of constant energy
in a (k,, k,) plane appropriate to a (111) surface of Au [67]. The
arrows on the circle indicate the effective Rashba field at the
Fermi level which depends on the local momentum. The spin- and
momentum-dependent reflection results in a transverse spin current
polarized along x and flowing along +y on the Au side of the
interface, i.e., j2,, which is opposite to the spin Hall current with a
positive SHA.
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FIG. 13. Calculated transverse spin current for a charge current
Jo injected from Pt to Au. The blue and red horizontal lines show
the values of the bulk SHAs of Au, ®,, = 0.25%, and of Pt, Op, =
3.7%, calculated separately for bulk diffusive Au and Pt. Note the
magnified axis for the negative range. Inset: sketch to illustrate the
transverse spin current induced by the filtering effect.

transverse spin current j;- = (i, — jix)/2 ~ — jix is shown in
Fig. 13. With the reversed stacking order of Au and Pt, the ef-
fective Rashba field keeps its clockwise rotation as seen from
the Au side. Therefore, as illustrated in the inset to Fig. 13, the
Rashba-type SOC induces a transverse spin current jj, (in the

+y direction with polarization +x) on the Au side, which is
opposite to the positive direction of j- ~ — ji, and thus has a
negative magnitude. On the Pt side, the reflection results in a
positive ji-. The calculated ji shown in Fig. 13 is consistent
with the above expectation.

Interface mixing

When the interface is no longer atomically sharp because
of intermixing of NM and NM' atoms in the interface layers,
the increased interface resistance found in Sec. IVB may
largely reduce the backflow spin current discussed above.
We examine this expectation by inserting N atomic layers of
AusoPtsy random alloy at the interface of the lattice-matched
Au|Pt bilayer. The calculated transverse spin currents jSJ- =
(Js, = Jsx)/2 for N = 0,2, 4 are shown in Fig. 14. The large
interface spin Hall current in the clean Au|Pt interface case
is reduced in magnitude but increased in width by interface
disorder as shown in the right inset of Fig. 14. The contribu-
tion that was negative on the Au side for the clean interface
is quenched by interface disorder. This is seen more clearly in
the left inset of Fig. 14. We attribute this quenching to suppres-
sion of the effective Rashba field by interface disorder. The
increase in the width of the interface spin Hall enhancement
means that the interface term is no longer largely on the Pt
side of the interface, so a quantitative estimate of the interface
SHA with interface mixing must include the contribution from
both sides as will be discussed in the Appendix.

04 T T T I T I T I I T T T T T T T[T T T T TTTT]
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FIG. 14. SHE at 300 K in a Au(20 nm)|Pt(20 nm) bilayer with a s

harp interface (vertical black dashed line), two layers of AusyPts, interface

alloy (yellow shaded region in right inset), and four layers of Aus,Ptsy interface alloy (green shaded region in right inset) embedded between

ballistic Au (left) and Pt (right) leads. The resulting transverse spin
yellow diamonds, and green squares, respectively. The blue and red

currents ji- = ( Jsy — J3)/2 for the three cases are shown as gray circles,
horizontal lines show the values of the bulk SHAs of Au, ©4, = 0.25%,

and of Pt, ®p = 3.7%, calculated separately for bulk diffusive Au and Pt. An exploded view about the interface is shown in the right inset. In
the left inset the vertical scale focuses attention on the Au side of the interface.
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FIG. 15. z dependence of the ISHE charge current in the y di-
rection (open circles) induced by the spin current polarized in the
—x direction shown in Fig. 9. The solid blue and red lines indicate
the fitted j; oy and j; p; from Fig. 9 multiplied by the bulk spin Hall
angles: ®,, = 0.0025 and ®p; = 0.037 respectively. Inset: effective
SHA ®.g calculated from the spin and charge currents integrated
from zp, = 0 to zp, = zp. The solid green line is the fit obtained using
(13).

D. Au|Pt: Interface ISHE, O,

The spin current j;(z) shown in Fig. 9 is polarized in the
—x direction.* A consequence of the (inverse) spin Hall effect
is that such a transversely polarized spin current induces a
charge current j1(z) which is given by the vector product
of the current and polarization directions; its magnitude is
shown in Fig. 15. Far from the interface, this charge current
should simply depend on the material-specific SHA ®; as
®; Jsi(z). By comparing this product with the explicitly calcu-
lated j-(z), we can identify departures from the expected bulk
behavior and attribute them to the interface. We already fitted
Jsi(2) to (2), resulting in the blue and red solid lines in Fig. 9.
In [10], we calculated ®p, = 3.7% =+ 0.1% (using two-center
terms and spd orbitals) at 300 K. Using the same procedure,
we find the SHA for Au to be ®4, = 0.25% at 300 K [41].

The solid blue and red lines in Fig. 15 represent
Oau Js.au(z) and Opy j; pi(z), respectively. On the Pt side of the
interface, the calculated j(z) approaches the expected bulk
value Opy j; pi(z) as we move away from the interface. Right
at the interface, a high and narrow j(z) signals an interface
SHA much larger than the Pt bulk SHA. In Au it seems that
the transverse charge current j:"(z) has not yet reached its
asymptotic bulk value. Although the current injected from
the Au lead is still almost fully spin polarized at the Au|Pt
interface because of the weak spin flipping in Au, a very small
ISHE bulk charge current, shown by the blue line in Fig. 15,
is expected because of the very small value of ®,, = 0.25%.
However, the actual jcl(z) is seen to be negative and this can

“The spin memory loss could depend on this polarization direction.
If it does, then the dependence is small and falls within the 5%
accuracy of the present calculations.
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FIG. 16. Comparison of the ISHE-induced transverse charge cur-
rent j1 in the y direction calculated with two-center terms (gray
circles) and three-center terms (yellow diamonds) for a Au(10
nm)|Pt(30 nm) bilayer embedded between ballistic Au leads at
300 K. The red lines indicate the fitted j, p(z) from Fig. 9 multiplied
by the bulk SHAs ®p, = 3.7% (two-center terms, solid line) and
®Op = 5.0% (three-center terms, dashed line). Inset: effective SHA
O calculated using two- and three-center terms, in gray circles
and yellow diamonds, respectively. The solid and dashed green lines
indicate the corresponding fits obtained using (13).

be attributed to the spin- and momentum-dependent reflection
by the Rashba-type spin-orbit interaction at the interface by
analogy with the negative spin current on the Au side shown
in Fig. 11.

To extract ®r, we integrate the calculated spin current and
the corresponding ISHE-induced charge current from zp, = 0
up to zp; in Pt. The resulting effective SHA, ®., is plotted
in the inset to Fig. 15 as a function of zp,. Using (13), we fit
Ot to obtain Oy = 35% =+ 10%, almost 10 times larger than
the bulk SHA of Pt. This estimate of ®; only includes the
interface contribution on the Pt side but misses the negative
values on the Au side shown in Fig. 15. To account for the
whole interface, the formulation of Sec. II D is generalized in
the Appendix where an improved estimate of ® aypr = 19% £
6% is found.

1. Three-center terms

In previous work [10], we compared Ip; and ®p; obtained
using two- and three-center terms in the SOC part of the
Hamiltonian. On including three-center terms, /p, decreased
by 5% from 5.25 to 4.96 nm while ®p, increased by 35%,
from 3.7% to 5.0%. This sensitivity is related to the Fermi
level being close to a peak in the density of states that
makes Fermi-surface properties very sensitive to details of the
SOC implementation. The peak corresponds to a van Hove
singularity and is a consequence of the three-dimensional
translational symmetry of bulk Pt. For the present Au-Pt bi-
layer, we find that the spin current, and thus the SML, do
not depend on the three-center terms. In Fig. 16, we compare
the ISHE-induced charge current for the two cases. A slight
difference in j! in the vicinity of the interface is visible. By
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FIG. 17. Spin-current density calculated for a Au(10

nm)|Pd(30 nm) bilayer (black diamonds) sandwiched between
ballistic Au leads at 300 K compared to the corresponding results
for a Au(10)|Pt(30) bilayer (gray circles) from Fig. 9; in both cases
the lattice parameter of Au is chosen to be that of the other metal.
The solid and dashed lines indicate the fits for j; in individual layers
using (4b) for Au|Pt and Au|Pd bilayers, respectively. Inset: A
closer look at the rapid decay of the spin current in the vicinity of
the interfaces.

plotting the effective SHA in the inset to Fig. 16, we observe
that ®.¢ calculated with three-center terms (yellow diamonds)
appears simply shifted compared to the original data (gray
circles) by virtue of the higher value of ®p,. By fitting to (13),
we find O = 33% + 11% compared to ®; = 35% =+ 10% ob-
tained using only two-center terms. Thus, ©y is not affected by
the choice of two- or three-center terms within the accuracy of
the calculations.

2. Lattice mismatch

If ISHE calculations are made at 300 K for a (111) Au-Pt
interface with both Au and Pt at their equilibrium bulk vol-
umes as described in Sec. IV B2, we find that ® increases to
46% =+ 18%. The large error bar makes it impossible to decide
whether this increase is significant. It would, however, be in
line with the observed trend for the other interface parameters
and we would not be surprised to see an increase in ®; for a
calculation with smaller errors.

E. Au|Pt vs Au|Pd

Now that we have described how ARy, §, and ®; are de-
termined for Au|Pt, we repeat the procedure for the Au|Pd
interface and compare the results for the two. We begin by
extracting the bulk parameters for Pd that are needed for the
fits that will result in the interface parameters. We find lpg =
7.06 4 0.02 nm and ®pq = 3.5% = 0.1% when we choose the
thermal disorder to reproduce the experimental resistivity of
Pd, ppq = 10.8 2 cm at 300 K [62].

In Fig. 17, we compare the effect of spin-flip diffusion
in Au|Pt (gray circles) and Au|Pd (black diamonds) bilayers
at room temperature. Small differences are visible in the de-

z (nm)

FIG. 18. Transverse charge current induced in the y direction by
the ISHE for a Au(10 nm)|Pt(30 nm) bilayer (gray circles) compared
to that for a Au(10 nm)|Pd(30 nm) bilayer (black diamonds) em-
bedded between ballistic Au leads at 300 K. Inset: Effective SHA
O, calculated for Au|Pt (gray circles) and Au|Pd (black diamonds)
interfaces. The solid and dashed green lines indicate the fits obtained
for Pt and Pd, respectively, using (13).

crease of j;(z) in Au for the two systems. One reason is that
the interface reflectivity determining the coefficient A; of the
increasing exponential term in (4b) is different, as we will see
below. In addition, the lattice constant of Au is matched to
that of Pt or Pd so is not the same for the two bilayers. In
the vicinity of the interface, the rapid decay of j;(z) is more
prominent and much sharper in Pt than in Pd, as shown in the
inset to Fig. 17. By fitting j;(z) to Eq. (4b), we obtain j au(zr)
and j,pa(z1) by extrapolation to the interface. A value of
ARaupa = 0.36 £ 0.04 fQ m? is obtained using the procedure
described in Sec. IV A; this is smaller than the corresponding
value of 0.54 +0.03 fQm? we found for Au|Pt. By substi-
tuting all the input parameters and their uncertainties into
(9), a value of 8aypa = 0.32 £ 0.02 is extracted numerically,
which is approximately half of what we found for Au|Pt,
Saupt = 0.62 £0.03.5

In Fig. 18, we compare the ISHE-induced charge current
jCJ-(z) for Au|Pt (gray circles) and Au|Pd (black diamonds)
at T = 300 K. The peak around z; coming from the interface
ISHE described by Oy is significantly lower for Au|Pd than
for Au|Pt. By fitting O.¢, we find ®1 = 21% =4 3% for Au|Pd.
There are a few other interesting features. At a distance greater
than 3 nm from the interface, j'(z) in Pd and Pt appear
almost identical. Given that we find ®pg = 3.5% is only 5%
smaller than ®p; = 3.7%, this is not surprising. On the other
hand, j in Au gradually decreases towards a small positive
value away from the Au|Pd interface in contrast to the small
negative value we see for Au in the Au|Pt bilayer. This is
because the smaller SOC of Pd compared to that of Pt does
not induce a significant filtering effect by the Rashba-type

SAn error was made in the calculation of ARaypa in [46] which
influenced the value of § calculated for Au|Pd. Corrected values of
both parameters are given in the present paper.
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FIG. 19. Temperature dependence of the interface parameters
AR (purple), § (yellow), and ©; (gray) for a Au|Pt interface (circles).
The corresponding set of parameters for Au|Pd at 300 K are included
(diamonds).

spin-orbit interaction which we used to explain the negative
effective SHA in Au close to the Au|Pt interface. It highlights
that the magnitude of the Rashba effect at the Au|Pt interface
is mainly determined by Pt.

For fully relaxed Au|Pt and Au|Pd geometries, the values
of ARy, §, and ®y calculated at 300 K are compared with the
results obtained by matching the Au lattice parameter to those
of Pd or Pt in Table 1. Lattice mismatch is seen to increase
both the interface resistance AR; and the SML parameter §
substantially for both Pd and Pt. In particular, that the value
of Saypr = 0.81 £ 0.05 obtained for the relaxed Au|Pt inter-
face is larger than aypq = 0.63 4= 0.02 is attributed to the
SOC of Pt being larger than that of Pd. In fact, this value
Saupr = 0.81 £ 0.05 is comparable with the SML calculated
for the Cu|Pt interface Scypr = 0.77 = 0.04 [69] suggesting
that the free-electron-like conduction electrons in Au do not
play a key role in interface dissipation of spin currents. The
larger SOC in Pt also leads to a larger ®; = 46% =+ 18% for
Au|Pt compared to &1 = 17% + 6% for Au|Pd for relaxed
interfaces (Table I). Because of the large uncertainty in the
calculated values of ®;, we cannot draw strong conclusions
about the role of lattice mismatch on the interface SHA.

F. Temperature dependence of the interface parameters

While the bulk parameters pp;, 1/lp; and ®p; increase
linearly with temperature [24,28,37,62], virtually nothing is
known about the temperature dependence of interface param-
eters. We therefore determined the Au|Pt interface parameters
at 200 and 400 K and plot them in Fig. 19 together with the
300-K results already calculated. Within the error bars of the

calculations, all three parameters Ry, 6, and ®p are constant
between 200 and 400 K, in contrast to what happens when the
interface involves a ferromagnetic material [46].

V. DISCUSSION AND CONCLUSIONS

In this paper, we have described a scheme to extract ARy
and 6 for nonmagnetic Au|Pt and Au|Pd interfaces at finite
temperatures from local spin and charge currents [10] cal-
culated from the results of first-principles fully relativistic
scattering calculations [26]. We also extracted the interface
contribution to the SHE characterized by a dimensionless
SHA Oy [24]. Table I summarizes the results for the Pd and
Pt bulk parameters as well as the interface parameters for the
corresponding interfaces with Au at 7 = 300 K. We found
a substantial spin memory loss and an interface SHA that is
almost an order of magnitude larger than the bulk SHA for
both interfaces.

By studying the effect of the intermixing of interface lay-
ers, modeled as a AusoPtsy alloy, as well as lattice mismatch
for a Au|Pt interface at 300 K, we found that incommensurate
interfaces significantly enhance the interface parameters be-
cause of the increased momentum-nonconserving scattering
suggesting directions to be explored experimentally to attain
smaller values of these interface parameters with cleaner and
lattice-matched interfaces.

Because of their relatively weak effective SOC, the free-
electron-like metals Cu, Ag, and Au are often used as spacer
layers in spin-pumping and related experiments to suppress
the magnetization induced in Pd and Pt by proximity to a
magnetic layer, the so-called “magnetization proximity effect”
(MPE); this is considered to have a significant influence on
spin transport through interfaces [70,71]. While the role of the
MPE and whether a spacer layer modifies the interface effects
are still being debated [15,72-75], our findings show that
when nonmagnetic spacer layers are introduced, additional
interface parameters must also be introduced to describe the
spin memory loss and interface SHE at the new interfaces,
even when these are between nonmagnetic materials. Many
experiments use materials like Ta as capping or seeding layers
adjacent to Pt [76,77]. For small thicknesses of Pt, an interface
with Ta may also lead to an enhanced interface SHE and spin
memory loss. Not taking this into consideration will most
likely influence the values of “bulk” parameters extracted
for Pt.

Experimental [42] and theoretical [43] studies have shown
that nonmagnetic interfaces can generate spin currents and ex-
ert torques on neighboring magnetic layers. This again points
towards the importance of interface spin-orbit splitting for
nonmagnetic interfaces and the large values of the interface
SHA we observe support these studies. The interface SHA
could be employed as a parameter that determines the effi-
ciency of these spin currents.

The stronger SOC in Pt compared to Pd leads to a larger
8 and Op for Au|Pt compared to Au|Pd. It is important to
note that the bulk SHAs that we find for the two materials
differ by only 5%, although numerous studies suggest a larger
SHA for Pt compared to Pd [9]. In addition to identifying
the source of the wide spread in values reported for the bulk
SHA, clarifying the role of the SML and the interface SHA
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is essential if reliable and reproducible values of the SHA
characteristic of bulk Pd and Pt are to be determined.

Schep et al. developed a model for the resistance ARy p
of an A|B interface in terms of the transmission through the
interface between the ballistic (T = 0 K) materials; the inter-
face is then embedded between diffusively scattering A and B
materials [32,78] and it is implicitly assumed that the interface
resistance does not depend on temperature. The temperature-
independent behavior we found for ARy p in Sec. IVF is
consistent with this. We can take a further step and calculate
ARy py using Schep’s ansatz, both with and without SOC. We
do so for the lattice-matched (compressed Au) case. Com-
pared to the room-temperature value of 0.54 & 0.03 fQ m?
calculated from the currents, we find ARayp; = 0.63 Q2 m?
with SOC and 0.56 fQ2 m? without SOC using Schep’s pro-
cedure. The good agreement confirms that Schep’s ansatz
describes the essence of the problem.

Our results for ARy and § for lattice-matched Au|Pd (111)
interfaces can be compared to those estimated theoretically
by Flores et al. [29] who combined Schep’s ansatz with circuit
theory and first-principles calculations of the scattering matrix
to determine ARy and § for numerous interfaces (but not for
Au|Pt). For a clean Au|Pd interface they report values of
ARy pq between 0.83 and 0.87 Q2 m? (depending on the spin
orientation); these should be compared to our corresponding
value of ARpypa = 0.36 £ 0.04 fQ m? and a low-temperature
experimental value of ARaypq = 0.23 £0.08 fQ2 m? [7,31].
With 50%-50% intermixing in two interface layers, their
ARy pa increases to between 0.95 and 0.99 fQ m? while we
find a value of ARayp = 0.76 & 0.04 fQm? for Au|Pt and
expect the value for Au|Pd to be lower. For §, Flores re-
ports values of § between 0.53 and 0.73 (depending on the
spin orientation) for a clean interface increasing to between
0.58 and 0.82 with two intermixed interface layers. Our cor-
responding value for § is 0.32 £ 0.02 for a clean interface
that we expect to increase substantially with intermixing by
analogy with Au|Pt. The advantage of our approach is that
temperature is taken into account explicitly and we show
that is has little effect for the parameters describing transport
through nonmagnetic interfaces. By fitting our results for the
spin currents with the same phenomenological theory used
to interpret experiment, there is a one-to-one correspondence
between experimental and theoretical parameters.
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APPENDIX: EXTRACTING O; INCLUDING
CONTRIBUTIONS FROM BOTH SIDES
OF THE NM|NM' INTERFACE

In the formalism presented in Sec. II D, the interface SHA
Oy is extracted by integrating from the interface z; = 0 to a
distance z = Ly to the right of the NM|NM’ interface so
only the contribution from the NM’ side of the interface is
included. In Fig. 15 we see that the negative Au contribu-
tion from near the Au|Pt interface may reduce the total ®;
but the method described in Sec. IID does not allow us to
quantitatively evaluate this contribution. In this Appendix, the
theoretical formalism of Sec. IID is generalized to include
contributions from both sides of the NM|NM’ interface in ©y.

The longitudinal spin current is decomposed into bulk and
interface contributions as

jszx(z) — (Ele—Z/ll _ FleZ/ll)e(_Z)
+J18(2) + Eze™20(2), (A1)

s (i=1,2) and F = 354 with A; and B;
defined in (4b). J! is the effective spin current density at the
interface and 6(z) is the unit step function.

To interpret the ISHE for a Au|Pt bilayer and obtain a quan-
titative value of the interface SHA ©; = ®iH, we consider
the Au|Pt segment extending from a position z = —L through
the interface at z; = O to a position z = +L where the total
transverse electron current

where E; =

The total transverse charge current density can be calculated with the interface and bulk SHAs as

+L
J.= / [©1(Ere™/"" — Fie?/"") + ©1J]8(z) + ©O2Eze /" dz

L
= @1 [Elll (€+L/ll

_ +L
L) = / j2 @)z (A2)
-L
is generated by the total spin current
B +L
Ji(L) = / J()dz (A3)
-L
obtained by integrating (A1) so J;(L) can be written as
|
— 1)+ Rl = 1)+ J + Exbb(1 — M), (A4)
— 1)+ FL(e" = 1)]+ O} + ©:E:L(1 — e "), (AS)
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Here the spin-flip diffusion length /; and the bulk SHA ®; can be determined in separate calculations for bulk material NM;. If
we interpret the interface spin Hall contribution in terms of an effective value @ = J./J;, then

O (L) =

jc(L) _ 0, [E]l] (€+L/ll — 1) + F]ll(eil'/l] — 1)] + @IJ_\} + @2E212(1 — 671‘/[2)

J(L)

O (L) can be determined from (A2) and (A3) and fitted
to the analytical form (A6) where everything is known except
©1. Unlike in Wang et al. [24], both J.(L) and J;(L) increase
with L and the contributions from the Au and Pt sides of the
interface are included naturally. The calculated ®¢s(L) for
the commensurate Au|Pt interface is plotted as a function of L
in Fig. 20 as red dots. Taking the bulk SHAs, @5, = 0.25%,
Op; = 3.7%, the spin-flip diffusion length of Au, I5, = 50.9
nm, and of Pt, [p, = 5.25 nm, we are able to fit the calculated
O using Eq. (A6). The fit illustrated by the solid green line
describes the calculated data points perfectly. The value we
obtain for the interface SHA, ®; = 19 £ 6%. It is smaller than
the value ®; = 35% + 10% we obtained in Sec. IVD con-
sidering the contribution on the Pt side only. This is because
of the negative contribution on the Au side, which extends
further into Au than 10 nm. Even in the limit of thick Pt, O
does not approach the bulk value ®p; = 3.7%, indicating that
it is essential to explicitly include an interface contribution.

As shown in Fig. 14 for Au|Pt with interface mixing, it
can be important to include the contributions from both sides
of the interface to estimate ®; quantitatively. Using (A6), we
find ®; = 37% =+ 8% and 31% = 4% for two layers and four
layers of AusgPtsy interface alloy, respectively. These values

Eily (et — 1) + Rl (7t — 1) +J] + +Bb(1 - e7t/k)

(A6)

(

are nearly twice the value (19% =+ 6%) obtained for the clean
interface.

0.20—"""""""—
ji(2)

0.15

z21=0 L

0.05 transport direction (z)

v

0.00

0 5 10 15
L (nm)

FIG. 20. Effective SHA calculated by integrating the correspond-
ing transverse charge-current density and longitudinal spin-current
density. The solid green line is a fit using (A6).
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