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Symmetry lowering at an interface leads to an enhancement of the effect of spin-orbit coupling and to a dis-
continuity of spin currents passing through the interface. This discontinuity is characterized by a “spin-memory
loss” (SML) parameter δ that has only been determined directly at low temperatures. Although δ is believed
to be significant in experiments involving interfaces between ferromagnetic and nonmagnetic metals, especially
heavy metals like Pt, it is more often than not neglected to avoid introducing too many unknown interface
parameters in addition to often poorly known bulk parameters like the spin-flip diffusion length lsf . In this work,
we calculate δ along with the interface resistance ARI and the spin-asymmetry parameter γ as a function of
temperature for Co|Pt and Py|Pt interfaces where Py is the ferromagnetic Ni80Fe20 alloy, permalloy. We use
first-principles scattering theory to calculate the conductance as well as local charge and spin currents, modeling
temperature-induced disorder with frozen thermal lattice and, for ferromagnetic materials, spin disorder within
the adiabatic approximation. The bulk and interface parameters are extracted from the spin currents using a
Valet-Fert model generalized to include SML.
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I. INTRODUCTION

Experiments in the field of spintronics are almost uni-
versally interpreted using semiclassical transport theories
[1–4]. In such phenomenological theories, based upon the
Boltzmann [5] or diffusion equations [6,7], the material and
structure dependence enters via a multitude of parameters.
For example, the transport properties of a bulk material
are characterized in terms of a resistivity ρ, a polarization
(or spin-asymmetry) parameter β that vanishes for nonmag-
netic materials, and a spin-flip diffusion length (SDL) lsf . A
NM|FM interface between nonmagnetic (NM) and ferromag-
netic (FM) metals is characterized analogously in terms of an
interface resistance ARI, a polarization γ , and a spin memory
loss (SML) parameter δ. To describe the transport in non-
collinearly aligned FM|NM|FM′ spin valves it is necessary to
introduce an additional parameter, a complex, so-called spin-
mixing conductance G↑↓ [3,8,9]. In ferromagnetic materials
the spin-orbit coupling (SOC) and conductivity polarization
lead to a Hall effect in the absence of an external magnetic
field that is characterized by the “anomalous Hall angle” �aH.
In (heavy) nonmagnetic elements the SOC gives rise to the
spin Hall effect (SHE) [10–14] whereby an electric current
leads to the generation of a transverse spin current. The SHE
is characterized in terms of the spin Hall angle (SHA) �sH

that is the ratio of the spin current (measured in units of h̄/2)
to the charge current (measured in units of the electron charge
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−|e|). For interfaces an interface SHA �I
sH can be defined

by analogy [15]. Phenomenological theories ultimately aim
to relate currents of charge jc and spin jsα to gradients of
the chemical potential μc and spin accumulation μsα in terms
of the above parameters but tell us nothing about the values
of the parameters for particular materials or combinations of
materials [4]. Here α labels the spin component.

It has turned out to be remarkably difficult to measure
many of the parameters described above quantitatively [4,16],
especially at other than low temperatures. In particular, vir-
tually nothing is known about the interface parameters ARI,
γ , and δ at room temperature because, unless the sample
cross sections are reduced by structuring [17], the inter-
face resistance is swamped by other resistances. The use of
superconducting leads restricts studies to the low supercon-
ducting critical temperatures of commonly used metals like
Al or Nb [18]. At these low temperatures transport properties
are strongly extrinsic but little is known about the nature
of the bulk disorder that gives rise to the observed diffuse
transport. The situation with respect to interface disorder is
even worse because so little is known about it on an atomic
level.

Ten years ago only a handful of measurements had been
made of the SDL [16] or of the SHA [13,14]. The advent
of nonlocal spin injection [19–21] and spin-pumping (SP)
[22–25] techniques has allowed the SHA to be determined by
means of the inverse SHE (ISHE). Alternatively, spin currents
generated by the SHE can be used to drive the precession
of a magnetization by the spin-transfer torque (STT) that
is monitored using ferromagnetic resonance (FMR) [26,27].
These innovations have changed the situation radically over
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the past ten years yielding a host of very disparate room
temperature results for lsf and �sH [13,14]. The new measure-
ment techniques make use of interfaces through which spin
must flow in order to be detected. Though attempts have been
made to take the interface effects described above into account
[28–32], this has yet to be done systematically by determining
all parameters for consistent sets of samples. If anything, it has
led to an increase in the spread of values reported for the key
parameters lsf and �sH for, e.g., Pt [33].

To accurately estimate the generation and detection effi-
ciency of spin currents, which is one of the key concerns
of spintronics, it is necessary to carefully characterize the
samples used to measure all of the material parameters de-
scribed above. The ultimate goal is to be able to make efficient
spintronics devices at finite temperatures [34], where intrinsic
scattering mechanisms play an important role. The earliest
attempt [28] to include spin memory loss in determining
lsf and �sH for Pt at room temperature relied on estimates
available at 4.2 K from magnetoresistance experiments [35].
The almost complete lack of information about how interface
parameters might depend on temperature motivated the work
that is presented here.

To quantitatively describe the magnetic and transport prop-
erties of transition metals requires taking into account their
degenerate electronic structures. For the layered structures
that form the backbone of spintronics, the most promising way
to combine complex electronic structures with transport the-
ory is to use scattering theory [36] formulated either in terms
of nonequilibrium Green’s functions or wave-function match-
ing [3] that are equivalent in the linear response regime [37].
With few exceptions [38], the attempts that have been made
to address interface properties have been based upon circuit
theory whereby quantum mechanical transmission matrices
form boundary conditions to match solutions of semiclassi-
cal Boltzmann or diffusion equations on either side of the
interface. Such calculations have been used to calculate in-
terface resistances [39–44], mixing conductances [45–47],
the spin-dependent transparency of FM|superconducting in-
terfaces [48], and recently the SML [49]. In all of these
applications, it is tacitly assumed that the interface properties
are temperature independent. A priori it is not clear what the
effects of temperature will be. It was found that the interface
resistance could be increased (Co|Cu) or reduced (Fe|Cr) by
interface disorder depending on the Fermi surfaces on either
side of the interface [40,41].

We recently demonstrated a simple and effective way of
including temperature-induced lattice and spin disorder in the
adiabatic approximation [50,51] in first-principles scattering
calculations. Using the Landauer-Büttiker formalism, the re-
sistivity can be extracted from calculations of the conductance
as a function of the length L of the scattering region [51,52].
By calculating local spin currents [33] (and chemical poten-
tials) from the scattering theory results, we can make direct
contact with experiments interpreted using the Valet-Fert (VF)
formalism that is expressed in terms of these same variables
[5]. By focusing on local currents we showed how the inter-
face effects that are always present in scattering calculations
could be factored out and illustrated the approach with calcu-
lations of the room temperature spin-flip diffusion lengths of
Pt and Py, the polarization of Py, and the SHA for Pt [33].

In this paper, we extend the above approach to study the
temperature dependence of the transport properties of Co|Pt
and Py|Pt interfaces. Because the interface and bulk param-
eters are inextricably coupled, we will first determine the
bulk parameters for Pt (ρ, lsf ), Co and Py (ρ, β, and lsf )
before determining the three parameters used to characterize
collinear spin transport through an interface (ARI, γ , and δ).
We will be able to address how the thermal disorder and mag-
netic ordering of Py versus Co influence these parameters. We
also investigate how proximity-induced magnetization in Pt
influences the interface. A short report of this work appeared
in Ref. [53].

The plan of the paper is as follows. In Sec. II we summarize
how the VF model is extended to include the effect of SOC
at interfaces (Sec. II A) and describe how it will be used to
extract interface parameters (Sec. II B). In Sec. III we briefly
summarize the first-principles scattering theory [33,51,54]
and give details of how fully relaxed Co|Pt and Py|Pt interface
geometries are constructed, how temperature is incorporated
in the adiabatic approximation, how the necessary atomic
sphere potentials are calculated, and how the length of the
scattering system is determined. In Sec. IV, we determine the
temperature dependence of the Pt, Co, and Py bulk transport
parameters (Sec. IV A) and of the interface transport param-
eters for Co|Pt and Py|Pt interfaces (Sec. IV B). To the best
of our knowledge, this is the first attempt to evaluate the
effect of thermal disorder on interfaces. Section V contains
a discussion of the results presented in the previous section.

II. METHODS

The original VF model parametrized interfaces in terms
of the spin-dependent interface resistances R↑ and R↓. The
model was extended by Fert and Lee [55] to include interface
SOC in the form of a spin-flip interface resistance. It was
reformulated in terms of the SML parameter δ by Baxter et al.
for NM|NM′ interfaces between two nonmagnetic metals [56]
and by Eid et al. for NM|FM interfaces between nonmagnetic
and ferromagnetic metals [57]. We summarize this gener-
alized VF model in the next subsection and then extract
the boundary conditions for a geometrically sharp NM|FM
interface.

A. Valet-Fert model

Starting from the Boltzmann formalism, Valet and Fert
derived the following equations to describe a spin current
flowing along the z direction perpendicular to the interface
plane (CPP) for an axially symmetric geometry

∂2μs

∂z2
= μs

l2
sf

(1a)

jσ (z) = − 1

eρσ

∂μσ

∂z
, (1b)

where σ =↑ and ↓ for majority and minority spins, respec-
tively, μs = μ↑ − μ↓ is the spin accumulation, and js = j↑ −
j↓ is a spin current density. Equations (1a) and (1b) can be
solved for μ↑, μ↓, j↑, and j↓ making use of the condition
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transport direction (z)

NM FM I NM

0

FIG. 1. Normalized spin current ĵs(z) across a NM|FM|NM tri-
layer as described by the VF equations. ĵs(z) is assumed to be
continuous at the FM|I and I|NM interfaces between the FM and
NM bulk layers and the fictitious bulklike interface (I) layer with
thickness t . In the limit that t → 0, a discontinuity occurs in ĵs(z) at
the left-hand NM|FM interface.

that the total current density j = j↑ + j↓ is conserved in one-
dimensional transport. The solutions are

μs(z) = Aez/lsf + Be−z/lsf (2a)

ĵs(z) = β − (1 − β2)

2e jρlsf

[
Aez/Isf − Be−z/Isf

]
, (2b)

where ĵs(z) ≡ js/ j is the normalized spin-current density and
β is the spin-asymmetry (or polarization) parameter

β = ρ↓ − ρ↑
ρ↓ + ρ↑

. (3)

Instead of using the resistivity ρ and polarization β, the
spin-dependent resistivities ρ↓ and ρ↑ are frequently used
with ρ↑ + ρ↓ = 4ρ∗ and ρ↑ − ρ↓ = 4ρ∗β where the auxiliary
quantity ρ∗ = ρ/(1 − β2).

The coefficients A and B in (2) are chosen to satisfy ap-
propriate boundary conditions. This is illustrated in Fig. 1
with a sketch of ĵs(z) that arises in a diffusive symmetric
NM|FM|NM trilayer when a current of electrons is passed
from left to right. Far away (measured in units of lNM ≡ lNM

sf )
on the left, the spin current is unpolarized because of the
symmetry of the two spin channels in a NM conductor; the so-
lution (2) therefore only contains an exponentially increasing
term. For a sufficiently thick FM (measured in units of lFM ≡
lFM
sf ) in which there is an asymmetry between the up-spin and

down-spin channels, ĵs saturates to the value β. Far to the
right in the NM material, it becomes zero again and (2) only
contains an exponentially decreasing term. In the central FM
material both terms are present. The spin and charge currents
in the FM and NM bulk layers are characterized in terms of
the appropriate resistivities ρ and spin-flip diffusion lengths
lsf . The asymmetry between the two spin channels in the
FM is additionally characterized by the bulk spin asymmetry
parameter β.

An interface is modelled by introducing a fictitious inter-
face (I) layer with interface resistivity ρI, polarization βI ≡ γ ,
and SDL lI ≡ l I

sf . This is illustrated in Fig. 1 for the right-hand
FM|NM interface which is shown exploded as an FM|I|NM
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FIG. 2. Spin current ĵs(z) calculated for (top) Pt|Py|Pt and (bot-
tom) Pt|Co|Pt trilayers at 300 K from the results of quantum
mechanical scattering calculations. The data is fitted to the VF
equations in bulk Pt (blue curves) and Py/Co (orange curve) and
extrapolated to the interface zI to obtain the values ĵs,Pt (zI ) separately
for both cases and ĵs,Py(zI ) and ĵs,Co(zI ), respectively, which are used
to calculate δ and γ .

trilayer with a “bulklike” I layer with finite thickness t . In this
exploded representation, the spin current density is continuous
at the FM|I and I|NM interfaces. For an interface area A,
an interface resistance is defined as ARI = ρIt and the SML
as δ = t/lI. When t → 0, a spin current discontinuity occurs
at the interface as sketched for the left NM|FM interface in
Fig. 1. This discontinuity is attributed to interface spin-flip
scattering and described in terms of δ. Instead of ARI and γ we
can use the spin-dependent interface resistances AR↓ and AR↑
with AR↑ + AR↓ = 4AR∗

I , AR↑ − AR↓ = 4AR∗
I γ , and AR∗

I =
ARI/(1 − γ 2).

As sketched in Fig. 1, interface spin flipping is thus ex-
pected to lead to a discontinuity in the spin current. The result
of calculating ĵs(z) from the output of quantum mechani-
cal scattering calculations [33] for (111) oriented diffusive
Pt|Py|Pt and Pt|Co|Pt trilayers sandwiched between ballis-
tic Cu leads is shown in Fig. 2 where each data point
corresponds to a layer of atoms. The interface parame-
ters cannot be determined simply from the calculated spin
current by fitting because ĵs(z) depends not only on the
three interface parameters but also on five bulk parame-
ters: two parameters for bulk NM and three for bulk FM
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so ĵs(z) ≡ ĵs(ρNM, ARI, ρFM, βI, βFM, lNM, δ, lFM, z). Instead,
we will first determine the bulk parameters with separate
calculations for NM and FM materials. Then, using these pa-
rameters we will extrapolate ĵs(z) for the NM|FM|NM trilayer
to the interface at z = zI from the NM side to yield ĵs,NM(zI )
and then from the FM side to yield ĵs,FM(zI ). This will leave
us to determine three unknown interface parameters from two
values of ĵs(zI ). ARI can be determined independently by
calculating the resistance of a Pt|FM|Pt trilayer as a function
of the thickness of the FM layer leaving us to determine δ

and γ from the discontinuity of ĵs(z) at the interface. In the
following subsection, we will explain how this will be done
without having to determine μs(z) explicitly.

B. Interface discontinuity

Viewing an interface as a fictitious bulklike “interface”
material transforms a FM|NM bilayer of two materials into
a FM|I|NM trilayer. The solutions (2) of the VF equations for
the three distinct layers labeled i = FM, I, NM are

μsi(z) = Aie
z/li + Bie

−z/li (4a)

jsi(z) = βi −
(
1 − β2

i

)
2e jρili

[
Aie

z/li − Bie
−z/li

]
(4b)

and longitudinal spin transport is characterized by the nine
transport parameters ρi, βi, li (with βNM ≡ 0 and βI ≡ γ ).
Thêover the normalized current will be omitted when it does
not lead to any confusion.

We want to switch from an FM|I|NM picture where μs and
js are continuous everywhere to an FM|NM description with
discontinuities in μs(zI ) and js(zI ) at the sharp interface z = zI

(Fig. 1). Continuity at the FM|I interface leads to

μs,FM(zI ) = AIe
zI/lI + BIe

−zI/lI (5a)

js,FM(zI ) = γ − (1 − γ 2)

2e jρIlI

[
AIe

zI/lI − BIe
−zI/lI

]
(5b)

and at the I|NM interface to

μs,NM(zI + t ) = AIe
(zI+t )/lI + BIe

−(zI+t )/lI (6a)

js,NM(zI + t ) = γ − (1 − γ 2)

2e jρIlI

×[
AIe

(zI+t )/lI − BIe
−(zI+t )/lI

]
. (6b)

The coefficients AI and BI can be expressed in terms of
μs,FM(zI ) and μs,NM(zI + t ). Taking the limit t → 0 results
in the expected discontinuity in μs and js at the FM|NM
interface. Substituting t/lI = δ and ρI = ARI/t yields

js,FM(zI ) = γ − (1 − γ 2)δ

2e jARI sinh δ

×[
μs,NM(zI ) − μs,FM(zI ) cosh δ

]
(7a)

js,NM(zI ) = γ − (1 − γ 2)δ

2e jARI sinh δ

×[
μs,NM(zI ) cosh δ − μs,FM(zI )

]
(7b)

which is the desired result. In the next paragraph, we special-
ize to a symmetric NM|FM|NM trilayer and describe how
we will extract the spin-flipping parameter δ and the spin-
asymmetry parameter γ for a FM|NM interface.

1. Symmetric trilayer

Although we are interested in the properties of a single
interface between thermally disordered FM and NM, embed-
ding an FM|NM bilayer between ballistic NM′ leads would
result in an NM′|FM|NM|NM′ scattering geometry and a
new NM′|FM interface with additional interface parameters.
Instead, we consider a thermally disordered NM|FM|NM
scattering region embedded between left and right ballistic
(NM′) leads. The advantages of this geometry are twofold. (i)
The inversion symmetry of the system makes AFM = −BFM.
(ii) For sufficiently thick NM (and unpolarized leads), the spin
currents far from the FM|NM interfaces decay to zero allow-
ing us to assume BNM(left) = ANM(right) = 0. By choosing
z = 0 in the middle of the central FM layer, the expressions
for js(z) and μs(z) simplify to

μs,FM(z) = AFM
[
ez/lFM − e−z/lFM

]
(8a)

js,FM(z) = β − (1 − β2)

2e jρFMlFM
AFM

[
ez/lFM + e−z/lFM

]
. (8b)

Combining these to eliminate AFM yields

μs,FM(z) = 2e j
ρFMlFM

1 − β2
tanh

(
z

lFM

)
[β − js,FM(z)]. (9)

In an analogous manner, the expressions for js(z) and μs(z) in
the right NM layer become

μs,NM(z) = BNMe−z/lNM (10a)

js,NM(z) = BNM

2e jρNMlNM
e−z/lNM (10b)

which when combined result in

μs,NM(z) = 2e jρNMlNM js,NM(z). (11)

We can now replace μs,FM(zI ) and μs,NM(zI ) in equation (7)
with js,FM(zI ) and js,NM(zI ). The choice of origin at the center
of the FM layer means that zI = LFM/2. Our final expressions
for the values of the spin current at a FM|NM interface in
terms of the transport parameters are

js,FM(zI ) = γ − (1 − γ 2)δ

ARI sinh δ

[
ρNMlNM js,NM(zI ) − cosh δ

ρFMlFM

1 − β2
tanh

(
zI

lFM

){
β − js,FM(zI )

}]
(12a)

js,NM(zI ) = γ − (1 − γ 2)δ

ARI sinh δ

[
ρNMlNM js,NM(zI ) cosh δ − ρFMlFM

1 − β2
tanh

(
zI

lFM

){
β − js,FM(zI )

}]
. (12b)
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Assuming that we know ρNM and lNM for NM, β, ρFM, and
lFM for FM and ARI for the interface, then using (12) we can
determine γ and δ if we know js,NM(zI ) and js,FM(zI ).

Because of their implicit nature, (12) can only be solved
numerically. We will need to determine the sensitivity of the
solutions to uncertainties in all of the parameters as well as
the extrapolated values js,FM(zI ) and js,NM(zI ). To identify the
factors limiting the accuracy with which the parameters and
spin currents can be calculated, we need to recall some aspects
of the scattering formalism used to calculate these quantities.
This we do in the next section.

III. CALCULATIONS

Within the framework of density functional theory [58,59],
we solve the quantum mechanical scattering problem [36] for
a general two terminal L|S|R configuration of a Pt|FM|Pt
scattering region (S) embedded between ballistic left (L) and
right (R) Cu leads using a wave-function matching (WFM)
method [60] implemented [54,61] with a tight-binding (TB)
muffin-tin orbital (MTO) basis [62] and generalized to include
spin-orbit coupling and noncollinearity [51,52] as well as
temperature induced lattice and spin disorder [50,63]. The
solution yields the scattering matrix S, from which we can
directly calculate the conductance, as well as the full quantum
mechanical wave function throughout the scattering region
from which we can calculate position dependent charge and
spin currents [15,33]. The relevant spin current in this study is
jz
sz(z) where the superscript indicates the direction of (charge

or spin) transport and the subscript indicates the orientation of
the spins which is here the magnetization direction m̂ of Py,
chosen to be parallel to the transport direction z. In this sec-
tion, we discuss the considerations we make specifically for
the Pt|Py|Pt and Pt|Co|Pt scattering region to extract reliable
interface parameters.

1. Supercells: Lattice mismatch

To model various types of disorder, we assume periodic-
ity in the directions transverse to the transport direction and
construct periodic “lateral supercells” with which to model
interfaces between fcc materials like Pt and Py that have
different lattice parameters, aPt = 3.923 Å and aPy = 3.541 Å,
respectively. Bulk Co is typically hcp below roughly 700 K
[64]. However, when interfaced with a material like Pt, the Co
thin films are predominantly fcc [65,66]. By preserving the
volume of hcp Co with lattice parameters a = 2.507 Å and
c = 4.069 Å, we obtain an effective fcc lattice constant aCo =
3.539 Å. The similarity of this value to the lattice constant of
Py means that Co and Py can be treated interchangeably when
modeling the interface with Pt.

For a given orientation of an A|B interface between mate-
rials A and B, the periodicity of the atoms in the plane of the
interface is described by primitive lattice vectors {a1, a2} and
{b1, b2}. We construct an ordered list of all A and B in-plane
lattice vectors |n1a1 + n2a2|, respectively |m1b1 + m2b2|, and
select a pair acceptably close in magnitude. In general, mak-
ing these coincide will require rotating the two lattices with
respect to one another as sketched in Fig. 3 where a 4×4 unit
cell of (111) oriented Py (or Co) is matched to a

√
13×√

13

FIG. 3. Two-dimensional (111) atomic planes of Py (left) and Pt
(right). The parallelogram outlines the equivalent unit cells.

unit cell of similarly oriented Pt. These “superlattices” match
to better than 0.1% and the residual mismatch is accommo-
dated by uniformly expanding Pt. To ensure that the spin
currents do not depend on the artificial lateral periodicity [33],
the unit cells are doubled to 8×8 for FM and 2

√
13×2

√
13

for Pt. These considerations are subject to the constraint that
the computational expense of solving the scattering problem
scales as the third power of the number of atoms in a lateral
supercell.

The assumption of periodicity transverse to the transport
direction allows us to make use of Bloch’s theorem to label the
wave functions that are solutions of the Schrödinger equation
with a two-dimensional (2D) wave vector. The corresponding
2D Brillouin zone (BZ) is sampled with 32×32 k points for
these supercells leading to equivalent samplings for 1×1 unit
cells of Py and Pt of 256×256 and ∼230×230, respectively.

2. Thermal disorder

To carry out finite temperature calculations, we use a
frozen thermal disorder scheme [50,51,63] to displace atoms
from their equilibrium positions and rotate magnetic mo-
ments from their equilibrium orientations. The distribution
of the (uncorrelated) atomic displacements is assumed to
be Gaussian and is characterized by a root-mean square
displacement 
. For Pt, we choose a value of 
 to re-
produce the experimental resistivity [67,68] at any given
temperature. For a given value of 
, multiple (∼10–20)
random configurations of disorder are generated and all
calculations are averaged over these configurations. For
Py, 
 is derived from the Debye model [69] and spin
disorder is modelled with a Gaussian distribution of ro-
tations to reproduce the experimental magnetization [70]
for a given temperature; this prescription has been shown
to reproduce the experimentally observed resistivity very
well [50,51].

For Co, the spin disorder is modelled with a Gaussian
distribution of polar rotation angles to reproduce the exper-
imental magnetization [71] for a given temperature. Most
experiments report the polycrystalline resistivity profile for
Co as a function of temperature [64]. Masumoto et al. [72]
measured the experimental resistivity for single-crystal hcp
Co at 300 K. We choose a value of 
 so that together with the
spin disorder, the experimental resistivity at room temperature
along [0001], ρCo = 10.28 μ� cm [72] is reproduced. Since
there is no data available for monocrystalline Co at other
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temperatures and we use fcc instead of hcp Co, we use the
Debye model and determine a Debye temperature (450 K)
that yields the chosen 
 at 300 K. 
 and the corresponding
resistivities at all temperatures for fcc Co are then determined
using a combination of Debye model with Debye temperature
450 K to describe the lattice disorder and spin disorder that
reproduces the experimental magnetization.

Though the resistivity of bulk Pt can be calculated en-
tirely from first principles within the adiabatic approximation
by performing first-principles phonon calculations, populat-
ing the resulting phonon modes at a fixed temperature T ,
taking snapshots of the superimposed phonons, determining
the resistance R of various lengths L of thermally disordered
material, and finally extracting ρ from R(L), the agreement
with experiment, though good, is not perfect [50]. Spin dis-
order in magnetic materials can be treated analogously but
additional approximations are necessary because spin-wave
theory underestimates the magnetization decrease induced by
temperature [50]. The tediousness of calculating phonon and
magnon dispersion relations for magnetic alloys motivated
us to adopt the simpler Gaussian disorder approach sketched
above not only for Py but also for Pt and Co. Thus in the
results we will present below, experimentally observed bulk
resistivities are reproduced by construction.

3. Potentials

Bulk potentials for all atomic species (Cu, Pt, Ni, Fe, Co)
are calculated in the atomic spheres (AS) approximation
(ASA) using the TB-LMTO method [62]. AS potentials for Ni
and Fe are evaluated self-consistently for the fcc substitutional
random alloy Py using the coherent potential approximation
(CPA) [73] implemented with TB-MTOs [74].

In many experiments involving (Pd and) Pt, interface ef-
fects are expected to depend strongly on proximity-induced
Pt magnetization [75]. Since we are focusing on the eval-
uation of interface parameters in this paper, we will test
this hypothesis by constructing interfaces with and without
proximity-induced magnetism. In the simplest, default sce-
nario, no magnetism is induced in Pt by proximity to FM.
Because of the complexity of the FM|Pt interface and the
inability of current CPA implementations to treat large unit
cells, we study the magnetic moments induced in Pt by a
putative FM grown pseudomorphically on “bulk” Pt; the in-
plane lattice constant of a (111) oriented fcc FM is expanded
to match that of Pt while the out-of-plane lattice constant is
reduced to keep the volume of the FM unchanged.

The magnetization profiles of 11 atomic layers of pseudo-
morphic Py and Co sandwiched between cubic fcc Pt obtained
with self-consistent CPA calculations are shown in Fig. 4. The
magnetic moment induced in Pt by proximity to Py decreases
rapidly from 0.08 μB per Pt atom in the interface layer to
0.005 μB (by 95%) over five layers. The magnetic moment
profile of Py is essentially constant at 0.8 μB per atom with
little change in the interface layer. For comparison, the aver-
age magnetic moment of bulk unstrained Py is 1 μB so that
the effect of the 10.7% strain is to reduce the Py moment.

Bulk fcc Co has a large magnetic moment of 1.64 μB.
Stretching its in-plane lattice constant aCo = 3.55 Å to make it
match aPt while conserving its volume increases the moment

FIG. 4. Magnetic moment profile of an fcc (111) oriented
Pt|FM|Pt (FM = Py, Co) geometry calculated self-consistently us-
ing the coherent potential approximation. 11 layers of trigonally
distorted pseudomorphic FM are sandwiched between semi-infinite
Pt. The atomic moment is shown as a function of the plane number
for Py (pink) and Co (green). For comparison, the horizontal dashed
lines indicate the atomic moments calculated for bulk unstrained fcc
Co (green) and Py (pink).

to 1.78 μB. This stretched Co induces a moment of 0.25 μB

in the adjacent Pt layer. The induced moment decreases to
0.003 μB (by 99%) over five layers. Why strain affects the
moments in Py and Co differently goes beyond the scope of
this publication.

In the scattering calculations to be discussed in the next
section, we will replace the bulk nonmagnetic Pt potentials
for seven layers of Pt next to the interface with magnetized Pt
potentials and compare the resulting spin currents in the two
cases. Since the Py moment is reduced by strain in the pseu-
domorphic structure and this may result in an underestimation
of the moments induced in Pt, we will use the spin polarized
Pt potentials determined for Pt|Co|Pt as input to the scattering
calculations for both Py|Pt and Co|Pt interfaces.

To determine the spin-flip diffusion length, we will in the
next section inject a fully spin-polarized current (| js| = 1)
into the scattering region from “half-metallic ferromagnetic”
(HMF) Cu leads denoted Cu↑ or Cu↓ [33,51]. These artificial
leads are constructed by adding a constant repulsive term
to the AS potential of the minority (majority) spin states
so that these states are lifted above the Fermi level and the
spin-current density consequently consists of only majority
(minority) spin states.

4. Slab length

Equation (12) includes an apparent dependence on the slab
length zI = LFM/2. While it is expected that the spin current
must saturate to β at the center of a sufficiently long FM
slab, it is not a priori clear how the spin current close to
the interface depends on the slab length. It turns out that for
LFM � 6lFM, the spin current close to the FM|NM interface
is independent of LFM. Both left and right slabs of Pt have
LPt > 4lPt to ensure any spin current in Pt has decayed to a
negligible value close to the leads.
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FIG. 5. Resistivity ρPt and spin-flip diffusion length lPt as a func-
tion of temperature for bulk Pt. The product ρlsf is shown in the inset.

IV. RESULTS AND DISCUSSION

The bulk transport properties of Pt, Py, and Co are cal-
culated for the temperature range 100–500 K in Sec. IV A
allowing js,FM(zI ) and js,Pt (zI ) to be determined. In
Sec. IV B 1 we calculate the interface resistance ARI for an
FM|Pt interface using the Landauer-Büttiker formalism. The
remaining two parameters γ and δ are determined by solving
equation (12). No calculations were carried out at 100 K for
bulk Co or Pt|Co|Pt because lCo

sf was estimated to be �25 nm
which when combined with the calculated value of lPt

sf =
22 nm would require constructing a trilayer with more than
100 000 atoms and require excessive computational resources.

A. Bulk materials

The bulk resistivities ρPt, ρPy, and ρCo can be determined
directly from the scattering matrix using the Landauer-
Büttiker formalism. The transport polarization β for Py and
Co as well as the spin-flip diffusion lengths lPt, lPy, and lCo are
extracted from calculations of the spin current js(z). Using
these bulk parameters we fit the js(z) calculated for Pt|Py|Pt
and Pt|Co|Pt trilayers shown in Fig. 2 (top) and (bottom),
respectively. Fitting js(z) in the FM material yields the orange
curve in Fig. 2 and the value of AFM using (8b). Fitting js(z)
in Pt yields the blue curve in Fig. 2 and the value of BPt using
(10b). This allows us to calculate js,FM(zI ) and js,Py(zI ) by
extrapolation to the interface.

1. Resistivity

By construction, the Gaussian lattice and spin disorder we
use reproduces the experimentally observed [67,68] resistiv-
ities of bulk Pt (Fig. 5) and Py (Fig. 6) at all temperatures.
For Co, the lattice and spin disorder chosen at 300 K as
described in Sec. III 2 reproduce the experimental resistivity
value of 10.28 μ� cm observed for crystalline hcp Co [72].
Using the same lattice and spin disorder for an fcc structure

FIG. 6. Resistivity ρ, spin-flip diffusion length lsf , and spin-
asymmetry parameter β as a function of temperature for bulk Py
(circles) and bulk Co (diamonds). The product ρlsf is shown in the
inset.

yields a resistivity of 9.56 ± 0.08 μ� cm at 300 K. Co fcc
resistivities at other temperatures are calculated as described
in Sec. III and are plotted in Fig. 6. Here, it is important
to note how the resistivity behaves for Py and Co to better
anticipate the behavior of the remaining spin transport param-
eters. The chemical alloy disorder in Py leads to a finite value
of ρ ∼ 4 μ� cm at 0 K whereas the resistivity of ordered
Co approaches zero. A Curie temperature of 872 K for Py
versus 1385 K for Co implies that at any given temperature
the magnetic ordering in Co is stronger. The combination of
chemical and magnetic disorder in Py makes its resistivity
change more rapidly as a function of temperature.

All other parameters that we report have been calculated
using the same thermal disorder employed for the resistivity
calculations. We did not attempt to reproduce the resistivities
reported for thin films that differ from the known bulk values
because so little is known about the microscopic disorder
(impurities, vacancies, self interstitials, grain boundaries, sur-
faces, etc.) that might give rise to the differences.

2. Spin-flip diffusion length lsf : Pt

A fully polarized spin current js(0) = 1 injected into ther-
mally disordered Pt decays exponentially to zero, js(z) =
C exp(−z/l ). Using the procedure described by Wesselink
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FIG. 7. An unpolarized charge current enters a sufficiently long
slab of an 8×8 lateral supercell of thermally disordered Co at 300 K.
The gray circles show the resulting spin current js polarized along
the magnetization direction ẑ. The orange curve shows the fit for js

that yields β = 0.6777 ± 0.0004 and lsf = 6.03 ± 0.07 nm.

et al. [33] for a Au↑|Pt|Au scattering geometry, we obtain
lPt from spin current calculations for temperatures between
100–500 K. The results for lPt shown in Fig. 5 exhibit a 1/T
dependence and, as shown in the inset, satisfy the relation-
ship ρPtlPt = 0.57 ± 0.05 f�m2 [76] in accordance with the
Elliott-Yafet mechanism that is based upon free-electron-like
energy dispersion [77,78].

3. lsf and β: Py and Co

A charge current passed through a magnetic material is
naturally polarized along the magnetization direction. The
way in which it approaches its equilibrium polarization value
β is described in equation (8b) by the spin-flip diffusion length
lFM. Wesselink et al. studied the computational aspects of
extracting β and lPy from js(z) calculated for Py at 300 K in
Ref. [33]. Here we show the z dependence of the spin current
calculated for a symmetric Cu|Co|Cu scattering geometry
with room temperature thermal disorder in Fig. 7. By fitting
js(z) to (8b), we extract values of β = 0.68 and lCo = 6.03 nm
for room temperature Co.

The temperature dependence of lFM and β is plotted in
Fig. 6 for both Py and Co. lPy decreases from 5.4 nm at
100 K to 1.5 nm at 500 K. Co has a much larger SDL,
lCo = 11.1 nm at 200 K that decreases to 2.9 nm at 500 K. The
smaller values of lFM for Py can be attributed to the chemical
disorder that is present at all temperatures in addition to the
thermal spin and lattice disorder. Unlike Pt that conforms to
the behavior predicted by the Elliott-Yafet model in spite of
not having free-electron-like energy bands, the product ρlsf is
not a constant at all temperatures for either Py or Co, as shown
in Fig. 6 (inset). With thermal spin disorder in addition to the
lattice disorder of Pt, ρColCo decreases with increasing temper-
ature. Py has in addition alloy disorder and ρPylPy exhibits the
opposite behavior. The interplay of thermal (lattice and spin)
and chemical disorder combined with the complex d electron
band structure does not allow us to provide a simple picture
with which to explain these findings.

FIG. 8. Total resistance of a length LPt of diffusive Pt sandwiched
between ballistic Cu leads as a function of LPt. A linear fit R(L)
yields ρPt as the slope; the intercept is a sum of interface and Sharvin
contributions.

The polarization β is proportional to the difference be-
tween the minority and majority resistivities. For Py at 0 K,
the minority resistivity ρmin is ∼200 times larger than the
majority resistivity ρmaj [51] giving rise to a value of β ∼
0.99. This large value decreases to still large values of 0.88
at 100 K, 0.75 at RT, and 0.54 at 500 K [50]. Below 400 K,
βCo is smaller than βPy and the difference can be understood
as follows. The majority-spin potential of Co is very similar
to the majority-spin potentials of Fe and Ni in Py, all of
which have fully occupied majority-spin 3d bands. The very
small, majority-spin resistivity of Co is therefore comparable
to that of Py, ρCo

maj ∼ ρ
Py
maj in which case βCo < βPy implies

that ρCo
min < ρ

Py
min because the minority-spin electrons in Co

are not scattered by alloy disorder as in Py; the RT bulk fcc
resistivities are ρCo = 9.6 μ� cm versus ρPy = 15.6 μ� cm.
At very low temperatures, in the ballistic regime, resistivities
must be replaced by resistances and βCo ∼ −0.45 because
the minority-spin Sharvin conductance of fcc Co is larger
than its majority-spin conductance [79]. Thus, we predict a
change in the sign of βCo as a function of temperature below
200 K. Above 400 K, temperature-induced spin disorder in Py
significantly lowers the polarization, which is nearly the same
as that of Co.

B. Interfaces

Before calculating the interface resistance ARI for, e.g.,
an FM|Pt interface using the scattering formalism, we need
to reexamine how the resistivity of Pt was calculated in
Sec. IV A 1. Using the Landauer-Büttiker formalism [36], we
calculated the conductance G of a scattering region containing
thermally disordered Pt, expressing G in terms of the probabil-
ity that Bloch states in the left lead L attached to the scattering
region S are transmitted through the scattering region into
the right lead R. The result of doing this for a length L
of thermally disordered Pt sandwiched between ballistic Cu
leads is shown in Fig. 8 for T = 300 K. The resistivity was
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extracted as a slope of the linear fit of R(L) = 1/G(L) plotted
as a function of L [51,52,63].

However, for L = 0, the resistance does not vanish; there is
a finite intercept because a finite cross section A of a ballistic
material has a finite conductance, the Sharvin conductance
GSh [80]. In addition, there is a resistance RCu|Pt associated
with each interface so the total resistance consists of

AR(LPt ) = ρPtLPt + 2ARCu|Pt + 1/GSh. (13)

This interface resistance, however, is for an interface between
a ballistic (T = 0) Cu lead and diffusive Pt. To determine
the interface resistance ARI between two diffusive interfaces
requires more work.

1. Interface resistance

We extract ARI in a two step procedure. We first calculate
the total resistance for a symmetric, diffusive Pt|FM|Pt tri-
layer embedded between ballistic leads for a variable length
LFM of FM and fixed length LPt of Pt. Both LFM and LPt should
be much longer than the respective mean free paths so that the
total areal resistance for the scattering region can be expressed
in terms of a series resistor model as

AR(LFM) = ρFMLFM + ρPtLPt

+ 2ARFM|Pt + 2ARPt|lead + 1/GSh. (14)

Here, RFM|Pt is the interface resistance RI we are interested in,
RPt|lead is the interface resistance between Pt and the ballistic
lead, and GSh is the Sharvin conductance of the lead. Noting
that

AR(LFM = 0) = ρPtLPt + 2ARPt|lead + 1/GSh, (15)

we can subtract (15) from (14) to obtain

A
[
R(LFM) − R(LFM = 0)

] = ρFMLFM + 2ARFM|Pt (16)

and observe that ARFM|Pt can be calculated as the intercept
of the above resistance difference determined as a function
of LFM. The second step (15) requires calculating the total
resistance of a length LPt of diffusive Pt sandwiched between
the same leads used in the first step, as in Fig. 8 and (13).

The result of doing this for RT Py|Pt is shown in Fig. 9. It
can be seen that an interface resistance can be determined with
an acceptably small uncertainty, ARI = 0.78 ± 0.03 f�m2.
For RT Co|Pt, ARI is somewhat larger, 0.85 ± 0.03 f�m2.

2. Spin memory loss and interface spin-asymmetry γ

Now that we know all of the variables besides δ and γ

in (12) for both Py|Pt and Co|Pt, we can solve these two
equations simultaneously to yield the remaining two unknown
interface parameters. We illustrate this procedure for the RT
Py|Pt case by substituting the five bulk parameters for Py
and Pt as well as the Py|Pt interface resistance we have just
calculated together with the values of js,Pt (zI ) and js,Py(zI ) into
(12). The equations are graphically represented as contours in
(γ , δ) space in Fig. 10 and the solutions found using standard
root-searching algorithms. The single crossing indicates that
there exists a unique solution for these parameters. The topol-
ogy of the crossing indicates the robustness of the solution set.
The error bars on these parameters are determined as follows:

FIG. 9. Total resistance of a diffusive Pt|Py|Pt trilayer sand-
wiched between Cu leads as a function of the Py thickness LPy for
a fixed Pt thickness LPt = 18 nm. To extract ρPy and ARI, resistances
for Pt|Py(LPy)|Pt are calculated and all contributions from Cu and Pt
are subtracted leaving ARI as the intercept and ρPy as the slope for
the linear fit.

All input parameters, the five bulk parameters for FM and
Pt, ARI and the values of js,Pt (zI ) and js,FM(zI ) span a finite
range described by their error bars. Solutions for δ and γ

are extracted by substituting all possible combinations of the
input parameters into (12). The range of δ and γ determined
from this exercise yields the error bars.

3. Temperature dependence of the interface parameters

The temperature dependence of the interface parameters is
shown in Fig. 11. All parameters are seen to decrease mono-
tonically with temperature for both Py|Pt and Co|Pt. For an
ideal interface between two ballistic solids, the only scattering

FIG. 10. Graphical representation of numerical solution for γ

and δ obtained by solving (12) for boundary values js,Py(zI ) and
js,Pt (zI ).
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FIG. 11. Interface parameters ARI, δ and γ for Py|Pt (circles,
solid lines) and Co|Pt (diamonds, dashed lines) interfaces plotted as
a function of temperature.

that occurs is at the interface and the effect of (interface) dis-
order can be to increase or decrease the transmission through
ideal interfaces; this depends strongly on the Fermi surfaces
and can be reduced (e.g., Cu|Co) or increased (e.g., Fe|Cr) by
disorder [40]. As the temperature is increased, more scattering
occurs in the bulk of the solids so that in the high temperature
limit, the relative importance of the interface is reduced. In
the Landauer-Büttiker formalism, the transmission probability
is proportional to the conductance or inversely proportional
to the resistance so the reduction of the interface resistance
with increasing temperature seen in Fig. 11 is interpreted as
an increased transmission. In the next section we will see that
this increased transmission is dominated by spin disorder.

Since the magnetic ordering in Py is weaker than in Co, the
decrease in ARI with temperature is more rapid for Py|Pt. γ is
found to vary in a small range between about −0.15 and 0.15
for Py|Pt and between −0.03 and 0.03 for Co|Pt, displaying
an at best weak correlation with its bulk counterpart β in Py
and Co. However, δ, the main focus of our interest, shows a
significant dependence on temperature and choice of FM. For
both interfaces, it decreases monotonically with temperature.
Its magnitude is larger for Co|Pt compared to Py|Pt for all
temperatures in the range 200–500 K. At high temperatures,
Co disorders more slowly than Py because of its higher Curie
temperature, the interface is more abrupt, and δ is higher. We
expect the same to hold true at lower temperatures where the

FIG. 12. Interface parameters ARI, δ and γ for Py|Pt interface
with both lattice and spin disorder (filled circles, solid lines) and
Py|Pt interface with only lattice disorder (open circles, dashed lines)
plotted as a function of temperature.

interface involving Co becomes more abrupt than that involv-
ing Py as Co orders completely and SOC-induced interface
splittings are not washed out by alloy disorder. Like ARI, the
decrease in δ for Py|Pt is more rapid than for Co|Pt, δ going
from 0.88 at 100 K to 0.37 at 500 K (a 58% decrease or ∼15%
per 100 K) for Py|Pt and from 1.02 at 200 K to 0.61 at 500 K
(a 40% decrease or ∼13% per 100 K) for Co|Pt.

Our results for ARI and δ show how a combination of
alloy, lattice, and spin disorder determine how charge and
spin currents are transmitted through these interfaces. Trans-
mission is facilitated by increasing bulk disorder. Yet, the
combination of alloying, lattice, and spin disorder make it
difficult to distinguish their individual contributions to the
temperature dependence of the interface parameters. In the
following subsection, we study the contribution of spin dis-
order by switching it off for the Py|Pt interface.

4. Contribution of spin disorder to interface parameters

Including only lattice disorder in Py and Pt at T = 200,

300, and 400 K and keeping the atomic spins in Py ordered
at all temperatures, we repeat the calculations for Py|Pt. The
results for the three interface parameters with only lattice dis-
order included are compared in Fig. 12 (open circles, dashed
lines) with the results that include lattice and spin disorder in
Py. We find that the Py|Pt interface parameters show a very
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weak variation with temperature in the absence of any spin
disorder, decreasing very slowly with increasing temperature.
This weak variation can be attributed to the lattice disorder,
but the decrease is much smaller compared to that brought
about by spin disorder.

This calculation also highlights that underlying these pa-
rameters is the electronic structure mismatch between the two
materials making up the interface and the strong spin-orbit
coupling in Pt both of which depend only weakly on tem-
perature. This explains why even at 500 K with a significant
spin disorder, especially for Py, the interface parameters are
not even close to zero. Thus, the common assumption made
in interpreting experiments of transparent FM|Pt interfaces is
not supported by our calculations. We will discuss our results
in regard to experiment in Sec. V.

5. Effect of proximity induced magnetization in Pt

So far, the proximity-induced magnetization of Pt has not
been taken into account in our calculations. The proposal that
Pt magnetization plays a key role in determining the transport
of spins through FM|NM interfaces [75,81] then poses the
question as to how it might affect the interface parameters we
have calculated. To address this question, we repeat the RT
calculations for both Py|Pt and Co|Pt interfaces to determine
the interface resistance ARI and the Pt|FM|Pt trilayer spin
current profile replacing “bulk, nonmagnetic” Pt potentials
adjacent to the FM interface with spin-polarized potentials.
As discussed in Sec. III, these are obtained from a CPA
calculation for a pseudomorphic Pt|Co|Pt trilayer. Within the
error bar of the calculations, the values of ARI are unchanged.
In Fig. 13 we compare the spin current js(z) close to the
FM|Pt interface obtained without (blue circles) and with (red
squares) magnetic moments induced in Pt for Py|Pt (upper)
and Co|Pt (lower). We see virtually no change in the spin
currents and within the error bars of the calculation no change
in the discontinuity of js(z) at the interface; thus δ and γ are
not affected by proximity induced magnetism in Pt.

V. COMPARISON WITH OTHER EXPERIMENTS
AND CALCULATIONS

A direct confrontation of our results for the temperature
dependence of the interface parameters with experiment is not
possible for a number of reasons.

(1) CPP-MR experiments are conventionally described in
terms of the eight VF parameters we have extracted [4]. How-
ever, the use of superconducting Nb leads means that they are
restricted to low temperatures (4.2 K). The multilayers used in
these CPP-MR experiments are usually prepared by sputtering
and this leads to intermixing of the materials forming the
interface rather than atomically sharp interfaces. To extend
the present study to intermixed interfaces, the distribution of
atomic species about the interface would need to be known but
is not. So at present we have no choice but to restrict ourselves
to ordered interfaces. Alternatively, lateral microstructuring
can be used to increase the small resistance of a thin layered
structure with respect to long leads [17], allowing the interface
parameters of epitaxial Co|Cu [82] and sputtered Co50Fe50|Cu
[83] to be determined as a function of temperature up to

FIG. 13. Spin currents in (upper panel) Py|Pt and (lower panel)
Co|Pt with (red squares) and without (blue circles) induced magnetic
moments in Pt. The yellow shaded region consists of 7 Pt layers
adjacent to the FM that are magnetized. The magnetic Pt potentials
are calculated self-consistently for a Pt|Co|Pt trilayer. The induced
moments go from 0.25 μB to 0.0006 μB from left to right in the
yellow region.

300 K. To the best of our knowledge, no similar studies have
been carried out for FM|Pt interfaces at finite temperatures.

(2) In a spin-pumping plus ISHE (SP-ISHE) experiment,
the spins that are driven to precess in the ferromagnet experi-
ence enhanced damping at an FM|NM interface where the NM
material acts as a spin sink. The efficiency of this sink depends
on the transparency of the interface as measured by the mixing
conductance and spin-dependent interface resistance, on the
degree of spin flipping in the NM bulk as measured by its
resistivity and spin-flip diffusion length [84], and on the inter-
face spin flipping measured by the SML δ [85]. The pumped
spin current has DC and AC components that are polarized
parallel, respectively, perpendicular to the FM magnetization.
In most studies, only the DC component of the pumped spin,
i.e., the component parallel to the magnetization, is accessed
in terms of the DC inverse spin Hall voltage [24,25]. Because
the polarization of a spin current generated by passing a
charge current through a ferromagnetic layer is parallel to the
magnetization, the SML we have studied is for spins aligned
parallel to the magnetization and our estimates of δ are in
principle suitable for analyzing the DC experiments.
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TABLE I. Room temperature transport parameters calculated for
Co|Pt and Py|Pt systems: resistivity ρ (μ� cm); spin-flip diffu-
sion length lsf (nm); transport polarization β; interface resistance
ARI (f�m2); spin memory loss δ; interface spin asymmetry γ .

Bulk FM|Pt interface

ρ lsf β ARI δ γ

Pt fcc 10.8 5.3 0.0
Co fcc 9.6 6.0 0.68 0.85 0.88 0.003
Py fcc 15.6 2.8 0.75 0.78 0.77 −0.05

However, there is a discrepancy between the modest values
of δ we have found for Py|Pt and those found by Liu et al. who
estimated that a value of δ = 3.7 was needed to account for the
interface damping enhancement [85] determined from first-
principles “energy pumping” calculations [51] that in turn
agreed very well with observations [86]. Because interface
spin-orbit coupling may give rise to large interface spin-Hall
and inverse spin-Hall effects [15] and affect spins aligned
parallel and perpendicular to the magnetization in different
ways [87], more work is required to understand whether δ

for “pumped” spin currents is different from δ for collinearly
spin-polarized currents.

(3) In SHE-STT experiments, an in-plane charge current
passing through the NM layer gives rise to a spin current
that is polarized perpendicular to the charge current and the
interface normal direction. This current would be modified at
the FM|NM interface by spin memory loss and eventually an
interface spin Hall effect. Spin currents are also expected to
be generated by spin-orbit filtering and precession [88] at the
interface that could exert additional torques on the FM. Such
a scenario is described by a phenomenological model [87,89]
expressed in terms of a set of parameters larger than current
experiments are able to evaluate.

It is nevertheless worthwhile briefly discussing experi-
ments that aim to determine bulk parameters such as the
spin-flip diffusion length and the spin Hall angle where in-
terface effects may critically influence the determination of
the “bulk” parameters. These interface effects are expressed in
terms of the parameters we have calculated. For convenience,
we have collected the room temperature values in Table I.

A. Interface resistance and interface spin asymmetry

CPP-MR experiments have been used to extract val-
ues for ARI and γ for the Co|Pt interface at 4.2 K by
the MSU collaboration of Bass and Pratt [35,90]. Sharma
et al. [90] reported ARI = 0.73 ± 0.15 f�m2 and γ = 0.38 ±
0.06 but did not include δ in their VF analysis. Nguyen
et al. [35] reported ARI = 0.53 ± 0.20 f�m2, γ = 0.53 ±
0.12, and δCo|Pt = 0.9+0.5

−0.2 where the AR∗
I parameters have

been converted to ARI using the relation ARI = AR∗
I (1 − γ 2).

Nguyen’s ARI and γ values are very different to what we
can estimate at low temperature by extrapolation. Their 4.2 K
value of ARI is smaller than the RT value we calculate that in-
creases on reducing the temperature and there is no indication
that our value of γ might shoot up to the large low temperature
value that they report.

Recently Pham et al. [91] studied Co|Pt, Py|Pt (and
CoFe|Pt) interfaces at room temperature by measuring the
spin accumulation generated by the SHE in Pt at two
FM electrodes aligned parallel and antiparallel. They re-
ported the following values: ARI = 13.5 ± 2.0 f�m2 and
γ = 0.17 ± 0.03 for Co|Pt and ARI = 29.0 ± 2.5 f�m2 and
γ = 0.070 ± 0.015 for Py|Pt interfaces. In particular, their
interface resistances are more than an order of magnitude
larger than the values we summarize in Table I. When they
interpreted their measurements with a model that did not take
the interface (resistance, spin asymmetry, or spin flipping) into
account, a consistent value of �PtlPt (where �Pt ≡ �Pt

sH) could
not be obtained that was independent of the ferromagnetic
electrode used. When an interface resistance was included
in the model, it was found to be necessary to include an
interface spin asymmetry to obtain reasonable values of �Pt.
The discrepancy between the experimental values and our cal-
culated ones seems to depend on the model used to interpret
experiment and on the difficulty evaluating all three interface
parameters together with the six bulk parameters (in addition
to the bulk spin Hall angles in both materials) in a single
sample; if multiple samples are used, there is no guarantee that
the interfaces are identical. In the absence of any experimen-
tal characterization of the interfaces and correlation with the
interface parameters, it is premature to draw any conclusions.

One further aspect referred to by Pham et al. that we find
troubling is the large value of interface resistance extracted
from a computational study of the interface enhancement of
the Gilbert damping reported for Py|Pt interfaces [85] that
makes use of much of the same computational machinery
as used here. We already remarked upon the large value of
δ (and ARI) needed to interpret those computational results
(that reproduce the experimental damping remarkably well)
and speculated on the possibility of there being different δ’s
required to describe pumped spin currents (δ⊥) and collinear
spin currents (δ‖). Because the values of interface parameters
extracted from experiment depend on using a consistent model
containing all relevant parameters, it is clear that more effort,
both experimental and theoretical, needs to be devoted to this
issue.

B. Spin memory loss

Very few experiments/calculations have been carried out at
finite temperatures that either take SML into account or rec-
ognize its role in determining other bulk parameters. Nguyen
et al. [35] carried out CPP-MR measurements for sputtered
Co|Pt at 4.2 K and reported δCo|Pt = 0.9+0.5

−0.2; our RT value of
δCo|Pt = 0.88 is seen to increase as the temperature is reduced,
Fig. 11. Earlier, values of δ in the range 0.2–0.35 were found
for Co|NM pairs with NM metals whose SOC is weaker than
that of Pt [16].

Rojas-Sanchez et al. [28] incorporated Nguyen’s low tem-
perature interface parameters δ and ARI for Co|Pt into the
analysis of their RT SP-ISHE experiments to demonstrate
that neglecting interface effects leads to underestimation of
bulk parameters. Recently, Tao et al. [31] reported δ for
Py|Pt and Co|Pt as 0.63 ± 0.05 and 0.39 ± 0.01, respec-
tively, from SP-ISHE experiments. Berger et al. [32] attributed
a ∼60% loss of damping enhancement measured using a
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“Vector Network Analyzer-FMR” technique at a Py|Pt inter-
face to SML. We note that the resistivity and inverse SDL
measured for these samples far exceed what can be attributed
to electron-phonon scattering indicating that this may not be
the dominant scattering mechanism [33] making a direct com-
parison of our calculated value of δ with the value extracted
from experiment problematic. Zhang et al. [29] introduced an
interface transparency parameter to measure the efficiency of
spin-Hall induced spin current transfer from the NM metal to
the FM metal. From ST-FMR measurements, they predict a
smaller interface transparency of 0.25 ± 0.05 for Py|Pt than
0.65 ± 0.06 for Co|Pt which is the opposite of the trend we
found for the interface resistance. It should be noted that the
transparency defined by Zhang et al. as a measure of the
spin-Hall torque efficiency involves many more factors than
just the SML, e.g., the mixing conductance, the interfacial
contribution to the spin Hall effect, etc.

Such or similar spin transparency parameters have been
introduced by a number of workers [28–30,38,49,92] but
are not uniquely defined. Dolui states a relation between
the phenomenological parameter ζ introduced in Ref. [28]
and δ, but evaluating it would require extracting additional
system parameters from their calculations. The values that Be-
lashchenko finds for δ for Cu|Pd (0.38–0.54) are in reasonable
agreement with experiment (0.24), albeit overestimated. Both
sets of calculations consider an interface between ballistic
leads, assuming an equilibrium distribution for the incident
electrons in their scattering calculation. This assumption is
questionable since generally there is a nonequilibrium distri-
bution close to the interface. Belashchenko takes this effect
partly into account by using a renormalization introduced in
Ref. [39], but the nonequilibrium distribution is (i) in the
diffusive limit affected by disorder not taken into account
in those calculations and (ii) in the ballistic limit affected
by other interfaces at distances comparable to the mean free
path λ. The present work is in the diffusive limit (distance
between interfaces �λ) and does take into account the effect
of nonequilibrium distributions close to the interfaces consis-
tent with the bulk disorder. The ansatz introduced by Schep
et al. does not readily lend itself to including a temperature
dependence.

VI. CONCLUSIONS

We have developed a practical scheme for calculating the
temperature dependence of bulk and interface transport pa-
rameters for real materials incorporating all of the complexity
of the electronic structure of transition metals both nonmag-
netic and magnetic. We illustrated it with a study of Py|Pt
and Co|Pt interfaces for which we determined all eight pa-
rameters contained in the generalized semiclassical VF model
used to interpret experiment. The remarkably good fit of the
spin currents calculated from first-principles scattering the-
ory with the VF model give us every reason to believe in
the meaningfulness of the parameter values we extract. Bulk
spin-flip diffusion lengths and transport polarizations could
be determined for Py, Co, and Pt independent of interface
contributions. Thermal lattice and spin disorder facilitates the
transmission of electrons through the interface, yet does not
render ARI and δ zero even at high temperatures. Finally, the
magnetization induced in Pt by proximity to a ferromagnet
does not affect the interface discontinuity.
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