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First-principles calculations of the Gilbert damping, resistivity and spin diffusion
length for magnetic multilayers with perpendicular anisotropy
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We perform a systematic study of the spin-flip diffusion length, resistivity and Gilbert damping
parameter in Co|X magnetic multilayers where X=Cu, Ni, Pd and Pt. The first-principles calcula-
tions are carried out within the framework of scattering theory and temperature is accounted for
by means of a frozen thermal lattice disorder scheme. Our results should provide useful guidance in
choosing suitable materials for experimental spintronics investigations.

PACS numbers: 72.25.Ba, 72.25.Rb, 72.10.Di

I. INTRODUCTION

The discovery in layered magnetic structures1 of os-
cillatory exchange coupling, giant magnetoresistance
(GMR), perpendicular magnetic anisotropy (PMA),
large magnetooptical effects, spin-current induced mag-
netization excitation and reversal has revealed a wealth
of new phenomena that open up numerous possibilities
for applications. The spin-transfer torque (STT) pre-
dicted by Slonczewski2 and Berger3 and subsequently
confirmed by experiment4–11 forms the basis for new
forms of data storage, so-called Magnetic Random Ac-
cess Memories (MRAM),12,13 where magnetic bits are
read and written using the GMR and STT effects or for
tunable microwave sources, so-called spin-torque oscilla-
tors (STO).14 In the endeavour to reduce the currents
required to operate these devices, an important step has
been the introduction of materials with large PMA such
as Co|Pt and Co|Ni multilayers.15–18 The device perfor-
mance is determined by fundamental transport proper-
ties of these multilayers (ML), such as the spin-flip diffu-
sion length and Gilbert damping frequency that restrict
the operating length- and time-scales. However, current
experimental measurements with a variety of ML struc-
tures yield a wide spread of parameter values.19–21 A bet-
ter understanding of which factors contribute to the nu-
merical values of these fundamental parameters would be
useful in choosing materials appropriate to specific appli-
cations.

It is the purpose of this paper to provide a first study
of the resistivity, Gilbert damping and spin-flip diffusion
in magnetic multilayers exhibiting PMA using a muffin-
tin orbital (MTO) based scattering formalism that in-
cludes spin-orbit coupling and disorder that was recently
applied to a study of these properties in ferromagnetic
alloys22 and crystalline Fe, Co and Ni.23 A MTO-based
electronic structure scheme was earlier used to study the
occurrence of PMA in multilayers comprising the 3d itin-
erant ferromagnetic materials Fe and Co and late 4d or
5d non-magnetic metals24 where it proved to have pre-
dictive capability.25,26 A key issue in the present study
will be to determine whether and how properties that

are strongly dependent on the spin-orbit coupling are
correlated in the Co|X multilayers (X=Ni, Pd, and Pt)
that are extensively studied and applied in spin-transfer
devices.16,19,27,28

The dynamics of a magnetization M in an effective
field Heff is usually described using the phenomenological
Landau-Lifshitz-Gilbert equation

dM

dt
= −γM×Heff + M×

[
λ(M)

γM2
s

dM

dt

]
, (1)

where Ms = |M| is the saturation magnetization and
γ = gµB/~ the gyromagnetic ratio expressed in terms of
the Landé g factor and the Bohr magneton µB . The first
term describes the precessional motion of the magnetiza-
tion in the effective field that includes the external ap-
plied field, the exchange field, anisotropy and demagne-
tization fields. The second term describes the time decay
of the magnetization precession, the Gilbert damping,29

in terms of λ(M) that is in general a symmetric 3 × 3
tensor.30 For isotropic media, the damping is frequently
expressed in terms of the dimensionless parameter α
given by the diagonal element of λ, α = λ/γMs.

If a nonequilibrium magnetization is generated in a dis-
ordered ferromagnet (for example, by injecting a current
through an interface), its spatial decay is described by
the diffusion equation

∂2∆µ

∂z2
=

∆µ

l2sf
, (2)

where ∆µ is the difference between the spin-dependent
electrochemical potentials µσ for up and down spins, and
lsf is the spin-flip diffusion length.31,32

In this paper we calculate the spin-flip diffusion length
lsf, resistivity ρ, and Gilbert damping parameter α for
a series of MLs with PMA: Co1|Ni2(5), Co1|Pd2, and
Co1|Pt2, as well as Co1|Cu2 with an in-plane magneti-
zation for comparison. To do so, we combine the scatter-
ing theory formulation of Gilbert damping33 with frozen
thermal lattice disorder23 to model finite temperature
lattice effects which are relevant since most measure-
ments are carried out at room temperature. The cal-
culated results can be understood based upon interface
structure and spin-orbit coupling (SOC).
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The paper is organized as follows. In Sec. II, a brief
description of the scattering theory is given followed by
some technical details of how the calculations are per-
formed and how the spin-flip diffusion length, the resis-
tivity and Gilbert damping parameter are determined.
The results are presented and discussed in Sec. III.
A short summary and some concluding remarks can be
found in Sec. IV.

II. THEORETICAL METHODS AND
COMPUTATIONAL DETAILS

The formulation of magnetization damping in terms of
scattering theory has been shown to be equivalent in the
linear response regime to the Kubo formalism.33 In the
scattering formalism, the Gilbert damping tensor G̃ can
be expressed as

G̃i,j(m) = λ · V =
γ2~
4π

Re

{
Tr

[
∂S

∂mi

∂S†

∂mj

]}
(3)

for a single domain ferromagnetic metal (FM) sand-
wiched between left- and right-hand leads of non-
magnetic (NM) material. The scattering matrix S =(
r t′

t r′

)
is composed of reflection and transmission ma-

trices for Bloch waves incident from the left (r and t)
or right (r′ and t′) leads. When SOC is included, S de-
pends on the direction of the magnetization unit vector
m = M/Ms. The microscopic picture of magnetization
damping implicit in the scattering formulation is that
energy is transferred from the spin degrees of freedom
through disorder scattering and SOC to the electronic
orbital degrees of freedom that is rapidly lost to phonon
degrees of freedom in thermal reservoirs attached to the
leads. From the transmission matrices we can also calcu-
late the conductance of the system within the Landauer-
Büttiker formulation as G = (e2/h)Tr

{
tt†
}

. In collinear
ferromagnetic systems, we can project every propagating
state onto the global quantization axis and determine the
spin-resolved conductance Gσσ

′
with σ =↑, ↓.

To calculate the scattering matrix at the Fermi level,
we use a “wave-function matching” scheme34 imple-
mented with tight-binding linearized muffin-tin orbitals
(TB-LMTOs)35,36 that was recently extended to include
SOC.22 The electronic structure of the NM|FM|NM sand-
wich is first determined self-consistently using a sur-
face Greens function method37 with a minimal basis of
TB-LMTOs in the atomic sphere approximation. In
the current study of (111) oriented Co1|Xn MLs with
n=2 for X=Cu, Pd, Pt, and n=2,5 for X=Ni, we con-
sider a ML consisting of close-packed Co and X planes
stacked in an ABCABC . . . sequence that is attached
to matching (111) oriented fcc Cu leads. This corre-
sponds to a current-perpendicular-to-the-plane (CPP)
geometry. Since the experimental lattice constants for
the constituent bulk materials are quite similar, we calcu-
late the lattice constants for the Co1|Cu2 and Co1|Ni2(5)

ML structures using Vegard’s law forcing the Cu leads
to match in plane.38 For Co1|Pd2 and Co1|Pt2, we fix
the (111) in-plane lattice constants to be the values cal-
culated for bulk fcc Pd and Pt, and then determine
layer distances24 by total energy minimization using
the Vienna ab-initio simulation package (VASP)39–41 to
calculate the density functional theory electronic ener-
gies. The in-plane lattice constants of the Cu leads are
stretched to match the ML.42 We will demonstrate that
the properties we are interested in are independent of
how the leads are modelled.

Without disorder, it is not possible to calculate resis-
tivity, Gilbert damping or spin-flip scattering for defect-
free multilayers. We introduce thermal disorder in the
scattering region in the form of “frozen thermal lattice
disorder” by displacing atomic spheres rigidly and ran-
domly from their ideal lattice positions in large lateral
supercells23 and characterize it by the root-mean-square
(rms) displacement ∆. To determine values of ∆ in the
various ML systems, we have first carried out ab initio
phonon calculations43 for bulk fcc Cu, Ni, Pd, and Pt.
We then populate the phonon modes with a Boltzmann
distribution at a certain temperature to obtain the rela-
tive rms displacement ∆/a0, where a0 is the correspond-
ing fcc lattice constant. In the scattering region consist-
ing of a Co|X magnetic ML, the atomic displacements on

Co atoms are scaled by the factor of
√
mX/mCo, where

m are the atomic masses. Throughout the paper, all
temperatures were simulated in this way.

For the magnetic ML of thickness L, we calculate the
spin-resolved components of conductance Gσσ

′
(L). The

spin conductance is Gσ =
∑
σ′ Gσσ

′
and the total con-

ductance is G(L) =
∑
σ G

σ. The bulk asymmetry pa-
rameter β is given by the asymptotic values of the frac-
tional spin conductances Gσ/G and the spin-flip diffusion
length lsf can be determined by fitting Gσ/G as a func-
tion of L using Eq. (6) from Ref. 22, as shown in Fig. 1(a)
for a Co1|Ni2 multilayer with frozen thermal lattice dis-
order.

If we write the total resistance of the system as
R(L) = 1/G(L) = 1/GSh + 2Rif + Rb(L), where GSh

is the Sharvin conductance of the ideal leads, Rif is the
NM|FM interface resistance and Rb(L) ≈ ρL is the bulk
contribution,34,44 we can determine the resistivity ρ from
the slope of the total resistance as shown in Fig. 1(b).
We can similarly write the total damping parameter as
G̃(L) = G̃if + G̃b, where the interface contribution is G̃if

and the bulk contribution is G̃b(L) = λV = αγMsAL
with A the cross section. The dimensionless damping
parameter α is then extracted from the slope of the to-
tal damping as shown in Fig. 1(c). Whereas lsf, ρ, and
α are all determined from the length dependence of the
conductances and total damping, the leads only influence
the intercepts of the curves in Fig. 1. This is the reason
why the stretched Cu leads for Co1|Pd2 and Co1|Pt2 do
not affect our results.
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FIG. 1. (a) Fractional spin conductances for majority
(squares) and minority (diamonds) spins, (b) total resistance
and (c) total damping as a function of the thickness L of a
Co1|Ni2 magnetic multilayer with frozen thermal lattice dis-
order. The root-mean-square atomic displacement ∆ is deter-
mined by populating ab initio phonon modes of bulk fcc Ni at
300 K. The solid lines in each panel show the best fit to extract
the spin-flip diffusion length lsf (a), the resistivity ρ (b), and
the Gilbert damping parameter α (c). The dashed horizontal
lines in panel (a) denote the asymptotic values (1± β)/2.

III. RESULTS AND DISCUSSION

We performed calculations for Co1|X2 (X=Ni, Cu, Pd,
and Pt) and Co1|Ni5 MLs and the resulting resistivities
are listed in Table I. For all systems, the resistivity in-
creases monotonically with temperature. At each tem-
perature, the resistivity of Co1|Ni2 is always lower than
that of Co1|Cu2 although bulk Ni generally has a higher
resistivity than bulk Cu. This can be understood in terms
of the (111) interface resistance between Co and Ni being
lower than that between Co and Cu because the similar
Fermi surfaces of Co and Ni give rise to a larger transmis-
sion of propagating states at the Fermi level. This sug-

TABLE I. Calculated resistivities of magnetic MLs with CPP
geometry.

ρ (µΩ cm) 200 K 300 K 400 K

Co1|Cu2 5.0±0.3 7.0±0.3 8.4±0.4

Co1|Ni2 3.9±0.2 4.4±0.2 5.3±0.3

Co1|Pd2 5.7±0.3 7.5±0.5 10.2±0.6

Co1|Pt2 21.5±0.7 28.2±0.9 35.4±0.9

Co1|Ni5 4.5±0.2 5.5±0.3 6.4±0.3

gests that the resistivity of Co1|X2 is determined more
by the interface resistance between Co and X than by the
“bulk” resistivity of only two layers of X. Consistent with
this is our finding that although Pd and Pt have nearly
the same bulk resistivities, the resistivity of Co1|Pd2 is
much lower than that of Co1|Pt2. When the Ni thickness
is increased from Co1|Ni2 to Co1|Ni5, the resistivity of
the ML rises slightly.

It has been found that lsf is approximately proportional
to 1/ρ;45 increasing disorder increases the resistivity and
reduces the spin-flip diffusion length. This relation also
holds qualitatively in our ML calculations as can be seen
in Table II where the spin-flip diffusion lengths, lsf, and
bulk asymmetry parameters, β, calculated for the same
magnetic MLs are listed. lsf is seen to decrease with tem-
perature for all MLs. A larger ρ in Table I corresponds
to a smaller lsf in Table II with the exception of Co|Ni.

At each temperature, Co1|Ni2 has a slightly shorter lsf
than Co1|Cu2 even though its resistivity is lower. This
counterintuitive result can be understood in the follow-
ing way. Though the strength of the SOC for Ni and Cu
d electrons is very similar,46 the spin-flip scattering of
the d electrons at the Fermi level in Ni is stronger than
that of the conduction s electrons in Cu. Increasing the
Ni thickness going from Co1|Ni2 to Co1|Ni5, lsf is found
to increase a little because Co1|Ni5 is more like bulk Ni
which has a longer lsf. For the series Co1|Ni2, Co1|Pd2,
and Co1|Pt2, the spin-diffusion length decreases signifi-
cantly as the strength of the SOC increases.

Unlike the spin-diffusion length, the bulk spin asym-
metry of the magnetic MLs is found to have a very weak
temperature dependence. Its value reflects the ratio of
the majority and minority spin resistivities. In Co1|X2

systems where the resistivities are largely determined by
band mismatch at the Fermi level, the ratio is scarcely
influenced by the thermal lattice disorder in the temper-
ature range considered. β for Co|Ni is effectively reduced
by increasing the thickness of Ni from Co1|Ni2 to Co1|Ni5
because β for bulk Ni is much smaller. The ML with the
smallest value of β is Co1|Pt2 with β ∼ 0.2 − 0.25, pre-
sumably because the spin-orbit coupling of Pt is much
stronger than any that of any other element considered.

The calculated Gilbert damping parameters α are
listed in Table III. Unlike ρ or lsf, α does not exhibit
a consistent temperature dependence for different MLs.
For Co1|Ni2 and Co1|Ni5, α shows a very weak tempera-
ture dependence, while it increases for Co1|Pd2 and de-
creases for Co1|Pt2 from 200 K to 400 K. If the Co1|Cu2

magnetization is taken to lie in the plane of the ML, the
damping is anisotropic when the magnetization is pre-
cessing parallel (α‖) and perpendicular (α⊥) to the plane.
The average α value and the two anisotropic components
all vary nonmonotonically with the temperature. All of
this temperature dependence can be explained in terms
of the following two observations:23,47,48 (i) the Gilbert
damping of bulk Co has a remarkably nonmonotonic de-
pendence on the temperature, while (ii) the damping of
bulk Ni, which is much larger than that of Co, decreases
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TABLE II. Calculated spin-diffusion length lsf and bulk asymmetry β of magnetic MLs with CPP geometry.

lsf (nm), β 200 K 300 K 400 K

Co1|Cu2 18.5±1.5 0.563±0.010 13.0±0.7 0.565±0.002 9.6±1.0 0.563±0.005

Co1|Ni2 13.4±1.0 0.558±0.010 12.2±0.5 0.586±0.003 9.0±0.2 0.579±0.003

Co1|Pd2 14.7±0.7 0.536±0.007 10.6±0.4 0.525±0.004 8.6±0.2 0.517±0.002

Co1|Pt2 6.2±0.6 0.242±0.003 5.1±0.5 0.228±0.001 3.9±0.8 0.206±0.002

Co1|Ni5 14.2±0.4 0.486±0.004 13.4±1.2 0.502±0.007 9.5±0.3 0.489±0.001

dramatically at low temperature with increasing temper-
ature and begins to saturate around 200 K. If the damp-
ing is dominated by Ni in the Co|Ni systems, it would
be expected to show little temperature dependence in
the calculated temperature range. This scenario is sup-
ported by the finding that Co1|Ni5 has a larger α than
Co1|Ni2 because it is more Ni-like. In the Co|X (X=Cu,
Pd, Pt) systems, the damping behavior of Co is strongly
influenced by X resulting in different temperature depen-
dences. It has been suggested by Gilmore et al. that the
Gilbert damping is proportional to the second or third
power of the SOC strength,49 thus α increases dramati-
cally in the series Co1|Ni2, Co1|Pd2, and Co1|Pt2.

In real multilayers, a certain amount of interface mix-
ing is unavoidable and the corresponding disorder will
also give rise to electronic scattering and Gilbert damp-
ing. To examine the effect of interface mixing, we cal-
culated ρ, lsf, and α for multilayers where we randomly
exchanged a certain percentage of the atoms from adja-
cent layers. Taking Co1|Ni2 as an example, we prepare a
series of Co1−2xNi2x|Ni2(1−x)Co2x with the interface mix-
ing characterized by the concentration 2x of Ni atoms in
the Co layer. As a function of 2x, the spin-flip diffu-
sion length lsf, resistivity ρ and Gilbert damping param-
eter α at zero temperature are plotted in Fig. 2 (solid
black dots). The temperature dependent values listed in
the tables are also included (empty red symbols) at zero
mixing. As the mixing increases, lsf, ρ and α all tend
to saturate around the corresponding values of the ho-
mogeneous alloy Co33Ni67 (dashed lines). At 2x=16%
where each Ni layer has 1 in 6 Ni atoms replaced by a Co
atom, lsf and ρ are not fully saturated, while α is. If we

TABLE III. Calculated Gilbert damping parameter of mag-
netic MLs with CPP geometry.

α (×10−3) 200 K 300 K 400 K

Co1|Cu2 4.81±0.10 4.42±0.08 4.50±0.12

α‖ 6.23±0.15 5.67±0.12 5.77±0.15

α⊥ 3.44±0.09 3.18±0.06 3.22±0.11

Co1|Ni2 4.49±0.06 4.54±0.07 4.50±0.07

Co1|Pd2 5.34±0.24 5.63±0.10 6.25±0.13

Co1|Pt2 69.06±1.32 61.59±1.62 56.65±1.13

Co1|Ni5 8.05±0.12 7.90±0.07 7.87±0.13
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FIG. 2. (a) Calculated spin-flip diffusion length lsf, (b) re-
sistivity ρ and (c) Gilbert damping parameter α as func-
tions of the interface mixing in Co1|Ni2 multilayers. The
mixing is characterized by the concentration 2x of Ni
atoms in the Co layer and the corresponding system is
Co1−2xNi2x|Ni2(1−x)Co2x. The values calculated with frozen
thermal lattice disorder are included for comparison. At
2x=16%, we combine interface mixing and frozen thermal lat-
tice disorder corresponding to 300 K. The dashed lines show
the corresponding values for a homogeneous Co33Ni67 alloy
at zero temperature.

introduce thermal disorder of 300 K into this system, lsf
is reduced to its saturation value, α is unchanged, while
ρ increases to a value which is larger than the resistivity
from interface mixing only or from thermal disorder only.
This suggests that for Co1|Ni2 multilayers, both lsf and
α tend to saturate with increasing disorder, whereas ρ
continues to increase as more disorder is introduced.

IV. SUMMARY

We report the results of first-principles calculations
of the spin-flip diffusion length lsf, resistivity ρ and
Gilbert damping α with frozen thermal lattice disor-
der for Co1|X2 (X=Cu, Ni, Pd, Pt) and Co1|Ni5 mag-
netic MLs in the framework of scattering theory. lsf de-
creases and ρ increases with increasing thermal disorder
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in all systems. α for Co1|Ni2 ML has little tempera-
ture dependence and does not increase with additional
interface mixing, but increases with increasing Ni con-
centration, from Co1|Ni2 to Co1|Ni5. The damping for
Co1|X2 (X=Cu, Pd, Pt) MLs exhibits different temper-
ature dependences because the damping of bulk Co is
modulated differently by X depending on the strength
of the X spin-orbit coupling. The way in which spin-
orbit coupling gives rise to large magnetic anisotropy in
Co|Ni, Co|Pd and Co|Pt multilayers is not reflected in a
one-to-one fashion in the values of properties such as the
spin-diffusion length and the damping parameter. For
example, there is no significant difference in the values
the parameters lsf and α have for Co1|Cu2 and Co1|Ni2
even though Co1|Ni2 has a much larger PMA. Additional
calculations and more analysis are needed to understand

why these results are as they are and in order to guide
experimental work.
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The magnetization dynamics that is relevant for the
performance of any type of magnetic device is in general
governed by damping. In most cases the magnetization
dynamics can be modeled successfully by means of the
Landau-Lifshitz-Gilbert (LLG) equation [1] that accounts
for damping in a phenomenological way. The possibility to
calculate the corresponding damping parameter from first
principles would open the perspective of optimizing mate-
rials for devices and has therefore motivated extensive
theoretical work in the past. This led among others to
Kambersky’s breathing Fermi surface (BFS) [2] and
torque-correlation models (TCM) [3], that in principle
provide a firm basis for numerical investigations based
on electronic structure calculations [4,5]. The spin-orbit
coupling that is seen as a key factor in transferring energy
from the magnetization to the electronic degrees of free-
dom is explicitly included in these models. Most ab initio
results have been obtained for the BFS model though the
torque-correlation model makes fewer approximations
[4,6]. In particular, it in principle describes the physical
processes responsible for Gilbert damping over a wide
range of temperatures as well as chemical (alloy) disorder.
However, in practice, like many other models it depends on
a relaxation time parameter � that describes the rate of
transfer due to the various types of possible scattering
mechanisms. This weak point could be removed recently
by Brataas et al. [7] who described the Gilbert damping by
means of scattering theory. This development supplied
the formal basis for the first parameter-free investigations
on disordered alloys for which the dominant scattering
mechanism is potential scattering caused by chemical dis-
order [8] or temperature induced structure disorder [9].

As pointed out by Brataas et al. [7], their approach is
completely equivalent to a formulation in terms of the

linear response or Kubo formalism. The latter route is
taken in this communication that presents a Kubo-
Greenwood-like expression for the Gilbert damping pa-
rameter. Application of the scheme to disordered alloys
demonstrates that this approach is indeed fully equivalent
to the scattering theory formulation of Brataas et al. [7]. In
addition a scheme is introduced to deal with the tempera-
ture dependence of the Gilbert damping parameter.
Following Brataas et al. [7], the starting point of our

scheme is the Landau-Lifshitz-Gilbert (LLG) equation for

the time derivative of the magnetization ~M:

1

�

d ~M

d�
¼ � ~M� ~Heff þ ~M�

� ~Gð ~MÞ
�2M2

s

d ~M

d�

�
; (1)

where Ms is the saturation magnetization, � the gyromag-

netic ratio, and ~G the Gilbert damping tensor. Accordingly,
the time derivative of the magnetic energy is given by

_Emag ¼ ~Heff � d
~M

d�
¼ 1

�2
_~m½ ~Gð ~mÞ _~m� (2)

in terms of the normalized magnetization ~m ¼ ~M=Ms. On
the other hand, the energy dissipation of the electronic

system _Edis ¼ hdĤd� i is determined by the underlying

Hamiltonian Ĥð�Þ. Expanding the normalized magnetiza-

tion ~mð�Þ, that determines the time dependence of Ĥð�Þ
about its equilibrium value, ~mð�Þ ¼ ~m0 þ ~uð�Þ, one has

Ĥ ¼ Ĥ0ð ~m0Þ þ
X
�

~u�
@

@ ~u�
Ĥð ~m0Þ: (3)

Using the linear response formalism, _Edis can be written
as [7]
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_Edis ¼ ��@
X
ii0

X
��

_u� _u�

�
c i

��������
@Ĥ

@u�

��������c i0

��
c i0

��������
@Ĥ

@u�

��������c i

�

� �ðEF � EiÞ�ðEF � Ei0 Þ; (4)

where EF is the Fermi energy and the sums run over all
eigenstates � of the system. Identifying _Emag ¼ _Edis, one

gets an explicit expression for the Gilbert damping tensor
~G or equivalently for the damping parameter � ¼
~G=ð�MsÞ [7]. In full analogy to electric transport [10],
the sum over eigenstates jc ii may be expressed in terms
of the retarded single-particle Green’s function
ImGþðEFÞ ¼ ��

P
ijc iihc ij�ðEF � EiÞ. This leads for

the parameter � to a Kubo-Greenwood-like equation

���¼� @�

�Ms

Trace

�
@Ĥ

@u�
ImGþðEFÞ @Ĥ@u� ImGþðEFÞ

�
c

(5)

with h. . .ic indicating a configurational average in case of a
disordered system (see below). Identifying T� ¼ @Ĥ=@u�

with the component of the magnetic torque operator ~̂I

along the direction ~n, such that Î ~n ¼ @Ĥ=@ ~uð ~n� ~uÞ ¼
@Ĥ=@u�ð ~n� ~uÞ� this expression obviously gives the pa-

rameter � in terms of a torque-torque correlation function.
However, in contrast to the conventional TCM the elec-
tronic structure is not represented in terms of Bloch states
but using the retarded electronic Green’s function giving
the present approach much more flexibility.

The most reliable way to account for spin-orbit coupling
as the source of Gilbert damping is to evaluate Eq. (5)
using a fully relativistic Hamiltonian within the framework
of local spin density formalism (LSDA) [11]:

Ĥ ¼ c ~� ~pþ�mc2 þ Vð~rÞ þ � ~	 ~mBð~rÞ: (6)

Here �i and � are the standard Dirac matrices and ~p is the
relativistic momentum operator [12]. The functions V and
B are the spin-averaged and spin-dependent parts, respec-
tively, of the LSDA potential. Equation (6) implies for the
T� operator occurring in Eq. (5) the expression

T� ¼ @

@u�
Ĥ ¼ �B	�: (7)

The Green’s function Gþ in Eq. (5) can be obtained in a
very efficient way by using the spin-polarized relativistic
version of multiple scattering theory [11] that allows us to
treat magnetic solids:

Gþð ~rn; ~r0m; EÞ ¼
X
��0

Zn
�ð ~rn; EÞ�nm��0 ðEÞZm�

�0 ð~r0m; EÞ

�X
�

Zn
�ð~r<; EÞJn��0 ð~r>; EÞ�nm: (8)

Here coordinates ~rn referred to the center of cell n
have been used with j~r<j ¼ minðj~rnj; j~r0njÞ and j~r>j ¼
maxðj~rnj; j~r0njÞ. The four-component wave functions

Zn
�ð ~r; EÞ ðJn�ð ~r; EÞÞ are regular (irregular) solutions to the

single-site Dirac equation for site n and �nm��0 ðEÞ is the so-
called scattering path operator that transfers an electronic
wave coming in at site m into a wave going out from site n
with all possible intermediate scattering events accounted
for coherently.
Using matrix notation, this leads to the following ex-

pression for the damping parameter:

��� ¼ g

��tot

X
n

TracehT0�~�0nTn�~�n0ic (9)

with the g factor 2ð1þ�orb=�spinÞ in terms of the spin

and orbital moments, �spin and �orb, respectively, the

total magnetic moment �tot ¼ �spin þ�orb, and ~�0n
��0 ¼

1
2i ð�0n��0 � �0n�0�Þ and with the energy argument EF omitted.

The matrix elements of the torque operator, Tn�, are
identical to those occurring in the context of exchange
coupling [13] and can be expressed in terms of the spin-
dependent part B of the electronic potential with matrix
elements:

T
n�
�0� ¼

Z
d3rZn�

�0 ð ~rÞ½�	�Bxcð~rÞ�Zn
�ð ~rÞ: (10)

As indicated above, the expressions in Eqs. (5)–(10) can
be applied straightforwardly to disordered alloys. In this
case the brackets h. . .ic indicate the necessary configura-
tional average. This can be done by describing in a first step
the underlying electronic structure (for T ¼ 0 K) on the
basis of the coherent potential approximation (CPA) alloy
theory. In the next step the configurational average in
Eq. (5) is taken following the scheme worked out by
Butler [10] when dealing with the electrical conductivity
at T ¼ 0 K or residual resistivity, respectively, of disor-
dered alloys. This implies, in particular, that so-called
vertex corrections of the type hT�ImGþT�ImGþic �
hT�ImGþichT�ImGþic that account for scattering-in

processes in the language of the Boltzmann transport
formalism are properly accounted for.
Thermal vibrations as a source of electron scattering

can in principle be accounted for by a generalization of
Eqs. (5)–(10) to finite temperatures and by including the
electron-phonon self-energy �el-ph when calculating the

Green’s function Gþ. Here we restrict ourselves to elastic
scattering processes by using a quasistatic representation
of the thermal displacements of the atoms from their
equilibrium positions. We introduce an alloy-analogy
model to average over a discrete set of displacements
that is chosen to reproduce the thermal root mean square

average displacement
ffiffiffiffiffiffiffiffiffiffiffihu2iT

p
for a given temperature T.

This was chosen according to hu2iT ¼ 1
4

3h2

�2mk�D
½�ð�D=TÞ

�D=T
þ 1

4�
with �ð�D=TÞ the Debye function, h the Planck constant,
k the Boltzmann constant, and �D the Debye temperature
[14]. Ignoring the zero temperature term 1=4 and assuming
a frozen potential for the atoms, the situation can be dealt
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with in full analogy to the treatment of disordered alloys
described above.

The approach described above has been applied to the
ferromagnetic 3d-transition metal alloy systems bcc
Fe1�xCox, fcc Fe1�xNix, and fcc Co1�xNix. Figure 1 shows
as an example results for bcc Fe1�xCox for x � 0:7. The
calculated damping parameter �ðxÞ for T ¼ 0 K is found
to be in very good agreement with the results based on the
scattering theory approach [8] demonstrating numerically
the equivalence of the two approaches. An indispensable
requirement to achieving this agreement is to include the
vertex corrections mentioned above. In fact, ignoring them
leads in some cases to completely unphysical results. To
check the reliability of the standard CPA, that implies a
single-site approximation when performing the configura-
tional average, we performed calculations on the basis of
the nonlocal CPA [15]. Using a four-atom cluster led to
practically the same results as the CPA except for the very
dilute case. As found before for fcc Fe1�xNix [8] the
theoretical results for � reproduce the concentration de-
pendence of the experimental data quite well but are found
to be too low (see below). As suggested by Eq. (9) the
variation of �ðxÞ with concentration x may reflect to some
extent the variation of the average magnetic moment of the
alloy, �tot. Because the moments and spin-orbit coupling
strength do not differ very much for Fe and Co, the
variation of �ðxÞ should be determined in the concentrated
regime primarily by the electronic structure at the Fermi
energy EF. As Fig. 1 shows, there is indeed a close corre-
lation with the density of states nðEFÞ that may be seen as a
measure for the number of available relaxation channels.

While the scattering and linear response approach are
completely equivalent when dealing with bulk alloys the
latter allows us to perform the necessary configuration
averaging in a much more efficient way. This allows us
to study with moderate effort the influence of varying
the alloy composition on the damping parameter �.

Corresponding work has been done, in particular, using
Permalloy as a starting material and adding transition
metals (TM) [16] or rare earth metals [17]. If we use the
present scheme to study the effect of substituting Fe and Ni
atoms in Permalloy with a 5d TM, we find an increase of �
nearly linear with the 5d TM content, just as in experiment
[16]. The total damping for 10% 5d TM content shown in
Fig. 2 (top) varies roughly parabolically over the 5d TM
series. In contrast to the Fe1�xCox alloys considered above,
there is now an S-like variation of the moments �5d

spin over

the series (Fig. 2, bottom), characteristic of 5d impurities
in the pure hosts Fe and Ni [18,19]. In spite of this behavior
of �5d

spin the variation of �ðxÞ seems again to be correlated

with the density of states n5dðEFÞ (Fig. 2 bottom). Again
the trend of the experimental data is well reproduced by the
calculated values that are, however, somewhat too low.
One possible reason for the discrepancy between the

theoretical and experimental results shown in Figs. 1 and
2 might be the neglect of the influence of finite tempera-
tures. This can be included as indicated above to account
for the thermal displacement of the atoms in a quasistate
way by performing a configurational average over the
displacements using the CPA. This leads even for pure
systems to a scattering mechanism and this way to a finite
value for �. Corresponding results for pure Ni are given in
Fig. 3 that show in full accordance with experiment a rapid
decrease of � with increasing temperature until a regime
with a weak variation of �with T is reached. This behavior
is commonly interpreted as a transition from conductivity-
like to resistivitylike behavior reflecting the dominance of
intra- and interband transition, respectively [4], that is
related to the increase of the broadening of electron energy
bands caused by the increase of scattering events with
temperature. Adding even less than 1 at.% Cu to Ni
strongly reduces the conductivitylike behavior at low tem-
peratures while leaving the high-temperature behavior es-
sentially unchanged. A further increase of the Cu content
leads to the impurity-scattering processes responsible for
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FIG. 1 (color online). Gilbert damping parameter for bcc
Fe1�xCox as a function of Co concentration: full circles—the
present results within CPA; empty circles—within nonlocal
CPA (NL CPA); and full diamonds—experimental data by
Oogane [20].
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band broadening dominating �. This effect completely
suppresses the conductivitylike behavior in the low-
temperature regime because of the increase of scattering
events due to chemical disorder. Again this is fully in line
with the experimental data, providing a straightforward
explanation for their peculiar variation with temperature
and composition.

From the results obtained for Ni one may conclude that
thermal lattice displacements are only partly responsible
for the finding that the damping parameters obtained for Py
doped with the 5d TM series, and Fe1�xCox are somewhat
low compared with experiment. This indicates that addi-
tional relaxation mechanisms like magnon scattering con-
tribute. Again, these can be included at least in a quasistatic
way by adopting the point of view of a disordered local
moment picture. This implies scattering due to random
temperature-dependent fluctuations of the spin moments
that can also be dealt with using the CPA.

In summary, a formulation for the Gilbert damping
parameter � in terms of a torque-torque-correlation func-
tion was derived that led to a Kubo-Greenwood-like
equation. The scheme was implemented using the fully
relativistic Korringa-Kohn- Rostoker band structure
method in combination with the CPA alloy theory. This
allows us to account for various types of scattering mecha-
nisms in a parameter-free way. Corresponding applications
to disordered transition metal alloys led to very good
agreement with results based on the scattering theory
approach of Brataas et al. demonstrating the equivalence
of both approaches. The flexibility and numerical
efficiency of the present scheme was demonstrated by a

study on a series of Permalloy-5d TM systems. To inves-
tigate the influence of finite temperatures on �, a so-called
alloy-analogy model was introduced that deals with the
thermal displacement of atoms in a quasistatic manner.
Applications to pure Ni gave results in very good agree-
ment with experiment and, in particular, reproduced the
dramatic change of � when Cu is added to Ni.
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The effect of the electron-phonon interaction on magnetization relaxation is studied within the framework of
first-principles scattering theory for Fe, Co, and Ni by displacing atoms in the scattering region randomly with a
thermal distribution. This “frozen thermal lattice disorder” approach reproduces the nonmonotonic damping
behavior observed in ferromagnetic resonance measurements and yields reasonable quantitative agreement
between calculated and experimental values. It can be readily applied to alloys and easily extended by determining
the atomic displacements from ab initio phonon spectra.
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I. INTRODUCTION

The drive to increase magnetic storage densities and reduce
access times is focusing renewed attention on magnetization
dynamics in response to currents and external fields.1 The
dynamics of a magnetization M in an effective field Heff

is usually described with the phenomenological Landau-
Lifshitz-Gilbert equation

dM
dt

= −γ M × Heff + M ×
[
λ(M)

γM2
s

dM
dt

]
, (1)

where Ms = |M| is the saturation magnetization density and
γ = gμ0μB/h̄ is the gyromagnetic ratio expressed in terms
of the Landé g factor and the Bohr magneton μB. The first
term describes the precessional motion of the magnetization in
the effective field that includes the external applied field, the
exchange field, anisotropy and demagnetization fields. The
second term describes the time decay of the magnetization
precession, the Gilbert damping,2 in terms of λ(M) which is,
in general, a symmetric 3 × 3 tensor.3 For isotropic media, the
damping is frequently expressed in terms of the dimensionless
parameter α given by the diagonal element of λ, α = λ/γMs .

There is general agreement that spin-orbit coupling (SOC)
and disorder are essential ingredients in any description of
how spin excitations relax to the ground state. In the absence
of any other form of disorder, one might expect the damping
to increase monotonically with temperature in clean magnetic
materials and indeed, this is what is observed for Fe in
ferromagnetic resonance (FMR) measurements.4,5 Heinrich
et al.6 developed an explicit model for this high-temperature
behavior in which itinerant s electrons scatter from localized
d moments and transfer spin angular momentum to the lattice
via SOC. This s-d model results in a damping that is inversely
proportional to the electronic relaxation time, α ∼ 1/τ , i.e., is
resistivity-like. However, at low temperatures, both Co and Ni
exhibit a sharp rise in damping as the temperature decreases.5,7

The so-called breathing Fermi surface model was proposed8–10

to describe this low-temperature conductivity-like damping,
α ∼ τ . In this model the electronic population lags behind the
instantaneous equilibrium distribution due to the precessing
magnetization and requires dissipation of energy and angular
momentum to bring the system back to equilibrium.

Of the numerous microscopic models that have been
proposed11 to explain the damping behavior of metals, only
the so-called “torque correlation model” (TCM)12 is quali-
tatively successful in explaining the nonmonotonic behavior
observed for hexagonal-close-packed (hcp) Co. An effective
field approach can be used13–15 to identify conductivity-
like and resistivity-like behavior at low and high temper-
atures, respectively, with intraband and interband terms in
the TCM.11 Evaluation of this model for Fe, Co, and Ni
using first-principles calculations including SOC for the host
electronic structure and a band-, wave-vector- and spin-
independent relaxation time approximation (RTA) to model
disorder yields results for the damping α in good qualitative
and reasonable quantitative agreement with the experimental
observations.13–15 The disadvantage of the RTA is that it is
difficult to unambiguously map microscopically measured
disorder onto a unique value of the relaxation time τ .

A formulation of magnetization damping in terms of
scattering theory, that is equivalent in linear response to the
Kubo formalism,16 was recently applied to the study of sub-
stitutional alloys with intrinsic disorder yielding good agree-
ment with experiment without introducing any parameters.17

The discrepancies remaining between the experimental data
measured at room temperature (and higher) and the T = 0
calculations pose questions about the role of various types
of thermal disorder. In this paper we combine the scattering
theory formulation of Gilbert damping with structural lattice
disorder to model finite temperature lattice effects. Our main
result is to show that this can reproduce the nonmonotonic
behavior of the magnetization relaxation as a function of
temperature.

The paper is organized as follows. In Sec. II, the “frozen
thermal lattice disorder” scheme is introduced and a brief
description of the scattering theory is given. This is followed by
some technical details of how the calculations are performed
and how the resistivity and Gilbert damping parameter are
determined. The results are presented and discussed in Sec. III
and compared to previous calculations and experiments. A
short summary and some concluding remarks can be found
in Sec. IV. In the Appendix, we discuss a factor of 4π

commonly omitted when Gilbert damping frequencies are
given in Gaussian units.
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II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

Assuming the Born-Oppenheimer approximation,18 static
disorder is introduced in the transport calculations by dis-
placing atoms rigidly and randomly from their ideal lattice
positions in what we call a frozen thermal lattice disorder
scheme.19 In the temperature range we are interested in,
far below the melting point, typical displacements are of
the order of several hundredths of an angstrom, which is
small compared to the lattice constant. We can therefore
adopt a harmonic approximation and corresponding Gaussian
distribution of displacements characterized by the root-mean-
square (rms) displacement, � =

√
〈|ui |2〉, where the angular

brackets indicate an average in which the index i runs over
all atoms (Fig. 1). As the temperature increases, higher-energy
phonon modes are occupied so � increases. In the present
study, this qualitative correlation between temperature and �

is sufficient to produce a nonmonotonic damping. If we knew
the phonon dispersion relation from a Debye model or ab initio
calculations, the atomic displacements could be determined
explicitly by summing contributions from all vibrational
modes occupied at a specified temperature. Such a description
of the lattice disorder introduced by finite temperatures
could then be straightforwardly combined with scattering the-
ory to study temperature-dependent magnetization relaxation
quantitatively.

It was shown by Brataas et al.16 that, for a single domain
ferromagnetic metal (FM) sandwiched between left- and right-
hand leads of nonmagnetic (NM) material, the Gilbert damping
tensor G̃ can be expressed as

G̃i,j (m) = λ(m) · V = γ 2h̄

4π
Re

{
Tr

[
∂S

∂mi

∂S†

∂mj

]}
, (2)

where V is the volume of the ferromagnet and the scattering

matrix S = ( r t ′
t r ′ ) is given in terms of reflection and transmis-

sion matrices for Bloch waves incident from the left (r and t)
or right (r ′ and t ′) leads. When SOC is included, S depends
on the direction of the magnetization unit vector m = M/Ms .
The microscopic picture of magnetization damping implicit
in the scattering formulation is of energy being transferred
slowly from the spin degrees of freedom through disorder
scattering and SOC to the electronic orbital degrees of
freedom, and then being rapidly lost to phonon degrees of

FIG. 1. (Color online) Schematic picture of the proposed frozen
thermal lattice disorder. Atoms (red dots) on the ideal lattice (left
panel) are displaced with a random Gaussian distribution and
form a static configuration (right panel) in the electronic transport
calculation. The displacement of atom i is denoted as ui (blowup).

freedom in thermal reservoirs attached to the leads. From the
transmission matrices, we can also calculate the conductance
of the system within the Landauer-Büttiker formulation as
G = (e2/h)Tr{t t†}.

To evaluate the scattering matrix at the Fermi level, we
use a “wave-function matching” scheme20 implemented with
tight-binding linearized muffin-tin orbitals (TB-LMTOs)21

that was recently extended to include SOC.17 The electronic
structure of the NM|FM|NM sandwich is first determined
self-consistently using a surface Green’s function method22

with a minimal basis of TB-LMTOs in the atomic sphere
approximation. In the current study of Fe, Co, and Ni, we
consider Au|Fe|Au, Cu|Co|Cu, and Cu|Ni|Cu sandwiches so
the lattice constants of the NM leads and FM scattering regions
match almost perfectly.23 The two-dimensional (2D) Brillouin
zone (BZ) of the 1 × 1 unit cell is sampled with a 120 × 120
grid in the self-consistent calculations.

Disorder is introduced by randomly displacing atomic
spheres in the FM scattering region using the frozen thermal
lattice disorder scheme described above. The calculations are
rendered tractable by imposing periodic boundary conditions
transverse to the transport direction. It turns out that good
results can be achieved even when these so-called “lateral
supercells” are quite modest in size. In practice, a 4 × 4 lateral
supercell and a 28 × 28 2D BZ grid were found to be sufficient
for Fe, and a 5 × 5 supercell and a 32 × 32 grid for Co and Ni,
respectively.24 The thickness of the FM region ranges from
20 to 340 atomic monolayers. For every thickness of the
ferromagnet, we average over a number of random disorder
configurations. The sample-to-sample spread is small for large
values of � and five configurations are sufficient; for small
values of �, as many as 35 configurations are used.

For a ferromagnetic slab of thickness L, we write the re-
sistance of the system as R(L) = 1/G(L) = 1/GSh + 2Rif +
Rb(L), where G(L) is the total conductance, and GSh the
Sharvin conductance of the ideal leads; Rif is the NM|FM
interface resistance and Rb(L) is the bulk contribution.20,25

When the ferromagnetic slab is sufficiently thick, we expect
to recover Ohmic behavior with Rb(L) ≈ρL; this was demon-
strated explicitly for the case of alloy disorder in Ref. 17.
As shown in Fig. 2(a), this expectation is borne out by the
present calculations and the resistivity ρ arising from the
frozen thermal lattice disorder can be extracted from linear
fitting. We write the damping parameter G̃ analogously as the
sum of an interface contribution G̃if and a bulk contribution
G̃b(L). If we further express the bulk contribution in terms of
the dimensionless damping parameter α as G̃b(L) = λV =
αγMsAL, where A is the cross section, then we expect
the calculated damping to grow linearly with the thickness
of the ferromagnetic layers, G̃(L) = G̃if + αγMsAL. Once
again, this expectation is borne out by the calculations as
demonstrated in Fig. 2(b), and α can be determined from the
slope.

III. RESULTS AND DISCUSSION

The resistivities and damping parameters calculated for
bulk Fe, Co, and Ni are shown as a function of the rms
displacement in Fig. 3. For all three materials, ρ increases
monotonically with �, as expected, and α agrees with the
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FIG. 2. (Color online) Total resistance (a) and damping
(b) as functions of the thickness of the ferromagnetic slab for
Au|Fe|Au(001) with � = 0.0259 aFe. Dots indicate the calculated
values averaged over five configurations while the solid line is a
linear fit.

predictions of the torque correlation model.12–14 For large
values of �, α calculated for Fe and Co is found to increase
with increasing �, whereas it tends to saturate for Ni, in
agreement with experiment.4,5,7 For small values of �, α

increases rapidly as � decreases. This sharp rise is the
conductivity-like behavior observed at low temperatures for
Co and Ni, demonstrating that a simple model of frozen
thermal lattice disorder can reproduce the nonmonotonic
Gilbert damping seen in experiment.

Previous first-principles studies of temperature-dependent
resistivity26 only considered nonmagnetic materials. The
present work uses a different methodology to study the
temperature dependence of ρ for ferromagnetic metals. While
there is order-of-magnitude agreement with experiment, we
cannot make a rigorous comparison if we only have a
qualitative knowledge of how � depends on temperature
T . If we adopt the commonly made assumption that the
effect of temperature on ρ and α can be expressed in terms
of a phenomenological scattering time τ (T ), i.e., ρ(T ) =
ρ[τ (T )] and α(T ) = α[τ (T )], then α should have a well-
defined dependence on ρ. In the present case, this amounts
to assuming that our lattice disorder can be mapped onto
τ (T ) = τ [�(T )]. We can make a first qualitative comparison
by using the experimental ρ(T ) (Ref. 27) to indicate a number
of temperatures in Fig. 3. Around these temperatures, the
corresponding damping parameters behave in the same way as
observed in experiment:4,5,7 the damping for Fe has a minimum
around 273 K and increases slightly at about 500 K; at 273
K, the damping for Co has increased away from its minimum
value, while that for Ni has already saturated. This qualitative
agreement indicates that the correlation between ρ and α is
reasonably parametrized by �. In Table I we compare the
minimum values of damping calculated as a function of �

with the corresponding minimum values calculated within the
TCM as a function of the relaxation time τ reported in Ref. 13,
and also with the minimum values determined experimentally
as a function of temperature.4,5,7 We see that our minimum

FIG. 3. (Color online) Calculated Gilbert damping and resistivity
for bcc Fe, hcp Co, and fcc Ni as functions of the rms displacements
measured in units of the corresponding lattice constants, a. The
error bars reflect the configuration spread. Experimental resistivities
(Ref. 27) are used to label a number of resistivity values with a
temperature.

values are lower than the TCM values that are, in turn, lower
than the experimental values.

There are two noteworthy qualitative differences be-
tween our results for small values of � and the low-
temperature experimental observations. (i) For Fe, we find a
conductivity-like damping behavior that has not been seen in
experiment4,5 but has been found in the TCM calculations.13–15

TABLE I. Minimum values of the Gilbert damping λ in units of
108 s−1 with respect to temperature (experiments), relaxation time
τ (torque-correlation model), and � (present work). Experimental
damping frequencies have been multiplied by 4π (see the Appendix
for details).

λ bcc Fe [001] hcp Co [0001] fcc Ni [111]

Experiment 8.8,a 4.8b 9a 29,a 28c

TCM13 5.4 3.7 21
This work 3.9 2.3 20

aReference 5.
bReference 4.
cReference 7.

014412-3



YI LIU, ANTON A. STARIKOV, ZHE YUAN, AND PAUL J. KELLY PHYSICAL REVIEW B 84, 014412 (2011)

(ii) For Ni and Co, the saturation of the damping observed
at very low temperatures5,7 is found neither in our calcu-
lations nor in the TCM studies.13–15 We suggest that these
discrepancies are, in part, related to extrinsic contributions to
the Gilbert damping that compete with the intrinsic thermal
effect. There will always be some disorder in experimental
samples, such as impurities and defects, whose contribution to
damping is essentially temperature independent and becomes
dominant when the thermal disorder becomes negligible at
sufficiently low temperatures. If the extrinsic disorder in the
Fe samples measured in Refs. 4 and 5 was so high that Fe
was in the resistivity-like regime28 for all temperatures, then
reducing the extrinsic disorder would be expected to lower
the damping. This is consistent with the minimum damping
value that we calculate being smaller than the experimental
value (see Table I), since our calculated damping comes
only from the electron-lattice scattering, without any extrinsic
contributions taken into account. For Ni and Co, which
exhibit both conductivity-like and resistivity-like behavior,
the discrepancies cannot be explained away so simply. Better
characterization of the experimental samples, as well as further
theoretical study, are required.

Comparing the minimum values of λ, as we have just done,
assumes that τ (or �) characterizes λ and ρ completely. In
particular, it assumes that the effects of various temperature-
dependent disorder scattering mechanisms can be represented
by a simple relaxation time. If this is correct, then the
microscopic details of the disorder that gives rise to particular
values of ρ and λ should not be of paramount importance
and we should be able to use experimentally determined
{λ(T ),ρ(T )} and theoretically determined {λ(�),ρ(�)} values
to compare λexpt(ρ) and λcalc(ρ). Because we are not aware
of any simultaneous measurements of λ and ρ, we have
combined λ(T ) and ρ(T ) from different experiments4,5,7,27,29

to plot λ(ρ) in Fig. 4; the calculated results are shown as
black solid lines, while the available experimental data are
shown as symbols. To facilitate the comparison, the calculated
damping parameter α in Fig. 3 is converted (see the Appendix)
to damping frequency λ using λ = αγMs . For convenience, we
have used g = 2 for the calculations instead of the measured
g factors.

The best agreement between the calculated curve and
Bhagat and Lubitz’s experimental values5 is obtained for
Ni. As mentioned above, including the scattering associated
with residual resistivity should reduce the damping calculated
at low temperatures (resistivities) and increase it at high
temperatures (resistivities) giving better agreement with ex-
periment. However, it is not clear how the later measurements
by Heinrich et al.7 might be accommodated in this picture.
Clearly, there is a need to determine which experiment
most accurately represents the “intrinsic” damping in Ni.
A similar situation obtains for Fe where there is an even
larger discrepancy between the two existing experiments. The
figure highlights the disagreement between a conductivity-like
behavior at low values of resistivity in the calculations and its
absence in both measurements. What is also striking is the
failure of the calculations to reproduce the high-temperature
(resistivity) enhancement. For Co, where there is only one
measurement, we find that in a reversal of the situation for
Fe the conductivity-like behavior is much more pronounced

FIG. 4. (Color online) Gilbert damping frequency as a function
of resistivity for bcc Fe, hcp Co, and fcc Ni. Calculated results
are shown as lines: for frozen thermal lattice disorder as (black)
solid lines and for frozen spin disorder as a (red) dashed line (Fe
only). g = 2 is used in the calculations. Symbols are experimental
damping values from Ref. 5 (©), Ref. 4 (�), and Ref. 7 (�).
The corresponding resistivity values are take from Refs. 27 and 29.
Experimental damping frequencies have been multiplied by 4π ; see
the Appendix A for details.

in experiment than in our calculations. It is unclear from this
and the TCM studies how much of these discrepancies might
result from subtle features of the electronic structure that are
described inaccurately by the local spin-density approxima-
tion. Tests with different exchange-correlation potentials and
increased maximum angular momentum cutoff indicate that
the corresponding changes to the electronic structure at the
Fermi energy cannot explain the discrepancies.

We can test the uniqueness of τ directly by calculating
λ(ρ) for different types of disorder that give rise to the
same resistivity. We do this for Fe by modeling frozen
thermal spin disorder in a manner analogous to the way we
have modeled frozen thermal lattice disorder. We introduce
a random, Gaussian distribution of spins with respect to θ ,
the polar angle between the local atomic magnetization and
the global magnetization directions, together with a uniform
random distribution in the azimuthal angle φ. Together, θ and φ
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determine the local magnetization direction. We then calculate
λ and ρ as a function of the root-mean-square polar rotation
angle. The results are included in Fig. 4(a) as a dashed (red)
line. Although the qualitative behavior of λlattice(ρ) and λspin(ρ)
is the same, quantitatively they are clearly different, differing
by as much as a factor of 2 for the lowest value of resistivity
shown. This is clear direct evidence that different microscopic
scattering mechanisms contribute to resistivity and Gilbert
damping differently and that it may not be sufficient to use
a single electronic scattering time to represent various types of
disorder. It is also of interest to study to what extent the effect
of different scattering mechanisms are additive. To do so, it is
desirable to introduce “real” temperatures by calculating the
phonon and magnon spectra from first principles. This is a
major undertaking and will be the subject of a separate study.

IV. SUMMARY AND CONCLUSIONS

In summary, we report the results of first-principles calcu-
lations of the Gilbert damping with thermal lattice disorder for
pure Fe, Co, and Ni in the framework of a recently introduced
scattering theory. The effect of temperature on the lattice
is simulated by displacing atoms with a random, Gaussian
distribution. Our main result is that both the conductivity-
like and resistivity-like damping behavior observed in FMR
measurements are reproduced by the scattering theory. The
reasonable quantitative agreement between our results and
experiment demonstrates that our simple thermal disorder
scheme accounts for the dominant, intrinsic effect of lattice
temperature in magnetization relaxation. By calculating the
damping as a function of resistivity and comparing the results
to experiment, we highlight discrepancies between different
experiments and between the calculations and experiments.
Part, but not all, of the discrepancies for the Gilbert damping
can be attributed to competition between extrinsic and intrinsic
scattering. An exploratory calculation of thermal spin disorder
for Fe indicates that different types of disorder affect the
Gilbert damping and resistivity in different manners. This
work needs to be extended to different materials before more
general conclusions can be drawn. It is of particular importance
to study how different types of disorder combine to affect
the damping. To avoid having to perform calculations in a
two-dimensional parameter space (lattice and spin disorder),
it is desirable to introduce the effect of temperature using
more realistic models for the lattice and spin disorder. The
method we have used can be straightforwardly extended in
this direction, as well as to more complex materials. Finally,
we hope that this work will stimulate more experimental
temperature-dependent studies of magnetization damping.
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APPENDIX: 4π IN GILBERT DAMPING FREQUENCY

The damping λ has units of s−1 so its numerical value
should not depend on whether SI or Gaussian units are used.
Conversion of the dimensionless parameter α to the damping
frequency λ should follow the general relation

λ = γα × magnetization density. (A1)

So, converting from SI to Gaussian units should just require
converting the magnetization density Ms (magnetic moment
per unit volume that we calculate as μB/atom) from SI to
Gaussian (cgs) units.30,31 In SI, Ms is measured in units of
A/m and the damping λ is related to α by

λ = γαMs (SI). (A2)

In Gaussian units, the magnetization should be measured in
units of magnetic moment cm−3. If measured in Oersteds
or Gauss, then the magnetization is 4πMs and λ is related
to α by

λ = γα (4πMs) (in Gaussian units). (A3)

In most experiments, the magnetization is measured and
reported in Gaussian units, but Eq. (A2) is used instead of
Eq. (A3), which leads to a factor 4π missing in the damping
frequency.

For example, a recent measurement32 reports the magne-
tization of bcc iron to be 4πMs = 21.1 kG, corresponding
to 1.68 × 106 A/m in SI or 2.13 μB/atom. Choosing g = 2
(for simplicity), we have γ = 0.2203 MHz m/A= 17.588
MHz Oe. We convert the reported α = 0.0019 to λ and obtain
the same frequency 7.1 × 108 Hz in SI using Eq. (A2) or
in Gaussian units using Eq. (A3). However, the frequency
57 ± 3 MHz reported in Ref. 32, which is obtained using
Eq. (A2) combined with magnetization in Gaussian units, has
to be multiplied by 4π to be consistent.
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Using a formulation of first-principles scattering theory that includes disorder and spin-orbit coupling

on an equal footing, we calculate the resistivity �, spin-flip diffusion length lsf , and Gilbert damping

parameter � for Ni1�xFex substitutional alloys as a function of x. For the technologically important

Ni80Fe20 alloy, Permalloy, we calculate values of � ¼ 3:5� 0:15 ��cm, lsf ¼ 5:5� 0:3 nm, and � ¼
0:0046� 0:0001 compared to experimental low-temperature values in the range 4:2–4:8 ��cm for �,

5.0–6.0 nm for lsf , and 0.004–0.013 for �, indicating that the theoretical formalism captures the most

important contributions to these parameters.
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Introduction.—The drive to increase the density and
speed of magnetic forms of data storage has focused at-
tention on how magnetization changes in response to ex-
ternal fields and currents, on shorter length and time scales
[1]. The dynamics of a magnetization M in an effective
magnetic field Heff is commonly described using the phe-
nomenological Landau-Lifshitz-Gilbert equation

dM

dt
¼ ��M�Heff þM�

� ~GðMÞ
�M2

s

dM

dt

�
; (1)

where Ms ¼ jMj is the saturation magnetization, ~GðMÞ is
the Gilbert damping parameter (that is, in general, a ten-
sor), and the gyromagnetic ratio � ¼ g�B=@ is expressed
in terms of the Bohr magneton �B and the Landé g factor,
which is approximately 2 for itinerant ferromagnets. The
time decay of a magnetization precession is frequently
expressed in terms of the dimensionless parameter � given

by the diagonal element of ~G=�Ms for an isotropic me-
dium. If a nonequilibrium magnetization is generated in a
disordered metal (for example, by injecting a current
through an interface), its spatial decay is described by
the diffusion equation

@2��

@z2
¼ ��

l2sf
(2)

in terms of the spin accumulation ��, the difference
between the spin-dependent electrochemical potentials
�� for up and down spins, and the spin-flip diffusion
length lsf [2,3]. In spite of the great importance of � and
lsf , our understanding of the factors that contribute to their
numerical values is, at best, sketchy. For clean ferromag-
netic metals [4] and ordered alloys [5] however, recent

progress has been made in calculating the Gilbert damping
using the torque correlation model [6] and the relaxation
time approximation in the framework of the Boltzmann
equation. Estimating the relaxation time for particular
materials and scattering mechanisms is, in general, a non-
trivial task, and application of the torque correlation model
to nonperiodic systems entails many additional complica-
tions and has not yet been demonstrated. Thus, the theo-
retical study of Gilbert damping or spin-flip scattering in
disordered alloys and their calculation for particular mate-
rials with intrinsic disorder remain open questions.
Method.—In this Letter we calculate the resistivity �,

spin-flip diffusion length lsf , and Gilbert damping parame-
ter � for substitutional Ni1�xFex alloys within a single
first-principles framework. To do so, we have extended a
scattering formalism [7] based upon the local spin density
approximation of density functional theory so that spin-
orbit coupling (SOC) and chemical disorder are included
on an equal footing. Relativistic effects are included by
using the Pauli Hamiltonian.
For a disordered region of ferromagnetic (FM) alloy

sandwiched between leads of nonmagnetic (NM) material,
the scattering matrix S relates incoming and outgoing
states in terms of reflection (r) and transmission (t) matri-
ces at the Fermi energy. To calculate the scattering matrix,
we use a ‘‘wave-function matching’’ scheme [7] imple-
mented with a minimal basis of tight-binding linearized
muffin-tin orbitals [8]. Atomic-sphere-approximation po-
tentials [8] are calculated self-consistently using a surface
Green’s function method, also implemented [9] with tight-
binding linearized muffin-tin orbitals. Charge and spin
densities for binary alloy A and B sites are calculated
using the coherent potential approximation (CPA) [10]
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generalized to layer structures [9]. For the transmission
matrix calculation, the resulting spherical potentials are
assigned randomly to sites in large lateral supercells sub-
ject to maintenance of the appropriate concentration of the
alloy [7]. Solving the transport problem using lateral super-
cells makes it possible to go beyond effective medium
approximations such as the CPA. Because we are interested
in the properties of bulk alloys, the leads can be chosen for
convenience, and we use Cu leads with a single scattering
state for each value of crystal momentum, kk. The alloy

lattice constants are determined using Vegard’s law, and
the lattice constants of the leads are made to match.
Though NiFe is fcc only for the concentration range 0 �
x � 0:6, we use the fcc structure for all values of x.

For the self-consistent surface Green’s function calcu-
lations (without SOC), the two-dimensional (2D) Brillouin
zone (BZ) corresponding to the 1� 1 interface unit cell
was sampled with a 120� 120 grid. Transport calculations
including spin-orbit coupling were performed with a
32� 32 2D BZ grid for a 5� 5 lateral supercell, which
is equivalent to a 160� 160 grid in the 1� 1 2D BZ. The
thickness of the ferromagnetic layer ranged from 3 to
200 monolayers of fcc alloy; for the largest thicknesses,
the scattering region contained more than 5000 atoms. For
every thickness of ferromagnetic alloy, we averaged over a
number of random disorder configurations; the sample to
sample spread was small, and typically only five configu-
rations were necessary.

Resistivity.—We calculate the electrical resistivity to
illustrate our methodology. In the Landauer-Büttiker for-
malism, the conductance can be expressed in terms of the
transmission matrix t as G ¼ ðe2=hÞTrfttyg [11,12]. The
resistance of the complete system consisting of ideal leads
sandwiching a layer of ferromagnetic alloy of thickness
L is RðLÞ¼1=GðLÞ¼1=GShþ2RifþRbðLÞ, where GSh¼
ð2e2=hÞN is the Sharvin conductance of each lead with N
conductance channels per spin, Rif is the interface resist-
ance of a single NMjFM interface, and RbðLÞ is the bulk
resistance of a ferromagnetic layer of thickness L [7,13].
When the ferromagnetic slab is sufficiently thick, Ohmic
behavior is recovered whereby RbðLÞ��L, as shown in
the inset to Fig. 1 for Permalloy (Py¼Ni80Fe20), and the
bulk resistivity � can be extracted from the slope of RðLÞ
[14]. For currents parallel and perpendicular to the mag-
netization direction, the resistivities are different and have
to be calculated separately. The average resistivity is given
by ��¼ð�kþ2�?Þ=3, and the anisotropic magnetoresis-

tance ratio (AMR) is ð�k��?Þ= ��.
For Permalloy we find values of �� ¼ 3:5� 0:15 ��cm

and AMR ¼ 19� 1%, compared to experimental low-
temperature values in the range 4:2–4:8 ��cm for ��
and 18% for AMR [15]. The resistivity calculated as a
function of x is compared to low-temperature values from
the literature [15] in Fig. 1. The plateau in the calculated
values around the Py composition appears to be seen in the

experiments by Smit and Jaoul et al. [15]. The overall
agreement with previous calculations is good [16]. In spite
of the smallness of the SOC, the resistivity of Py is under-
estimated by more than a factor of 4 when it is omitted,
underlining its importance for understanding transport
properties.
Three sources of disorder which have not been taken

into account here will increase the calculated values of �:
short range potential fluctuations that go beyond the single
site CPA, short range strain fluctuations reflecting the
differing volumes of Fe and Ni, and spin disorder. These
will be the subject of a later study.
Gilbert damping.—Recently, Brataas et al. showed that

the energy loss due to Gilbert damping in an NMjFMjNM
scattering configuration can be expressed in terms of the
scattering matrix S [17]. Using the Landau-Lifshitz-Gilbert
equation (1), the energy lost by the ferromagnetic slab is

dE

dt
¼ d

dt
ðHeff �MÞ ¼ Heff � dMdt ¼ 1

�2

dm

dt
~GðMÞdm

dt
;

(3)

where m ¼ M=Ms is the unit vector of the magnetization
direction for the macrospin mode. By equating this energy
loss to the energy flow into the leads [18] associated with
‘‘spin pumping’’ [19],

IPump
E ¼ @

4�
Tr

�
dS

dt

dSy

dt

�
¼ @

4�
Tr

�
dS

dm

dm

dt

dSy

dm

dm

dt

�
; (4)

the elements of the tensor ~G can be expressed as

~Gi;jðmÞ ¼ �2
@

4�
Re

�
Tr

�
@S

@mi

@Sy

@mj

��
: (5)

Physically, energy is transferred slowly from the spin
degrees of freedom to the electronic orbital degrees of
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FIG. 1 (color online). Calculated resistivity as a function of the
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and without (dashed-dotted line) SOC. Low-temperature experi-
mental results are shown as symbols [15]. The composition
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layer. Dots indicate the calculated values averaged over five
configurations, while the solid line is a linear fit.

PRL 105, 236601 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010

236601-2



freedom, from where it is rapidly lost to the phonon
degrees of freedom. Our calculations focus on the role of
elastic scattering in the rate-limiting first step.

Assuming that the Gilbert damping is isotropic for cubic
substitutional alloys and allowing for the enhancement of
the damping due to the FMjNM interfaces [19–21], the
total damping in the system with a ferromagnetic slab of

thickness L can be written ~GðLÞ ¼ ~Gif þ ~GbðLÞ, where
we express the bulk damping in terms of the dimension-

less Gilbert damping parameter ~GbðLÞ ¼ ��MsðLÞ ¼
�� ~�sAL, where ~�s is the magnetization density and A is
the cross section. The results of calculations for Ni80Fe20
are shown in the inset to Fig. 2, where the derivatives of the
scattering matrix in (5) were evaluated numerically by

taking finite differences. The intercept at L ¼ 0, ~Gif , al-
lows us to extract the damping enhancement [20], but here
we focus on the bulk properties and leave consideration of
the material dependence of the interface enhancement for
later study. The value of � determined from the slope of
~GðLÞ=ð� ~�sAÞ is 0:0046� 0:0001, which is at the lower
end of the range of values 0.004–0.013 measured at room
temperature for Py [21–23].

Figure 2 shows the Gilbert damping parameter as a
function of x forNi1�xFex binary alloys in the fcc structure.
From a large value for clean Ni, it decreases rapidly to a
minimum at x� 0:65 and then grows again as the limit of
clean fcc Fe is approached. Part of the decrease in � with
increasing x can be explained by the increase in the mag-
netic moment per atom as we progress from Ni to Fe. The
large values of � calculated in the dilute alloy limits can be
understood in terms of conductivity-like enhancement at
low temperatures [24], which has been explained in terms
of intraband scattering [4,6]. The trend exhibited by the
theoretical �ðxÞ is seen to be reflected by experimental
room-temperature results. In spite of a large spread in
measured values, these seem to be systematically larger

than the calculated values. Part of this discrepancy can be
attributed to an increase in � with temperature [22,25].
Spin diffusion.—When an unpolarized current is injected

from a normal metal into a ferromagnet, the polarization
will return to the value characteristic of the bulk ferromag-
net sufficiently far from the injection point, provided there
are processes which allow spins to flip. Following Valet
and Fert [3] and assuming there is no spin-flip scattering in
the NM leads, we can express the fractional spin-current

densities p"ð#Þ ¼ J"ð#Þ=J as a function of distance z from the
interface as

p"ð#ÞðzÞ ¼ 1

2
� �

2

�
1� expð�z=lsfÞr�ifð�� �þ ��Þ

�ðr�if þ lsf��
�
F tanh�Þ

�
;

(6)

where J is the total current through the device, J" and J# are
the currents of majority and minority electrons, respec-
tively, lsf is the spin-diffusion length, ��

F ¼ ð�# þ �"Þ=4
is the bulk resistivity, and � is the bulk spin asymmetry

ð�# � �"Þ=ð�# þ �"Þ. The interface resistance r�if ¼ ðr#if þ
r"ifÞ=4, the interface resistance asymmetry � ¼
ðr#if � r"ifÞ=ðr#if þ r"ifÞ, and the interface spin-relaxation ex-

pressed through the spin-flip coefficient � [26] must be
taken into consideration, resulting in a finite polarization of
the current injected into the ferromagnet. The correspond-
ing expressions are plotted as solid lines in Fig. 3.
To calculate the spin-diffusion length we inject nonpo-

larized states from one NM lead and probe the transmission
probability into different spin channels in the other NM
lead for different thicknesses of the ferromagnet. Figure 3
shows that the calculated values can be fitted using ex-
pressions (6) if we assume that J�=J ¼ G�=G, yielding
values of the spin-flip diffusion length lsf ¼ 5:5� 0:3 nm
and bulk asymmetry parameter � ¼ 0:678� 0:003 for
Ni80Fe20 alloy, compared to experimentally estimated
values of 0:7� 0:1 for � and in the range 5.0–6.0 nm
for lsf [27].
lsf and � are shown as a function of the concentration x

in Fig. 4. The convex behavior of � is dominated by and
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tracks the large minority spin resistivity �# whose origin is
the large mismatch of the Ni and Fe minority spin band
structures that leads to a �xð1� xÞ concentration depen-
dence of �#ðxÞ [16]. The majority spin band structures
match well, so �" is much smaller and changes relatively
weakly as a function of x. The increase of lsf in the clean
metal limits corresponds to the increase of the electron
momentum and spin-flip scattering times in the limit of
weak disorder.

In summary, we have developed a unified density func-
tional theory-based scattering theoretical approach for cal-
culating transport parameters of concentrated alloys that
depend strongly on spin-orbit coupling and disorder and
have illustrated it with an application to NiFe alloys.
Where comparison with experiment can be made, the
agreement is remarkably good, offering the prospect of
gaining insight into the properties of a host of complex
but technologically important magnetic materials.
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Moskalets and M. Büttiker, Phys. Rev. B 66, 035306
(2002); 66, 205320 (2002).

[19] Y. Tserkovnyak, A. Brataas, and G. E.W. Bauer, Phys.
Rev. Lett. 88, 117601 (2002); Phys. Rev. B 66, 224403
(2002).

[20] M. Zwierzycki et al., Phys. Rev. B 71, 064420 (2005).
[21] S. Mizukami, Y. Ando, and T. Miyazaki, J. Magn. Magn.

Mater. 226–230, 1640 (2001); Jpn. J. Appl. Phys. 40, 580
(2001).

[22] W. Bailey et al., IEEE Trans. Magn. 37, 1749 (2001).
[23] C. E. Patton, Z. Frait, and C.H. Wilts, J. Appl. Phys. 46,

5002 (1975); S. Ingvarsson et al., Appl. Phys. Lett. 85,
4995 (2004); H. Nakamura et al., Jpn. J. Appl. Phys. 43,
L787 (2004); J. O. Rantschler et al., IEEE Trans. Magn.
41, 3523 (2005); R. Bonin et al., J. Appl. Phys. 98, 123904
(2005); L. Lagae et al., J. Magn. Magn. Mater. 286, 291
(2005); J. P. Nibarger et al., Appl. Phys. Lett. 83, 93
(2003); N. Inaba et al., IEEE Trans. Magn. 42, 2372
(2006); M. Oogane et al., Jpn. J. Appl. Phys. 45, 3889
(2006).

[24] S.M. Bhagat and P. Lubitz, Phys. Rev. B 10, 179 (1974);
B. Heinrich, D. J. Meredith, and J. F. Cochran, J. Appl.
Phys. 50, 7726 (1979).

[25] D. Bastian and E. Biller, Phys. Status Solidi A 35, 113
(1976).

[26] W. Park et al., Phys. Rev. B 62, 1178 (2000).
[27] J. Bass and W. P. Pratt, Jr., J. Magn. Magn. Mater. 200, 274

(1999); J. Phys. Condens. Matter 19, 183201 (2007).

0 20 40 60 80 100
5

10

15

20

25
l  s

f [n
m

]

Fe concentration [%]

← l
sf

β →

0.5

0.6

0.7

0.8

0.9

β

FIG. 4 (color online). Spin-diffusion length (solid line) and
polarization � as a function of the concentration x for Ni1�xFex
binary alloys.

PRL 105, 236601 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010

236601-4

http://dx.doi.org/10.1103/PhysRevLett.58.2271
http://dx.doi.org/10.1103/PhysRevLett.58.2271
http://dx.doi.org/10.1103/PhysRevLett.60.378
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1103/PhysRevLett.99.027204
http://dx.doi.org/10.1103/PhysRevLett.99.027204
http://dx.doi.org/10.1063/1.2832348
http://dx.doi.org/10.1063/1.2832348
http://dx.doi.org/10.1103/PhysRevB.76.134416
http://dx.doi.org/10.1063/1.3157267
http://dx.doi.org/10.1007/BF01587621
http://dx.doi.org/10.1103/PhysRevB.63.064407
http://dx.doi.org/10.1103/PhysRevB.73.064420
http://dx.doi.org/10.1103/PhysRevB.73.064420
http://dx.doi.org/10.1103/PhysRevB.34.5253
http://dx.doi.org/10.1103/PhysRevB.34.5253
http://dx.doi.org/10.1103/PhysRevB.12.3060
http://dx.doi.org/10.1103/PhysRev.156.809
http://dx.doi.org/10.1103/PhysRevB.31.6207
http://dx.doi.org/10.1103/PhysRevB.56.10805
http://dx.doi.org/10.1016/0031-8914(51)90117-6
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1109/TMAG.1975.1058782
http://dx.doi.org/10.1016/0304-8853(77)90193-7
http://dx.doi.org/10.1016/0304-8853(77)90193-7
http://dx.doi.org/10.1088/0305-4608/3/7/001
http://dx.doi.org/10.1209/0295-5075/32/6/010
http://dx.doi.org/10.1103/PhysRevB.56.10165
http://dx.doi.org/10.1103/PhysRevB.56.10165
http://dx.doi.org/10.1103/PhysRevLett.101.037207
http://dx.doi.org/10.1103/PhysRevLett.101.037207
http://dx.doi.org/10.1103/PhysRevLett.87.236601
http://dx.doi.org/10.1103/PhysRevB.66.035306
http://dx.doi.org/10.1103/PhysRevB.66.035306
http://dx.doi.org/10.1103/PhysRevB.66.205320
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevB.66.224403
http://dx.doi.org/10.1103/PhysRevB.66.224403
http://dx.doi.org/10.1103/PhysRevB.71.064420
http://dx.doi.org/10.1016/S0304-8853(00)01097-0
http://dx.doi.org/10.1016/S0304-8853(00)01097-0
http://dx.doi.org/10.1143/JJAP.40.580
http://dx.doi.org/10.1143/JJAP.40.580
http://dx.doi.org/10.1109/20.950957
http://dx.doi.org/10.1063/1.321489
http://dx.doi.org/10.1063/1.321489
http://dx.doi.org/10.1063/1.1828232
http://dx.doi.org/10.1063/1.1828232
http://dx.doi.org/10.1143/JJAP.43.L787
http://dx.doi.org/10.1143/JJAP.43.L787
http://dx.doi.org/10.1109/TMAG.2005.854956
http://dx.doi.org/10.1109/TMAG.2005.854956
http://dx.doi.org/10.1063/1.2143121
http://dx.doi.org/10.1063/1.2143121
http://dx.doi.org/10.1016/j.jmmm.2004.09.083
http://dx.doi.org/10.1016/j.jmmm.2004.09.083
http://dx.doi.org/10.1063/1.1588734
http://dx.doi.org/10.1063/1.1588734
http://dx.doi.org/10.1109/TMAG.2006.878813
http://dx.doi.org/10.1109/TMAG.2006.878813
http://dx.doi.org/10.1143/JJAP.45.3889
http://dx.doi.org/10.1143/JJAP.45.3889
http://dx.doi.org/10.1103/PhysRevB.10.179
http://dx.doi.org/10.1063/1.326802
http://dx.doi.org/10.1063/1.326802
http://dx.doi.org/10.1002/pssa.2210350113
http://dx.doi.org/10.1002/pssa.2210350113
http://dx.doi.org/10.1103/PhysRevB.62.1178
http://dx.doi.org/10.1016/S0304-8853(99)00316-9
http://dx.doi.org/10.1016/S0304-8853(99)00316-9
http://dx.doi.org/10.1088/0953-8984/19/18/183201

	v2.pdf
	First-principles calculations of the Gilbert damping, resistivity and spin diffusion length for magnetic multilayers with perpendicular anisotropy
	Abstract
	introduction
	Theoretical Methods and Computational Details
	Results and Discussion
	Summary
	Acknowledgments
	References





