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ABSTRACT

In the past two decades, there have been huge developments in the understanding of damping in multilayered thin films and, more gener-
ally, in spin-transport in spintronic systems. In multilayered ferromagnetic (FM)/non-magnetic (NM) thin-film systems, observations of fer-
romagnetic resonant precession show a strong increase in the fundamental damping when the FM thin films are layered with heavy metals,
such as Pt. These observations led to significant theoretical developments, dominated by the “spin-pumping” formalism, which describes
the enhancement of damping in terms of the propagation or “pumping” of spin-current across the interface from the precessing magnetiza-
tion into the heavy metal. This paper presents a perspective that introduces the key early experimental damping results in FM/NM systems
and outlines the theoretical models developed to explain the enhanced damping observed in these systems. This is followed by a wider dis-
cussion of a range of experimental results in the context of the theoretical models, highlighting agreement between the theory and experi-
ment, and more recent observations that have required further theoretical consideration, in particular, with respect to the role of the
interfaces and proximity-induced magnetism in the heavy metal layer. The Perspective concludes with an outline discussion of spin-
pumping in the broader context of spin-transport.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080267

I. INTRODUCTION

The magnetization state or domain structure of ferro- and
ferri-magnetic materials is determined by the combination of mag-
netic energies within the system. Any changes to the magnetization
state via coherent or incoherent magnetization rotation or domain
wall processes are ultimately governed by the damped precessional
motion of the constituent magnetic dipoles within the system. This
resonant precession and the damping processes that transfer energy
from the precessing moments to the lattice are, therefore, funda-
mentally important in magnetic materials and ultimately constrain
the functional magnetic response.

limited by the induction of eddy currents well below the frequencies
at which precessional processes and precessional damping losses play
a major role. At high frequencies, insulating ferrite and iron-garnet
oxide ferrimagnets are, therefore, widely used for applications up to
microwave frequencies. In these applications, resonant precession and
damping determine the frequency in the GHz regime and the width
or quality, Q-factor, of the resonant peak, respectively.

For nanoscale structures and magnetic films with thicknesses
of the order of nanometers, eddy current effects may be neglected
and precession and damping are critical in determining the func-
tional performance. For field-driven coherent magnetization

In many applications of bulk magnetic materials, such as those
involving quasi-dc changes, precession and damping can be ignored
and simpler models are used to represent the processes of magnetiza-
tion change. In others, precession and damping are fundamental to
the material response and must, therefore, be understood and con-
trolled to optimize the performance. For increasingly high frequency
applications, the response of bulk metallic ferromagnets is severely

switching in single domain structures, the reversal time is deter-
mined by the damping when the duration of the applied field is
long compared to the precessional period, while the precession,
rather than damping, controls switching in ultrashort duration
magnetic fields." In the case of field-driven domain wall switching,
precession and damping determine the wall mobility and an upper
field limit and a maximum velocity for free flowing wall motion.”
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This limiting “Walker breakdown field” marks the onset of a tem-
porally varying domain wall structure and periodic retrograde wall
motion, which present challenges for the functionality of domain
wall nanowire device concepts™* that has been addressed by addi-
tional structuring of nanowires.”® In magnetic thin-films and
nanostructured systems in which current flows, magnetization
oscillations or switching can be driven by spin transfer torque
resulting from spin-polarized current, the dynamics of which also
depend on the damping, both for coherent rotation and domain
wall processes.

The origin of damping is associated with spin-orbit coupling,
for which the theoretical basis is established. For the analysis of fer-
romagnetic resonance, the separation of the so-called intrinsic and
extrinsic components of the damping is important as it, respec-
tively, allows the attribution of fundamental and defect-induced
contributions to the observed linewidth of the ferromagnetic reso-
nance. The intrinsic damping represents the key underlying value
of the damping in a perfect system and is determined from the
transfer of energy from the fundamental, k = 0, precessional mag-
netization mode to the lattice. Contributions related to other
factors including artifacts in the measurement’ and higher order
precessional modes enabled by defects may be called extrinsic as
they relate to additional contributions to the damping that may be
removed to determine the fundamental damping of the system.
The damping of the higher order modes occurs via the same spin-
orbit mechanisms as for the fundamental mode.

It has been two decades since key experimental results showed
systematically that intrinsic damping in ultra-thin magnetic (FM)
films can be significantly enhanced by layering with selected non-
magnetic (NM) metals. Alongside the continuing experimental
exploration of this damping enhancement, theoretical develop-
ments have created a framework to explain the physical basis for
this enhancement, which invokes the propagation of spin current
generated at the interface between the FM and NM layers.
Interfacial spin transport is a topic of major significance in spin-
tronics and interface enhanced damping contributes to our under-
standing of spin transport phenomena, including the spin-diffusion
length, spin scattering mechanisms, and the role of interfacial
factors in spintronic multilayers.

This Perspective presents an accessible description of the key
observations and the current understanding of the physical basis
for the enhancement of damping in ferromagnetic thin-films
layered with non-magnetic materials. This work is not intended as
a comprehensive review but aims to provide a synthesis of experi-
mental reports and theoretical descriptions.

The paper is sub-divided with Sec. II describing the early
experimental observations of damping in FM/NM multilayers to
set the scene, followed in Sec. III with a description of the theoreti-
cal basis for the damping enhancement, which includes an intro-
duction to ferromagnetic resonance and damping and an outline of
the physics of damping in ferromagnets and in FM/NM systems.
Section IV discusses significant experimental results in the context
of the theoretical framework described in Sec. III, providing a basis
for understanding what can be explained and what issues remain of
some debate. Section V broadens the Perspective to related develop-
ments of understanding in spin transport, and Sec. VI summarizes
and concludes the current status.

PERSPECTIVE scitation.org/journalljap

Il. EARLY OBSERVATIONS OF INTERFACE ENHANCED
DAMPING IN THIN-FILM SYSTEMS

A series of results from studies of damping in multilayered
FM/NM thin-film systems in the early 2000s highlight and demon-
strate the key observations. Prior to this, critical works on FM thin
films interfaced with NM substrates indicated diffuse electronic
transmission across the interface from the FM layer during ferro-
magnetic resonance in Fe, Ni, and NigoFeyo® and increased
damping in ultrathin Fe layers deposited on Ag and capped with
Au with decreasing FM layer thickness.”’

The first significant results from 2001 were obtained from a
systematic study of ferromagnetic damping as a function of the
FM thickness in ultrathin Permalloy (NigoFey) films deposited
with 5nm thick under and over layers of various non-magnetic
transition metals was reported by Mizukami et al. in 2001,'>"" see
Fig. 1(a). This showed a large increase in the damping for the FM
layered with Pd or Pt and a smaller or no increase for Ta and Cu,
respectively. Critically, the enhancement of the damping was
strongly and non-linearly dependent upon the ferromagnetic
thickness.

A contemporary study'” of ultrathin Fe layers separated by 40
monolayers of Au showed a FM thickness (t) dependence of the
damping enhancement that scaled linearly with 1/¢, suggesting an
interfacial basis for the enhanced damping.

The enhancement of the damping is also dependent on the
NM layer thickness, which is characterized by an increase in the
damping that rises rapidly within the first 1 nm and tends to a
plateau at greater thicknesses,'” see Fig. 1(b). Early work also
showed that the insertion of a Cu spacer layer of increasing
thickness between the FM layer and a high damping NM
metal, such as Pt, rapidly reduced the damping toward to the
original uncapped FM level with a few 10s nanometers of Cu,
see Fig. 1(c).

Finally, a critical early report by Saitoh et al'* demonstrated
in a Nig; Fe;o/Pt system that an electromotive force, emf, and asso-
ciated charge current are generated orthogonal to the film thickness
at ferromagnetic resonance, as shown in Fig. 2.

Ill. PHYSICAL BASIS OF ENHANCED DAMPING IN FM/
NM SYSTEMS

The observations of enhanced damping in FM/NM systems
drove efforts to explain the physical basis of this phenomenon. The
early experimental works of Heinrich et al.” and Mizukami et al."
suggested an enhanced role for the spin-orbit coupling (SOC) at
the interface, while Urban et al'® explained the additional
damping in terms of the flow of spin angular momentum generated
by precession in one FM layer through the NM layer to a second
FM layer where it relaxes, as proposed by Berger.'”'® The notion of
additional damping enabled by a precession driven spin current
across the FM/NM interface that dissipated within the NM layer
was taken up by Mizukami et al.,"”> while the critical theoretical
description of this mechanism for enhanced damping, now com-
monly termed “spin pumping,” was developed in a series of key
papers by Tserkovnyak et al.'” ™"’

The enhancement of the damping in FM/NM systems has
been theoretically described most commonly by the spin-pumping
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FIG. 2. (a) Ferromagnetic resonance in NiggFey and NigiFeqo/Pt bilayers,
showing larger damping with Pt. (b) Shows a voltage measured orthogonal to
the film thickness that is coincident with the ferromagnetic resonance and asso-
ciated with the flow of spin current from the NigyFey into Pt as a result of pre-
cession. Reproduced with the permission from Saitoh et al., Appl. Phys. Lett.
88, 182509 (2006). Copyright 2006 AIP Publishing LLC.

model in which spin angular momentum is transferred across an
o _ . . interface and then relaxes in the NM material, while other theo-
FIG. 1. (a) The variation of the Gilbert damping parameter in NM/FM/NM retical developments have focused on the s-d and d-d exchange

systems as a function of NigyFey, film thickness (dpy) for different NM metals. he i face?” ioht-bindi 1 . 1 th
Reproduced with permission from Mizukami et al., Jpn. J. Appl. Phys. 40, 580 across the interface  and a tight-binding electronic model that

. . 21 . .
(2001). Copyright 2001 The Japan Society of Applied Physics. (b) The influence includes SOQ was developed by B arat'1 et ‘”l' Before dlscussn}g
of the Pt layer thickness, dpt, on the linewidth of the ferromagnetic resonance in these theoretical approaches to damping in FM/NM systems in
Pt/NigoFez/Pt damping, and (c) the effect of the thickness of a non-magnetic more detail, it is useful to first outline the common description of
Cu spacer layer, dc,, between NigogFeo and Pt (open symbols) on the effective precession and damping via the Landau-Lifshitz-Gilbert formal-
Gilbert daerinchoefgcien(tj cqtrEpared.to. CU;NiBOFl\ﬁ?O/EU (_SOltid ISYQPE’OIS)RrefeE ism and to summarize the physical basis for damping within fer-
ence samples. Reproduced with permission from Mizukami et al., Phys. Rev. . . . e
66, 104413 (2002). Copyright 2002 the American Physical Society. romagnetic materfals and the mechanisms of spin-dependent

scattering.
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A. Landau-Lifshitz-Gilbert formalism

Dynamic magnetization can be described within a framework
proposed by Landau and Lifshitz** in which the precessional
motion of a magnetization, M, about an effective magnetic field,

—

Heg, as illustrated in Fig. 3(a), is described by

—

am L

= o (M x He) (SI), (1)
dM L

T —7(M x He) (CGS), (2)

where ¥ is the gyromagnetic ratio that scales the total spin-orbit
angular momentum to the magnetic moment and g is the perme-
ability of free space. Without energy loss, the magnetization would
precess continuously. However, in real systems, energy is dissipated
and the amplitude of precession decreases until the magnetization
aligns with the effective field, as shown in Fig. 3(b). Landau and
Lifshitz (LL) represented this with the addition of a damping term,

—

aM I TR

S = o (¥ x Hg) - %M x (M x Her) (S, (3)
dM L Ao

== —7(M X Hegr) — WM x (M x Her) (CGS), (4)

S

where A is a damping frequency, the inverse of the relaxation time,
Tm. For heavily damped systems, this equation results in fast relaxa-
tion. Gilbert”” modified the LL equation, introducing a dimension-
less damping parameter, resulting in what is now called the

(b)

FIG. 3. lllustration of (a) the precession of a magnetic moment about an effec-
tive magnetic field and (b) damping acting perpendicular to the direction of the
precessional motion, causing the magnetization to align with the magnetic field.

PERSPECTIVE scitation.org/journalljap

Landau-Lifshitz-Gilbert or LLG equation,

dM — — a — dM
—— = —yuo(M X He) + — (M x ) (ST), (5)

dt M, dr
dM Lo a (- dM
W = —7(M X Heff) +MS (M X W) (CGS), (6)

where ¢ is the dimensionless Gilbert damping parameter, which
reflects the fundamental damping of the system. In practice, there
is an equivalence between the LL and LLG equations, as the
damping is sufficiently small in real materials. Large values of
damping result in faster relaxation of the magnetization toward the
effective magnetic field direction.

For a given magnetic material at ferromagnetic resonance, a
solution for the resonance condition that satisfies the LLG formula
is known as the Kittel equation,”*” for thin-films the resonant fre-
quency, f, is related to the effective field within the system arising
from any externally applied magnetic field, Hey, magnetic anisot-
ropy, H,, and the effective magnetization, M, of the system

f = % \/(Hext + Ha)(Hext + H, + Meff) (SI)’ (7)

f= % /(Hext + Hy)(Hext + H, + 47Mgg) (CGS).  (8)

The resonant response of a magnetic material forms a
Lorentzian line shape in the magnetic field or frequency, the line-
width of which is dependent upon the total system damping. In the
frequency domain, the full-width half-maximum (FHWM) line-
width, Af, is derived as”’

Af = %a(sz 4 2H, + M) (1), ©)

Af = %a(ZHext + 2H, + 4rMeg) (CGS). (10)

The subsequent analysis follows in CGS magnetic units. In the
magnetic field domain, the homogeneous linewidth is represented
by the FWHM of the resonance as™>*°

4ra
AH = —f. 11
7,f (11)

While the LLG equation is widely used to model dynamic behavior
of magnetic moments, it is not without several assumptions that do
not necessarily hold, particularly, within itinerant systems.”” The
dynamic behavior of the spins is treated as a uniform precession,
the k = 0 mode, which is not the case at high temperatures, where
additional excited modes can enhance the scattering”® and, there-
fore, the damping of a system.” At finite temperatures, the LLG
equation can be modified with the inclusion of a thermal noise
term to account for temperature effects,”’ with the magnetization

J. Appl. Phys. 131, 170902 (2022); doi: 10.1063/5.0080267
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vector considered of fixed magnitude and unchanged with
temperature.

Importantly, measurement artifacts and imperfections in the
magnetic material can additionally broaden the resonance line-
width. In the FMR measurement, the so-called radiative damping,
linked to magnetic interactions with the measurement circuit,
increases the linewidth, which is particularly relevant for the analy-
sis of ultra-low damping systems. Imperfections within the mag-
netic material may be structural point or line defects or associated
with local variations due to impurities or compositional changes.
These defects act to disrupt the global uniform precessional mode,
causing local variations of the precesssion that broaden the reso-
nance peak and increase the total damping. This enhancement is
termed inhomogeneous line broadening and may be considered to
represent the extrinsic contributions to the damping. In the LLG
formalism, this adds an extra term to the field linewidth®!

4,
AH:$f+AHO, (12)

with AH, representing the additional damping contributions. In
FMR experiments, typically, either the frequency or the external
magnetic field is fixed, and the other parameter varied, producing
either of these linewidths, though it is possible to convert between
field and frequency domains,’” and, critically, it is possible to sepa-
rate the intrinsic and extrinsic contributions to the damping.

B. The physical basis of damping in transition metal
ferromagnets

Damping requires the transfer of energy and angular momen-
tum from the precessing magnetic moments to the lattice. For itin-
erant ferromagnets, relevant to the magnetic transition metals and
their alloys, damping has been effectively described by the forma-
tion and re-combination of transitory, i.e., short-lived, electronic
states. Spin-orbit coupling is critical to this process and depends
on the electronic structure around the Fermi level.”” ™
Kambersky’s torque correlation model has provided the basis for
the most successful quantitative analysis of damping in Fe, Co, and
Ni.”>*° The process involves the annihilation of uniform-mode
magnons, associated with the precessing magnetization, where pre-
cession causes angular variations of the electronic spin orientation.
The coupling of this angular spin variation with the lattice via the
spin-orbit interaction effects a torque that modifies the electronic
states around the Fermi level creating electron-hole pairs, and it is
the re-combination of these pairs that releases energy that is dissi-
pated to the lattice. The electron-hole pairs can be generated
within the same energy band, the so-called intraband excitations,
or between bands, creating interband pairs. The temperature
dependence of the damping can be used to distinguish between
these modes, the details of which are summarized elsewhere.”’

C. Spin-dependent scattering and the spin-diffusion
length

Before discussing theories of damping enhancement in FM/
NM systems and because spin transport is invoked to explain such
phenomena, it is helpful to introduce the processes of spin

PERSPECTIVE scitation.org/journalljap

relaxation and the length-scales over which they occur. Unlike fer-
romagnetic transition metal species, which have spin-split d bands
at the Fermi energy, in bulk non-ferromagnetic metals, the spin
states are equal at the Fermi energy, so net scattering is spin inde-
pendent. When a spin-polarized current passes into such a metal,
spin-flip scattering events reduce the net spin polarization of the
current until it becomes unpolarized.

Two mechanisms are commonly considered for the processes
of spin-relaxation in metals, both depend upon the spin-relaxation
time, 7y, and the electron momentum scattering time, 7. For the
so-called Elliot-Yafet (EY) scattering,”®”” each momentum scatter-
ing event presents an opportunity for a spin-flip to occur, the prob-
ability of which depends on the strength of the SOC. The spin-flip
scattering relaxation time is, therefore, proportional to the rate of
momentum scattering, i.e., Ty oC Te."m

The second mechanism termed D’yakonov-Perel (DP) spin
relaxation”' is prevalent in systems with inversion asymmetry,
which may be created at interfaces or is present in the bulk in some
systems. Spins precess about the effective spin-orbit (SO) field and
de-phase as they do s0.*” The spin-flip relaxation time in this case
is inversely proportional to the momentum scattering, 7y oc 1/7.
Both mechanisms can occur within a material, however, for
common non-ferromagnetic metals such as Pt, the DP contribution
is suppressed at room temperatures and the EY scattering
dominates.***’

The length-scale over which the polarization of a spin-current
decreases is described by the spin-diffusion length, Ay, and the
related, but not identical, spin-flip length.** Ay is defined as the dis-
tance over which the spin polarization is reduced by a factor 1/e. It
is related to momentum scattering via**

g = \/%, (13)

with Fermi velocity, vp, and the electron mean free path,
I. = vpr..'"® An outstanding issue in the literature is the value of
Asd- This is one of the parameters that determines the enhancement
of the magnetic damping of a layered system and must be well-
defined to quantitatively model the response of the system.
However, reported values of Ayq vary by more than an order of
magnitude, which may be linked to the measurement method and
the assumptions upon which it is derived.**

D. Quantum mechanical theory of interface enhanced
damping

A description of the enhancement of Gilbert damping with
interfaces between FM and NM materials based on tight-binding
electronic structure calculations was developed by Barati et al.,”’
following the theoretical approach of Kambersky.”” An ideal
layer-by-layer atomic structure forms the basis of the tight-binding
model of localized orbitals described by a Hamiltonian that
includes spin-orbit interactions between the first and second
nearest neighbors. Damping was calculated as a perturbation using
the Hamiltonian to determine the relaxation arising from inter-
and intra-band transitions. Crucially, the calculated damping is

J. Appl. Phys. 131, 170902 (2022); doi: 10.1063/5.0080267 131, 170902-5
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dependent upon an electron scattering rate, the density of states,
and the SOC strength.

For FM/NM bilayers with different NM metals, the damping
contribution is the largest at the interface for all NM metals
studied, with the rate at which the damping contributions for each
layer falling to zero, dependent upon the electron scattering rate.
For NM metals with a full d band, such as Cu or Ag, the interfacial
enhancement is very small, arising from modification of the elec-
tronic structure of the upper FM layer due to orbital overlap. For
heavy metals, such as Pd and Pt, the d band crosses the Fermi
energy, giving a large density of states that provides opportunities
for hybridization, and the enhancement of the damping is much
greater,” see Fig. 4. In this model, the most significant enhance-
ment of the damping arises from the first monolayer of the NM
metal, the enhancement saturates within a few monolayers and is
closely associated with a large SOC and a large density of states.

This model shows a reciprocal dependence of the damping on
the ferromagnetic layer thickness in the Co/NM systems studied.

E. Spin pumping model of interface enhanced
damping

An early model for the enhancement of the resonance line-
width occurring when a non-magnetic material is in contact with a
ferromagnet was given by Silsbee et al.’ They describe a “magneti-
zation current” from the diffusion of exchange-field polarized elec-
trons from the excited ferromagnet into the paramagnet. This was
shown to be much larger than the effect of the microwave field
alone on the Pauli paramagnetic moment of the NM material.

0.10
] Co(6 ML)YNM  —o— TH=ou
0.08 A 1'=0.01 eV —o— NM=Ag
0.06 -
3 0.04 -
0.02 -
0.00: S <— Co(6 ML)
o 5 10 15 20

NM cap thickness (ML)

FIG. 4. Gilbert damping constant in a six monolayer fcc Co layer as a function
of NM layer thickness for different NM metals, calculated using a tight-binding
model with spin-orbit interactions. Reproduced with permission from Barati
et al., Phys. Rev. B 90, 014420 (2014). Copyright 2014 the American Physical
Society.
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15,46

A further development proposed by Berger incorporated
spin waves and itinerant conduction electrons at an interface.
According to Berger, sharp interfaces enable electrons to cross the
momentum gap between spin-up and spin-down Fermi surfaces
while emitting or absorbing a magnon of energy fiw. For a precess-
ing ferromagnet, the spins at an interface drive transitions of the
conduction electrons between spin-up and spin-down bands,
leading to a non-zero difference in the electrochemical potential
between spin-up (/) and spin-down (u!) levels, resulting in spin
being injected across an interface.*®

The most widely used approach to describe the physical basis
for the enhancement of magnetic damping in FM/NM interfaced
systems is the commonly termed “spin-pumping” model developed
by Tserkovnyak et al.'”~">*"~** This model builds upon the same
physics as the earlier models and utilizes the scattering theory
approach developed by Brouwer™ (to compute the parametric
pumping of charge current in non-magnetic systems) to represent
the spin current. The essence of spin-pumping is an enhancement
of the damping resulting from the generation, propagation, and
absorption of a spin current, Is, in a NM layer, driven by the pre-
cessing magnetization in a FM layer. Figure 5 illustrates this
process.

The magnitude of the spin current across the FM/NM inter-
face depends on both the NM material parameters and the physical
properties of the interface itself. The process is most easily under-
stood when the magnetic layer is an insulator, such as ferri-
magnetic yttrium iron garnet (YIG), but metallic ferromagnetic
layers are also common. The pumping of the spin current gener-
ated by the precessing magnetization is characterized in terms of a
spin-mixing conductance, G, (@), or more commonly the spin
mixing conductance per unit area, A, per conductance channel,
gl = G /(A e?/h),”" which itself can be expressed as'’

gt =gl +iglt, (14)

where gl! represents the transmitted part of the spin current
aligned with the transverse component of the spin accumulation

FIG. 5. Simplified schematic illustration of the spin pumping process. A pre-
cessing magnetization in the FM layer drives a spin current across the interface,
with instantaneous polarization orthogonal to m(t) and rate of magnetization
change, dm/dt. For realistic systems, the pumped spin current results in a spin
accumulation, which drives a spin current back into the FM layer, with the com-
ponent of 7733 parallel to m transmitted.
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and g/* the de-phasing of the spins due to the precession about the
directlon of the FM magnetization as they transfer across an inter-
face.”” For metallic interfaces, it is commonly assumed, and has
been shown from first-principles calculations, that for typical

metallic interfaces™" gl! >> gl''* and, therefore,

gl ~gl gy (15)
where g3 is the Sharvin conductance, which quantifies the
number of transport channels per unit area for one spin across the
interface between the two materials.'’

For an ideal conductor, the imaginary part of the spin mixing
conductance may be neglected such that the instantaneous spin
current pumped into the NM is then

5 h L dm
Iy = gll X5 (16)

with 7 = M /M, where M is the saturation magnetization.“) As
evident in Eq. (16), and illustrated in Fig. 5, the polarlzation of the
pumped spin current is orthogonal to both 7 and ¢ %5 however, a
component of the polarization remains aligned with H.

The pumped spin current thus contains both ac and dc com-
ponents. It is the ac component that is key to measurements of
spin transport focusing on modulations of the damping through
spin pumping, while the dc component is relevant for measure-
ments of spin transport using the inverse spin Hall effect. The dc
component is given by the time average of this over presecssional
cycles,”

(1Y) = Inc = hogltsin*0/4x, 17)

where 6 is the precession cone angle and Ipc is aligned along the
equilibrium direction of m.

The pumped spin current decays within the NM layer over a
characteristic length-scale, 4,9, due to the mechanisms described
earlier. For ideal NM spin-sink materials, the spin relaxation is
rapid, occurring over short length-scales and resulting in dissipa-
tion of the pumped current. However, in diffuse systems, where the
spin relaxation is smaller than the rate at which current is pumped,
a spin accumulation builds within the NM layer, resultmg in an
additional current that flows back into the FM layer, I 18

This process of spin accumulation driving a spin current is
analogous to a conventional battery, for which reason, this mecha-
nism for the transfer of spin angular momentum has been termed
a spin battery."”” In the general case, the spin current, Is, has two
components

L=1E+1, (18)
where I represents the spin current pumped into the NM layer.
Considering the back flow current, I, there is a proportion of the
backflow current that is parallel to the instantaneous magnetization,
which is nullified by the opposite flow of spin current from the
FM, while the remaining component is perpendicular to the mag-
netization is I, _3 '” The back flow of spin current may be neglected

PERSPECTIVE scitation.org/journalljap

for ideal NM spin-sink materials but will limit the net spin current
and the resulting enhancement of the damping when there is sig-
nificant spin accumulation, where the NM needs to be considered a
diffuse conductor.

For real conductors, diffusive spin transport and spin accumu-
lation, i, are needed_to determine I_é accounting for the back
flowing spin current I? that is orthogonal to the magnetization,
where the resulting spin current is

. 7 1l

Is = Egll_' Z—T—%mx i, % i, (19)
in which it is noted that j; is aligned with 7 x 4,

In a FM/NM system, the propagation of the net spin current

Is into the NM layer increases the damping because spin angular
momentum is transferred out of the FM and absorbed in the NM
layer. With the conservation of angular momentum and because
the spin current is polarized orthogonal to the magnetization, this
results in an additional effective damping torque on the magnetiza-
tion."” The magnetization dynamics of a FM/NM system can,
therefore, be modeled phenomenologically by incorporating this
additional torque into the LLG equation that was introduced
earlier, so the dynamic magnetization can be represented by

din L dm hy

— 2
% dt  4nM; (20)

where o represents the damping in the uncapped FM layer.
Introducing the expression for the spin current in an ideal spin
sink, from Eq. (16), the modified LLG equation becomes

dim I hy dm
E——}/(mXHeff)"‘( i Mgr > E, (21)

from which it is apparent, from the second term in brackets, that
the ferromagnetic damping increases beyond that obtained in the
uncapped FM layer.

In summary, “precession-pumped” spin current relaxes within
the NM layer, enhancing the intrinsic magnetic damping by effec-
tively providing an additional pathway for energy loss for the
uniform mode precession to decay.

IV. ANALYSIS OF EXPERIMENTAL OBSERVATIONS IN
RELATION TO THEORETICAL MODELS

A. Dependence on the thickness of FM layer

The enhancement of damping due to interfacial effects is
commonly modeled as the addition of a NM interface related term,
o5, to the bulk-like FM Gilbert damping, @, to give a total
damping a = o + o. Tserkovnyak et al.'” applied their spin
pumping model to estimate the damping enhancement observed in
the early data of Mizukami et al'" for NigoFey,p sandwiched
between different NM metals. The model, in general, is in good
agreement with the data, reflecting the reciprocal dependence of
the enhancement on the FM thickness and matching the magni-
tude of the damping enhancement, see Fig. 6.
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FIG. 6. Comparison of experimental data and early spin pumping model for the
enhancement of damping in NM/NigoFezo/NM thin-film systems. Reproduced
with permission from Tserkovnyak et al., Phys. Rev. Lett. 88, 117601 (2002).
Copyright 2002 the American Physical Society.

B. The NM layer and spin mixing conductance

In the spin-pumping model, the enhancement of the
damping, o, is a function of the NM layer properties that can be
expressed as'’

as 1
o 1+ [yetanh(L/Ayq)] "

(22)

where L is the NM layer thickness and € represents the ratio of the
momentum scattering time (or length) to the spin-flip scattering
time (or length) in the EY formalism discussed earlier. The value
of € depends upon the strength of the SOC in the NM material,
which depends strongly on the atomic number, with larger values
producing shorter spin-diffusion lengths and higher damping.
Which is a key reason why Pt has a much shorter spin-diffusion
length compared to Cu"* and why heavy metals, such as Pt, are
referred to as good spin-sinks, as the spin current dissipates over a
short length-scale in the layer. o7 is the enhancement of the
damping assuming a perfect spin sink with infinite spin-flip rate in
the NM layer, i.e., no backflow current. It is to be noted that the
spin-diffusion length obtained from spin-pumping analysis of
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FIG. 7. Examples of the variation of the spin mixing conductance as a function
of Pt thickness, determined for ferromagnetic materials of thickness from 2 to
15nm and different ordering of the NM and FM layer growth. The inset shows
the variation of the effective damping for different FM thicknesses (2, 3, 5, 10,
and 15 nm following the arrow) of the Pt/CoFeB system as a function of Pt thick-
ness. Reproduced with permission from Swindells et al., Phys. Rev. B 99,
064406 (2019). Copyright 2019 the American Physical Society.

damping typically produces low values compared to other
methods.™

The enhancement of the damping also depends on the ferro-
magnetic layer thickness t,”

vho g
_ X 23
% = 4 et (23)

where glflf is the effective spin-mixing conductance per unit area
for a single NM layer thickness. This effective spin-mixing conduc-
tance is the parameter typically measured in FMR experiments and
accounts for changes in the sample quality, given as'**®

ng
_1 bl
1+ gl (e%ﬁtanh (ﬁ))

with g!! being the intrinsic spin-mixing conductance of the FM/
NM interface and o, t, and Ay being the conductivity, thickness,
and spin-diffusion length of the NM layer. It should be noted this
assumption holds in the case assuming minimal two-magnon
scattering,””

In the spin-pumping formalism, the key parameters are, there-
fore, €, A, and g'! and there is a dependence on both the thick-
ness of the FM and the NM layers, so a full experimental analysis
should involve both the thickness dependence of the FM and the
NM layers, see, for example, Fig. 7. In this figure, spin-pumping
analysis was undertaken simultaneously fitting the NM and FM
thickness dependencies of the data.”® This showed different

gl = (24)
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spin-flip probabilities and spin-mixing conductances associated
with different FM/NM interface structures, and that the inclusion
of a thickness-dependent spin-diffusion length gave values for the
spin-diffusion length for Pt that are comparable with the larger
values obtained by other methods, such as via spin Hall angle
determination.”®

In the tight binding analysis, the damping contribution,
arising from the SOC of the heavy metal at the interface, decays in
a roughly exponential way with increasing NM thickness.”’
However, while in the spin-pumping the decay length-scale is asso-
ciated with the spin-diffusion length, the characteristic decay length
in the tight binding model, which is also relatively short, cannot be
directly linked to the spin-diffusion length. The experimental data
from Azzawi et al®® shows a NM thickness dependence that
follows a comparable short length-scale trend to that calculated in
the tight binding approximation, see Fig. 8.

C. The FM/NM interface and spin memory loss

In addition to the thickness dependence of the FM and NM
layers, the interfaces between these layers also play a significant role
in the enhancement of the damping and spin transport in these
systems. Studies of damping in FM/NM systems where the interface
was increasingly intermixed by ion-beam irradiation have shown
increasing disorder at the interface and an associated increase in

= £ (A 4 A .
= ool 1l 11 )
=
g 0.02
= Experimental.
& Co(10nm)/Pt
8 < Co(10nm)/Au
S 0014 ® ‘ . .
é 0.091 (b) l Co(1.8nm)/Pt
g g M Co(1.80m)/Au
2 0.0 . TR
0.034 ,r. ’ Theoretical.
‘ """"" A Ao A y S A A
0.00L__#&~

0.0 05 10 15 2.0 25
NM layer thickness (nm)

FIG. 8. Comparison of ultrathin NM thickness dependence of damping from
experimental measurements and tight binding model for Co capped with Au or
Pt. Reproduced with permission from Azzawi et al., Phys. Rev. B 93, 054402
(2016). Copyright 2016 the American Physical Society.
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the extrinsic contribution to the damping.’"®* It has also been

shown that the initial growth of a HM layer on a FM leads first to
an increase of the extrinsic contribution to the total damping. This
is linked to non-uniform coverage of the HM on the FM layer, cre-
ating localized variations at the interface that generate the addi-
tional magnon modes.”” With thicker more uniform HM coverage,
the extrinsic contribution was reduced, but the intrinsic damping
remains enhanced, see Fig. 8(a).

Theoretically, the FM/NM interface is critical to the enhance-
ment of damping both in the tight bonding model and for spin-
pumping. The arrangement of the atoms across the interface deter-
mines the local electronic structure and the resultant d — d hybridi-
zation and local enhancement of SOC of the FM at the interface,
which are shown to enhance the intrinsic damping in the tight
binding model for very thin HM layers, see Fig. 8(b). In the spin-
pumping formalism, the interfacial electronic structure determines
the conduction channels and, hence, the transparency of the inter-
face for spin current propagation. In this model, better matching of
the conduction channels across the FM/NM interface should
increase the conductance and reduce any back flow of spin current,
thus increasing g'' and the overall damping, assuming the NM is a
good spin-sink.

Observations of damping in metallic FM/NM systems, where
different local structures at the interface were created, show that the
damping enhancement is associated with the local structure and
that matching of the crystal structure across the interface enhances
the damping and the effective g!' in spin pumping analysis.”**""’
For spin-pumping in insulator/normal metal bilayers, this has
recently been explained theoretically in terms of crystal field
effects.”

The loss of spin polarization of the current in 3d metal/Pt and
3d metal/Pd systems in magnetoresistance measurements has long
been attributed to an interfacial contribution termed spin memory
loss,” due to diffusion and disorder at the interface. Rojas-Sanchez
et al,*® reported the role of this contribution with respect to
damping experiments and spin pumping analysis, where the spin
flipping term, &, is defined as the ratio between the effective inter-
face thickness and the interface spin-diffusion length, which
becomes short with the disorder. This term was reported to
account for enhanced interfacial depolarization of the spin current
injected into Pt.

An adaption to the model by Chen and Zhang®” was proposed
to account for some of these additional terms by the explicit inclu-
sion of interfacial spin-orbit coupling into the spin pumping
framework. Enhanced SOC at the interface between a FM and
heavy metal was shown theoretically to give increased spin current
absorption at the interface. Furthermore, this model was able to
account for increased interfacial disorder through the modulation
of the exchange parameter via the local variation of the saturation
magnetization, which affects the magnitude of the pumped spin
current and, hence, the damping. Since both alloy composition and
interface disorder affect the magnetization, the model is able to
account for these effects, which were not captured in the spin
mixing conductance of the original model.

It is thus clear that in FM/NM systems, it may be asserted that
the interface between the layers plays a key role in the enhancement
of the damping and that both the interface structure and the SOC
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at the interface contribute. Furthermore, it is also apparent that
spin-flip scattering of the spin current should consider additional
contributions specifically associated with the interfaces in addition
to scattering within the bulk NM layer.

D. Proximity-induced magnetization, damping, and
spin transport

NM metals and particularly heavy metals such as Pt and Pd
that are close to the Stoner criterion may become magnetically
polarized when interfaced with metallic FMs. This
proximity-induced moment (PIM) in the NM layer is typically
confined to the interface with the FM.°*~”* In contrast, no PIM or
a very small PIM has been measured in Pt layered with a range of
oxide ferrimagnets.””””” The origin of PIM is associated with
hybridization across the interface.”’

In the spin-pumping model, the enhanced spin susceptibility
in such proximity polarized NM materials has no role in the trans-
mission of spin current across the interface as the Sharvin conduc-
tance is essentially unchanged."” Furthermore, the non-equilibrium
spin accumulation, £, which drives the spin current, has no depen-
dence on the Stoner enhancement through equilibrium polariza-
tion, even though the proximity spin density is affected. The tight
binding model of interfacial enhancement of damping also does
not explicitly consider PIM, with the enhancement in damping
linked to SOC and d-d hybridization at the interface, although the
latter is associated with the origin of PIM.

Although PIM is not explicitly represented in the original spin
pumping model, the presence of PIM has been linked to quantita-
tive values of key parameters, in particular, the spin mixing con-
ductance and with PIM causing a de-phasing of the spin current
that shortens the effective spin-diffusion length.78’79 Also, in rela-
tion to interfacial magnetism, enhanced spin-pumping, derived
from damping observed in a FM layer coupled with another mag-
netic layer operating close to T, was explained in terms of
enhancement of the interfacial spin conductance.””*' Experimental
studies of the influence of proximity polarization on damping and
spin transport have generated conflicting results and interpretation,
with experiments reporting that PIM has a no effect’ or a signifi-
cant effect’” on damping and spin-pumping, or no effect at all on
interfacial spin-transport.*’

To address this issue a recent comparative study measured
PIM and the enhancement of damping in the same samples for
two FM systems layered with Pt, in which a Au spacer layer of
increasing thickness was introduced between the FM and Pt layers.
Au was selected as it has a very small effect on damping and has a
large spin-diffusion length. The relationship between the enhance-
ment of damping and Pt PIM in these two FM systems is shown in
Fig. 9. The results show a strong correlation between the enhance-
ment of the damping and the magnitude of the Pt PIM, with the
damping falling toward the bulk uncapped FM values when the Pt
PIM is lost.”* The two FM systems presented showed different
structural behavior with the Pt PIM in CoFe/Au/Pt being closely
associated with the FM/Pt interface, while in the NiFe/Au/Pt
system, the Pt PIM extends further into the Pt layer due to some
diffusion of the Ni into Au and Pt. The relationship between Pt
PIM and damping was further evidenced in a system with a Cu
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FIG. 9. Damping and Pt PIM signal from x-ray magnetic circular dichroism,
XMCD, at the same Au spacer layer thicknesses for the CoFe (7 nm)/Au(t)/Pt
(4nm) and NiFe (7 nm)/Au(t)/Pt (4 nm) samples. The solid lines are linear fits.
The dotted lines indicate the bulk damping for the ferromagnetic layers.
Reproduced with the permission from Swindells et al., Appl. Phys. Lett. 119,
152401 (2021). Copyright 2021 AIP Publishing LLC.

spacer layer in the structure CoFe/Cu(t)/Pt, which showed the
largest damping is associated with the highest Pt PIM and the
lowest damping with the loss of Pt PIM.*

V. DEVELOPMENTS IN RELATION TO SPIN TRANSPORT
A. Spin transport in multilayered systems

In addition to spin current created by precessing magnetiza-
tion, the flow of charge current through a suitable NM layer can
generate a significant orthogonal spin current that can propagate
into a FM layer and exert a so-called spin-orbit torque on the mag-
netization.””*® The implicit reciprocal nature of the spin current
flow in spin-pumping and spin-transfer torques between FM and
NM layers has been proven using Onsager’s reciprocity relations,
which showed that these are equivalent dynamic processes.”” While
the topical focus here is on enhanced damping in FM/NM systems,
the relationship between spin-pumping and spin-transfer torque
warrants an outline of the spin torque processes.

Amin and Stiles present a comprehensive description of spin
transport including contributions from two such sources of
torque.”"” The first arises due to bulk SOC in a HM layer, which
results in carriers with opposite spin polarization scattering in oppo-
site directions. This is the spin Hall effect,’>” in which a charge
current generates a spin current that flows orthogonal to the charge
current. A charge current flowing in-plane in a FM/HM bilayer pro-
duces an orthogonal spin current and an associated flow of spin
angular momentum across the interface into the FM layer. This gen-
erates a torque described by 7 x [/ X (=X x Z)] = i x [m x ],
where 7 is the unit vector aligned with the magnetization, X is the
direction of the charge current,  is the direction of spin current polar-
ization, and Z is the direction of spin current propagation normal to
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the interface. This torque is termed “damping-like” as it mathemati-
cally appears similar to the damping term in the LLG equation and
causes the magnetization to drive toward a particular axis.

The second torque is attributed to the breaking of structural
inversion symmetry in FM/HM systems.”' At the interface, an elec-
tric field shifts the Fermi surface in the FM material, resulting in a
change to the majority and minority spin bands. This is termed the
Rashba SOC. Without this SOC, there is no non-equilibrium spin
density and hence no torque, likewise, if there is no exchange inter-
action between the magnetization and the local magnetization, no
torque is generated.”””” If the spin accumulation from the Rashba
effect is not aligned with the magnetization, then a torque results
of the form 7 x (=X x Z) = m X y, which is referred to as a “field-
like” torque because it acts to drive the magnetization to precess
around a particular axis.*®

Amin and Stiles present a magnetoelectronic circuit theory
including spin transport at interfaces with SOC that accounts for
these torques.”” The inclusion of SOC to magnetoelectronic
circuit theory is not trivial; interfacial SOC leads to the transfer of
spin polarization to the lattice, which, in turn, affects the pumped
current. This has been proposed as the source of many of the dis-
crepancies between experimental results.”””*”” Furthermore, addi-
tional spin-flip processes attributed to SOC, particularly, when the
lattice at the interface acts as a sink for angular momentum, i.e.,
spin memory loss, were not accounted for in earlier magnetoelec-
tronic circuit theory.

To account for SOC and in-plane electric fields, the spin and
charge current densities are given by conductance tensor, G,
defined using spin and charge indices in the 3D space and E, the
in-plane electric field. This allows for several key changes from con-
ventional theory.52 First, this allows for the mathematical descrip-
tion of the flow of both in- and out-of-plane charge and spin
currents. Second, the current densities depend on the values of the
charge and spin accumulations rather than the difference, account-
ing for both non-zero averages of, and reductions in, charge and
spin accumulations at the interface. Third, the conductivity tensor
arising from interfacial spin-orbit scattering accounts for spin cur-
rents driven by an in-plane electric field.

For spin pumping, the conductance tensor introduced charac-
terizes both spin memory loss and interface transparency. The
interfacial transparency depends upon spin-orbit coupling, while
spin memory loss was shown to depend on the interfacial exchange
interaction. This interpretation resolves outstanding issues with
experimental results, in particular, the claimed disagreement
between the interfacial spin current and the actual spin current in
Pt due to spin memory loss*® and interface transparency.”

B. The spin-diffusion length from spin pumping
analysis

The spin-diffusion length, A4, has been determined by a
variety of methods, with values reported for specific metals varying
over an order magnitude, for example, with values for both Pt and
Pd ranging from 1 to more than 10 nm. Ay is explicit in the spin-
pumping formalism and ferromagnetic resonance measurements
have been used to determine A,y with this analysis. Such analysis
typically produces low values for A, compared to other methods.
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Recent developments have sought to address this issue by consider-
ing the additional role of interface scattering and the thickness
dependence of Ay in the NM layer.”*”*™"® These require more
extensive sample systems, measurements, and analysis than the
single NM thickness analysis commonly reported.

As discussed earlier, there is good evidence that interfaces are
responsible for additional scattering, which would contribute to the
spin mixing conductance and reduce the apparent spin-diffusion
length of the NM layer. Methods that effectively represent the spin
dependent scattering at different interfaces allow for a consistent
value of Ay to be obtained from spin-pumping analysis.”” The
inclusion of a thickness dependence of the spin-diffusion length
into spin-pumping analysis is not so obvious. Ay is typically
assumed to be a constant, but it is associated with electronic scat-
tering processes and as such with the resistivity, p of the layer,
which is thickness dependent. Taking the notion of the product
Asap as a constant’ and assuming an appropriate thickness depen-
dence for p the bulk spin-diffusion length for Pt has been deter-
mined from spin-pumping analysis to be between 6.6 and 9.5 nm,
which is significantly larger than the simpler constant Ayq analysis
that gives a value of 1.6nm and closer to reports from other
methods,'”’™'*” although no interface scattering was specifically
taken into account. Taking into account both interfacial scattering
and the thickness dependence of Aq seems to improve the values
for Asq obtained from spin-pumping analysis.

VI. SUMMARY AND CONCLUSIONS

The enhancement of ferromagnetic damping in FM/NM
metallic systems has been widely studied experimentally over the
past two decades. Theoretical explanations based on the electronic
interactions across FM/NM interfaces have been developed using a
tight binding model incorporating SOC and a spin transport model
that invokes the pumping of spin current from the FM to NM
layer. The spin-pumping concept has been widely taken up to
analyze and explain a range of experimental observations.

The spin-pumping model has been successful in explaining
the FM thickness dependence of the damping observed in FM/NM
systems. While the role and thickness dependence of the NM layer
in increasing the damping may be understood in terms of a combi-
nation of the enhancement of SOC and d-d hybridization at the
interface and the pumping of spin current into the NM layer,
which is governed by the spin-diffusion length of the NM metal
and the spin-mixing conductance parameter that determines the
flow of spin current into the NM.

Experiments controlling aspects of the interfaces have shown
limitations in the early models and further developments in under-
standing have been made for the role of the interfacial region in the
enhancement of damping, which includes details of the interface
structure and a correlation of higher damping with larger PIM. The
additional scattering attributed to the interface raises questions
about the analysis of FM/NM systems in terms of the origin of the
spin-mixing conductance and the derivation of the spin-diffusion
length using the original spin-pumping analysis. More recent devel-
opments provide routes to overcome these limitations and obtain
values for the spin-diffusion length closer to those obtained by
other methods.
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While open questions remain, currently, the enhancement of
damping in FM/NM systems can be understood in terms, first of
the direct electronic interactions at the interface between the FM
and NM metals that locally enhances the SOC and leads to d-d
hybridization and secondly by the absorption of spin current
pumped into the NM layer by the electrochemical potential gener-
ated by the precessing FM. Spin-flip scattering determines the addi-
tional damping due to the absorption of this spin current, which
occurs at both the interface and in the bulk of the NM layer due to
the so-called spin memory loss at the interface and the spin-
diffusion length of the NM metal, respectively. Details of the inter-
facial contributions to damping, such as the role of PIM, need
further attention.
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