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a b s t r a c t

The influence of the Cu capping layer thickness on the spin pumping effect in ultrathin epitaxial Co and

Ni films on Cu(0 0 1) was investigated by in situ ultrahigh vacuum ferromagnetic resonance.

A pronounced increase in the linewidth is observed at the onset of spin pumping for capping layer

thicknesses dCu larger than 5 ML, saturating at dCu = 20 ML for both systems. The spin mixing

conductance for Co/Cu and Ni/Cu interfaces was evaluated.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The structure and magnetic properties of ultrathin Cu(0 0 1)/
Co/Cu and Cu(0 0 1)/Ni/Cu films have been studied extensively in
past years [1–5]. Their tailorable magnetic performance makes
such systems excellent candidates for fundamental investigations
of magnetization dynamics. One of the most important features
for the magnetic performance of devices for spintronics
applications such as fast high density magnetic storage devices,
spin valves, etc. [6], is the rate at which the magnetization can
be switched, e.g. in order to write a bit of information.
The magnetization dynamics in the ultrathin film regime, where
the influence of bulk properties is eliminated, allows the direct
observation of interfacial effects.

A precession of the magnetization in the ferromagnetic (FM)
layer, i.e. Co or Ni, causes a spin current, which propagates
through the interface into the nonmagnetic (NM) Cu substrate as
well as into the cap layer, which act as spin sinks [7–10]. This spin
pumping enhances the intrinsic relaxation of the magnetization in
the FM layer, thus making switching processes faster.

FMR is a powerful method used for the determination of
magnetic anisotropies and the characterization of magnetization
dynamics. The utilization of FMR in situ in ultrahigh vacuum

(UHV) allows for direct step-by-step preparation and
measurement of the systems, which are thus characterized by
high structural ordering and material purity, otherwise not
achievable. In this work UHV FMR studies have been performed
on single crystalline ultrathin Co and Ni films on Cu(0 0 1) with Cu
cap layers of variable thickness, which are much thinner than the
spin diffusion lengths of these systems [11]. In this thickness
regime the interface-related relaxation mechanisms like spin-
pump effect are dominant [12], especially at first contact between
the vacuum side of the FM film and the NM cap layer.

The precessional motion of the magnetization vector ~M , which
for ferromagnetic films is regarded as a macro-spin, can be
described by the Landau–Lifshitz–Gilbert (LLG) equation of
motion [13,14]:

@~M

@t
¼�gð~M � ~Heff Þþ

a
MS

~M �
@~M

@t

 !
; ð1Þ

where g¼ gmB=‘ is the gyromagnetic ratio, MS the saturation
magnetization. ~Heff is the effective field including the external
static field and the internal fields, i.e. anisotropy fields and
microwave field, respectively. a is the dimensionless parameter of
the intrinsic Gilbert damping, which depends on the strength of
the spin–orbit coupling lLS : a-aGpl2

LS [15]. Gilbert damping can
be understood in terms of a viscous force, where the coupling of
the spins to the orbital motion acts as a restoring force leading to
a spiraling down of the spins toward the direction of the external
field ~H0. This relaxation process is usually dominant in most cases
and is called ‘intrinsic’. However, in further examining the system
the term ‘intrinsic’ looses its meaning at thicknesses where
almost no volume contribution exists.

ARTICLE IN PRESS

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jmmm

Journal of Magnetism and Magnetic Materials

0304-8853/$ - see front matter & 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.jmmm.2010.01.035

� Corresponding author.

E-mail address: michalis.charilaou@erdw.ethz.ch (M. Charilaou).
1 New address: ETH Zurich, Institute of Geophysics, NO H11.3, Sonneggstrasse

5, CH-8092 Zurich, Switzerland.
2 New address: Institute of Ion Beam Physics and Materials Research,

Forschungszentrum Dresden-Rossendorf e.V., P.O. Box 51 01 19, 01314 Dresden,

Germany.

Journal of Magnetism and Magnetic Materials 322 (2010) 2065–2070

www.elsevier.com/locate/jmmm
dx.doi.org/10.1016/j.jmmm.2010.01.035
mailto:michalis.charilaou@erdw.ethz.ch


ARTICLE IN PRESS

Other significant relaxation processes could be (i) eddy current
damping, (ii) phonon dragging, and (iii) spin-pumping. (i) and
(ii) can be neglected for ultrathin film systems since the damping
amplitude depends on the thickness of the film aeddypd2 [16] and
the phonon dragging contribution is an order of magnitude
smaller than the Gilbert damping aG [17,18]. Thus the only other
significant additional contribution in this thickness range is spin
pumping, which can be regarded as a Gilbert-like damping, since
it has a similar mathematical form in the LLG [19]. Along the
in plane easy axis the relation of the peak-to-peak linewidth DHpp

of the FMR signal to the microwave frequency is [20,21]

DHpp ¼ aeff
2ffiffiffi
3
p

o
g
þDH0

pp; ð2Þ

where aeff is the sum of contributions to the relaxation and DH0
pp

is the contribution of inhomogeneities, which is constant for all
frequencies and geometries. Furthermore, all films studied in this
work were measured at 9 GHz. Prior in situ FMR experiments by
Platow et al. on ultrathin Ni on a limited frequency range [22] give
no indication for a two-magnon scattering contribution [23] to
the damping. This leaves a total damping process involving only
the Gilbert damping and spin-pumping:

aeff ¼ aGþapump: ð3Þ

However, note that two-magnon scattering would lead to an
overestimation of aeff . The study of the spin-pump effect on
capped single films requires systems with well defined interfaces
[12,24]. Cu/Co/Cu and Cu/Ni/Cu systems represent a good case for
even interfaces due to the very small mismatch of the lattice
constants, which is 1.9% for Co and 2.5% for Ni [25], and their
pseudomorphic growth.

Precession of the magnetization vector around an effective
field axis, like in FMR, is known to generate a spin current~Ipump,
which flows from the FM layer into the NM layer [7]. If the NM
layer is thick enough the spin current is dissipated there by spin-
flip processes. Thus, torque is carried away from the precession
and reduces the precessional energy of the FM layer. This process
can be regarded as another damping mechanism. The contribu-
tion of spin pumping to the overall relaxation can be derived from
the conservation of angular momentum in the FM layer [26,27]:

1
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where ~mtot ¼ ~mMSV is the total magnetic moment and ~m is the
unit vector of magnetization. The spin current ~Ipump flowing
through the FM/NM interface can be written as [7,19]

~Ipump ¼
‘
4p gmk

r
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� �
; ð5Þ

where gmk
r is the real part of the spin mixing conductance gmk. The

imaginary part gmk
i can be neglected since gmk

r bgmk
i [28–30].

Hence, inserting Eq. (5) into (4) results in
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; ð6Þ

representing the additional loss of angular momentum from the FM
layer. Adding the right hand side to the general LLG equation (1)
rewritten in terms of the unit vector of magnetization yields
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Comparing Eqs. (3) and (7) one arrives at the expression for the
spin-pumping contribution to the damping:

apump ¼
g

MSV

‘
4p gmk ¼

gmB

4pMSdFM

gmk

S
; ð8Þ

where dFM is the thickness of the ferromagnetic layer and S is the
interface area.

This expression describes the damping caused by the total loss
of spin energy transported by~Ipump, which is the case of having an
ideal spin sink, i.e. no backflow due to spin accumulation in the
NM cap layer. For a complete approach, one has to take this
backflow~Iback into account, which depends on~Ipump, the thickness
of the NM cap layer dCu, and the spin diffusion length lsd of about
350 nm in Cu at room temperature [11]. The net spin current
~Inet ¼

~Ipump�
~Iback equates to [12,29]

~Inet ¼ 1þ
tsf g

mk

hNSlsdtanhðdCu=lsdÞ

� ��1

~Ipump; ð9Þ

where N is the density of states per spin and tsf the spin flip time.
This can be expressed in terms of apump by comparing Eqs. (5), (6),
and (8). Using N of a free electron gas, N¼ ðmekFÞ=ð2p2‘ 2

Þ and
lsd ¼ ‘kF=me

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
teltsf=3

p
, with the electron mass me, we arrive at a

final expression for the damping parameter of the spin-pumping
contribution:
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where e¼ tel=tsf is the spin flip probability per scattering event,
with tel being the elastic scattering time, and kF the Fermi wave
vector, kF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEF

p
=‘ which is known to be kF ¼ 1:36� 108 cm�1

for bulk Cu. The free parameters of this model are hence the
conductance per unit area gmk=S, the arbitrary spin flip probability
e and the spin diffusion length lsd, which have been determined
for this system, however, not been tested at length scales of a few
monolayers and at first contact of a cap layer. Thus by measuring
the FMR linewidth DHpp of single uncapped Co and Ni films and
gradually adding Cu we can calculate the change in apump using
Eqs. (2) and (3) while assuming aG ¼ const:, and determine the fit
parameters for each system by applying the model in Eq. (10) for
the thickness dependence.

2. Experimental details

The thin films examined in this work were grown in situ in
UHV with a base pressure of 5� 10�11 mbar on a Cu(0 0 1) single
crystal disc, 5 mm in diameter and 2.5 mm thick. Prior to film
deposition, the substrate was sputtered with Ar+ ions at a partial
pressure of 5� 10�5 mbar with 3 keV for 10 min, then annealed at
850 K and sputtered again with 1 keV for another 10 min to
smoothen the surface. After a final annealing again at 850 K for
further 10 min, the Co (Ni) films with thicknesses of 1.6, 1.7, and
1.8 (6.0 and 7.0) monolayers (ML), respectively, were grown from
high purity targets by means of electron beam evaporation. The
optimum growth rate for all films was found to be 1 ML/min. The
thickness was controlled during evaporation by means of medium
energy electron diffraction (MEED). After deposition all films were
annealed at 420 K for 10 min in order to smoothen the surface.

The Cu cover layers were prepared by the same procedure.
However, no MEED signal could be detected for thicker films.
Therefore, the thickness of the Cu cover layer was calculated
according to the exposure time, based on a series of calibration
runs on 10 ML thick Co films. The samples were annealed again at
420 K for 10 min after each additional Cu deposition step.

In situ FMR measurements were performed at 8.87 GHz using a
cylindrical cavity with the TE012 mode. The cavity was mounted
around the outside of a UHV quartz glass finger to the UHV
chamber. This enables the measurement of FMR spectra in situ in
UHV directly after preparation, hence without breaking the
vacuum. Also it allows to change the thickness of the cap layer
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