
ARTICLE IN PRESS

Journal of Magnetism and Magnetic Materials 322 (2010) 2065–2070
Contents lists available at ScienceDirect
Journal of Magnetism and Magnetic Materials
0304-88

doi:10.1

� Corr

E-m
1 N

5, CH-8
2 N

Forschu

German
journal homepage: www.elsevier.com/locate/jmmm
Spin-pumping-enhanced magnetic damping in ultrathin Cu(0 0 1)/Co/Cu
and Cu(0 0 1)/Ni/Cu films
M. Charilaou �,1, K. Lenz 2, W. Kuch

Institut für Experimentalphysik, Freie Universität Berlin, Arnimallee 14, 14195 Berlin, Germany
a r t i c l e i n f o

Article history:

Received 16 November 2009

Received in revised form

14 January 2010
Available online 25 January 2010

Keywords:

FMR

Ultrathin film

Spin torque effect

Magnetic relaxation
53/$ - see front matter & 2010 Elsevier B.V. A

016/j.jmmm.2010.01.035

esponding author.

ail address: michalis.charilaou@erdw.ethz.ch

ew address: ETH Zurich, Institute of Geophysi

092 Zurich, Switzerland.

ew address: Institute of Ion Beam Physi

ngszentrum Dresden-Rossendorf e.V., P.O. Bo

y.
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.
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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
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(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.
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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

g
@~mtot

@t
¼~Ipump )

d~m

dt
¼

g
MSV

~Ipump; ð4Þ

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
~m �

d~m

dt

� �
�gmk

i

d~m

dt

� �
; 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

d~m

dt
¼

g
MSV

‘
4p

gmk ~m �
d~m

dt

� �
; 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

d~m

dt
¼�g ~m � ~Heff

� �
þ aGþ

g
MSV

‘
4p gmk

� �
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aeff

~m �
d~m

dt

� �
: ð7Þ

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:

apump ¼
gmB

4pMSdFM

gmk

S
1þ

p
ffiffiffi
3
p

k2
F

ffiffiffi
e
p

gmk

S

1

tanhðdCu=lsdÞ

" #�1

; ð10Þ

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



ARTICLE IN PRESS

M. Charilaou et al. / Journal of Magnetism and Magnetic Materials 322 (2010) 2065–2070 2067
by simply adding more Cu on top. Details of the UHV-FMR setup
are described elsewhere [31,32].
3. Results and discussion

Single films were prepared and characterized as described in
Section 2. Their anisotropy fields and effective magnetization
4pMeff ¼ 4pMS�2K2?=MS were determined, before and after the
deposition of the Cu cap layer, by means of polar angle-dependent
FMR. An example is shown in Fig. 1, where the Co 1.8 ML and
Ni 7.0 ML films are shown. The anisotropy fields were determined
by fitting the angle dependence using an expression of the free
energy density for tetragonally distorted systems in the polar
resonance equation [32–34]. The effective magnetization of the
Co films undergoes a large reduction from 13.6(1) kG, which is
typical for thicknesses between 1.6 and 1.8 ML, down to 9.2(1) kG
with a Cu cap layer above 5–10 ML thickness. The change of the
effective magnetization in Ni films is more pronounced, here
4pMeff is reduced from 4.10(5) kG down to 1.00(5) kG. The Co
films exhibit a fourfold in-plane anisotropy field K4J=M of 30(5) G,
which remains unchanged by Cu coverage. The effect of
Cu coverage of ultrathin Co and Ni films on their magnetic
anisotropy has been studied extensively (e.g. in Refs. [1,5,35,36])
and will therefore not be further examined here. For the study of
the Cu thickness dependence on the resonance field and the
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Fig. 1. Polar angular dependence of the resonance field HRes at 8.87 GHz for (a) 1.8

ML Co and (b) 7.0 ML Ni before (open symbols) and after (solid symbols)

deposition of a 25 ML Cu cap layer expressing the change in anisotropy. The solid

lines are fits to the resonance equation for tetragonally distorted films given in

Ref. [37].
linewidth of these films, FMR was measured at yB ¼ 903 along the
[1 0 0] easy axis direction before and after step-by-step capping
with 5 ML Cu each time at first and then with 10 ML. As can be
seen in Fig. 2(a), the resonance field HRes of the Cu(0 0 1)/x Co/d Cu
films increases continuously with cap layer thickness and
saturates at or before dCu � 20 ML. The maximum relative
increase in HRes is 40–50% for all Co films. This large change is
explained by the fact that the magnetic moment of the free
surface of the Co atoms is reduced by the interaction with the
electronic states of the adjacent Cu atoms. This interaction
reduces the total magnetization by 21% [36], which according to
the Landau–Lifshitz–Gilbert equation requires higher HRes. For the
Cu(0 0 1)/y Ni/d Cu films the change is even stronger (Fig. 3). The
resonance field is shifted by 75% (7 ML) or 120% (6 ML) to higher
values. This does not originate from a decrease in ~M , since it has
been found that the reduction of the Ni magnetic moment by a Cu
cap compensates the former enhancement of a Ni/vacuum
interface [35], and the contribution of volume atoms is much
higher for the 6 ML and 7 ML Ni films than that of the interface
atoms. The reason for this strong effect is the suppression of
surface anisotropy of Ni, which favors
in-plane orientation [2]. This is especially pronounced for those
films with thicknesses just below the critical thickness for the
spin reorientation transition [3].

The main effect of Cu capping takes place during the first 1–10
ML Cu. In order to determine the span of the interaction, we
define a characteristic interaction depth dint and fit the HRes curves
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Fig. 2. (a) Resonance field HRes of the Cu(0 0 1)/x Co/dCu Cu films as a function of

Cu cap layer thickness dCu. The solid lines are fits with Eq. (11). The symbol size

corresponds to the respective error in HRes. The inset shows the resonance signal

without (solid) and with (dashed) 100 ML Cu cap layer for x= 1.6 ML, where the

lines are fits from first order Lorentzian derivatives. (b) Corresponding plot of the

peak-to-peak linewidth DHpp. Dashed lines are guides to the eye only.
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with a purely phenomenological saturating function

HRes ¼DHRestanh
dCu

dint

� �
þH0

Res; ð11Þ

where HRes
0 is the initial value and DHRes the total increase of the

resonance field. The interaction depths dint were found to be 5 ML
for the Co films with thicknesses 1.6 and 1.7 ML, and 15 ML for
1.8 ML. The value of dint for the thicker film is much larger, since
the surface tends to coalesce when approaching a full 2 ML. For a
closed surface the effect is expected to be more pronounced, since
a smoother interface will create a smaller Coulomb 2-D field,
hence the FM film will be more easily affected by superimposed
potentials of neighboring Cu atoms. Furthermore, the resonance
field of the 1.8 ML film exhibits a small local maximum as seen in
Fig. 2(a) between dCu=0 and 10 ML. This curve can be also fitted
with an offset of 5 ML Cu (dashed line), which yields dint=10 ML.
For all Ni films the interaction depth is much smaller and was
found to be 2 ML, which is in agreement with results from
Nakagawa et al. [2]. This can be explained by the roughness at the
interface. A strong potential barrier is formed at the interface,
which dominates over the effect of the following Cu layers. The
extracted interaction depth dint is important for the determination
of the onset of equilibrium in anisotropy and intrinsic damping aG

as will be explained later on.
The insets in Figs. 2 and 3 show the FMR signals taken for

uncapped and capped films. These exhibit a symmetric Lorentzian
line shape and can be fitted with a first order derivative [38],
allowing the determination of the linewidth with an accuracy of
2–3%. Hence, using Eq. (2), the enhanced damping aeff can be
calculated from the linewidth. As seen in Fig. 2(b), Co films with a
thickness of 1.6 ML exhibit an increase up to dCu � 20 ML with
two small maxima at 15 and 40 ML Cu. Films with thicknesses
1.7 ML and 1.8 ML show an abrupt fall and a gradual increase
approximating that of the 1.6 ML films. This makes
the calculations for the spin current extremely complicated since
many effects may take place at the same time during
the transition from dCu=0 to dCu=dint: (i) The surface/interface
magnetic moment is reduced. (ii) The anisotropies and
the equilibrium angles change. (iii) The spin–orbit interaction of
the Co and Ni interface atoms is reduced by the presence of the Cu
d-orbitals. Hence aG is also reduced during the first 5 ML of Cu
capping, as aG is proportional to the square of the spin–orbit
coupling constant as mentioned earlier. This change is dominant
over this region and cannot be determined directly. Therefore, one
has to consider the interaction depth as determined using
Eq. (11). Thus the pure spin pumping contribution can be
calculated only for dCuZdint, where aG ¼ const.

The dimensionless damping constant apump was evaluated by
determining aeff using Eq. (2) and subtracting the value at dint. The
increase in apump was then fitted as described in Section 1 using
Eq. (10). The values of MS are taken from [36] for Co and from [35]
for Ni, which are given for T = 0 K, and were extrapolated to room
temperature considering the reduced temperature T/TC, as 800 G
for Co and 450 G for Ni films. For both film series the spectro-
scopic factor g=2.20 was used. The result for the two samples
with 1.6 ML Co is shown in Fig. 4. The data of the two 1.6 ML Co
films can be fitted nicely using Eq. (10) except for the two maxima
at 15 ML and 40 ML, and for data points at large Cu thicknesses,
where the relaxation decreases slightly. All films were fitted for
dCuZ5 ML. The fits of the other samples are shown in Fig. 5,
which show that the model can be approximated to the experi-
mental data with only small deviations. The corresponding fit
parameters are listed in Table 1. Both the 1.6 ML Co films show an
increase in aeff from the beginning, which however cannot be
thought of as pure spin-pump damping considering the changes
in the resonance field. By fitting the data from dCu=0 ML thus
assuming pure spin-pumping we acquire a value for the mixing
conductance of 2:0ð1Þ � 1015 cm�2, which is almost 4 times larger
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Table 1

Total spin-pump damping atot
pump, maximum change of the intrinsic Gilbert

damping DaG during deposition of the first five ML of Cu, and fit parameters for

the spin-pump damping contribution for Cu(0 0 1)/x Co/dCu Cu and Cu(0 0 1)/y Ni/

dCu Cu films.

x (ML) atot
pump (10�3) DaG (10�3) gmk=S (1015 cm �2) lsd (ML) e (10�3)

1.6 5.2(2) 5.1(2) 0.225(5) 6(1) 1.0

1.6 3.3(2) 4.6(2) 0.085(2) 16(2) 1.0

1.7 3.4(5) �5.8(2) 0.125(2) 9(1) 1.0

1.8 7(1) �7.5(2) 0.550(5) 13(2) 2.1

y (ML)

6.0 11.1(3) �12.0(5) 4.0(1) 6.0(5) 12.5

7.0 1.1(2) �50(1) 0.075(2) 2.0(5) 1.0
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than expected. This is an indication of the validity of the 5 ML
limitation for the calculations. When fitted from dint, the fitting
yields an average over the two 1.6 ML films of gmk=S¼ 0:16ð1Þ �
1015 cm�2 which is in reasonable agreement with theoretical
values given in Ref. [39], where it was found to be 0:55�
1015 cm�2, after it was corrected down from 1:1� 1015 cm�2 in an
earlier study [40].

The Co films with xCo=1.7 and 1.8 ML show a clear increase in
the damping constant above dCu=5 ML. The fit for the 1.8 ML film
yields a very high value for gmk=S, which is twice as large as the
ones for 1.6 and 1.7 ML. Since the value for gmk=S should not
exceed the theoretical upper limit the data for this film were
fitted with a larger spin flip probability of 2:1� 10�3. The film
also exhibits the greatest reduction of intrinsic damping
DaG ¼�7:5� 10�3 upon deposition of the first five ML of Cu.

The two maxima at 15 ML and 40 ML cannot be explained by
the current model. They are equidistant with respect to zero,
within the error for dCu, thus we suspect an oscillatory behavior
with a periodicity of 20(5) ML. Such a maximum can also be seen
for the 1.8 ML Co film for dCu=20 ML. These oscillations would
confirm predictions in Ref. [41], where short and long period
oscillations are suggested to be caused by quantum size effects, in
which the wave vector perpendicular to the interface is not
conserved. The data are not enough to fit an oscillatory behavior
as proposed in [41], however the reproducibility in the two 1.6 ML
films points to the validity of the theory.

The 6 ML Ni film exhibits an astonishingly high value of
gmk=S¼ 4:0ð1Þ � 1015 cm�2, whereas the 7 ML film shows spin
pumping with 0.075(2) �1015 cm�2 comparable to the Co films.
It has been reported that the spin mixing conductance of Cu/Ni/Cu
interfaces exhibits an oscillatory behavior with a period of 10 ML
Ni [42]. This however does not explain the large difference
between the two Ni films. The strongly reduced spin mixing
conductance of the 7 ML film is most probably due to the rough
interface, since it is known that Ni starts growing in island mode
above 5–6 ML, as was reported in [43] and seen by MEED
by ourselves where intensity oscillations are visible only up to
5–7 ML Ni. We have no reference values for the Ni films to
compare with since to our knowledge spin pumping in Cu/Ni/Cu
systems has not been measured before.

The spin flip probability e was set to 0.001 for all films, except
Co 1.8 ML and Ni 6.0 ML. This was done with respect to theoretical
values of e for Cu [44–46]. The general deviation from the
theoretical values is the sensitivity of gmk=S to the interface
smoothness, which cannot be fully controlled with uncompleted
layers like the ones for Co, and the choice of e, where a factor of 10
affects gmk=S by a factor of 2–3. This creates a distribution of spin
channel conductivity values. Supposing that each interface atom
constitutes a spin channel, good contacts correspond to open spin
channels, whereas distorted lattice locations correspond to partly
blocked channels with reduced conductivity. Although the
values for gmk=S for Co would be expected to be the same, it has
to be taken into consideration that—to the knowledge of the
authors—the model has not yet been tested in this thickness
regime, where the spin-pumping is just starting. The error bars
shown in Figs. 4 and 5 originate from the assumption that no
DH0

pp is present. This suggests a relative error of less than 10%. The
error of the spin mixing conductance coefficient gmk=S is mostly
determined by the error in the film magnetization, as e was
assigned a fixed value for fitting.

Furthermore the characteristic length for spin diffusion lsd was
found to be between 9 and 15 ML for all Co films, which is much
less than the known 350 nm (� 1900 ML) [11]. At these length
scales we would have expected an almost linear behavior
considering tanh ðdCu=lsdÞ � dCu=lsd. The dominant interface
‘shock’ effects, where the first contact between Co (Ni) and Cu
atomic layers takes place, creates an abrupt electronic
perturbation which corresponds to a singularity at the interface.
Hence the length found in our fits is not the spin diffusion length
in its sense, rather the span of the scattering potential of the
Co/Cu interface, which is comparable to the interaction depths
determined for the magnetization reduction. The fact that the
effect saturates at these length scales suggests that the model for
non-local damping with the transport theory approach is not valid
for atomic-scale systems.
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4. Conclusions

We have prepared Cu/Co/Cu and Cu/Ni/Cu ultrathin films
in situ in UHV and measured FMR in order to study spin pumping
at thicknesses well below the spin diffusion length, which allowed
us to probe interfacial effects during first contact of Co (Ni) and
Cu atomic layers. The resonance field HRes of all films increased
with increasing Cu cap thickness dCu up to a saturating point
around 20 ML Cu. The FMR linewidth was used to calculate the
damping coefficient aeff ¼ aGþapump. Spin pumping was observed
for all films. This was especially pronounced for the two Cu(0 0 1)/
1.6 Co/dCu Cu films where the damping constant aeff increased up
to a saturating value of 15–20% of the initial aG. For all other films
the abrupt decrease in linewidth was caused by a strong reduction
of aG at the Co/Cu interface. However, this effect saturated after
5 ML Cu, while spin-pumping was observed after adding more Cu
layers. This sets the limitation for the calculation of pure spin
pumping within this interval. We used a model derived from a
transport theory approach [29] to extract values for the spin
mixing conductance gmk=S. There values are in reasonable
agreement with theoretical values for Cu/Co interfaces, however,
the ones for Cu/Ni films are very high. Considering the fitting
results, we conclude that the model is not appropriate for the
system at these length scales. For atomic-scale systems a model,
in which the first contact between FM and NM layers is
considered would be more appropriate. We deduce from our
results that at the starting point of spin-pumping, scattering
events at the FM/NM interface govern the relaxation process in
ultrathin films.
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