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We have searched for a signature of nonlocal magnetization dynamics or magnetization dynamics
driven by pure spin currents, in magnetically soft polycrystalline Ni81Fe19 /Cu /Co93Zr7 trilayers
using ferromagnetic resonance. An interface-related enhancement of damping is expected for each
ferromagnetic layer when incorporated in a trilayer; the enhancement should be absent where layer
resonances overlap. While size effects in Gilbert damping have been identified, we note that
expectations specific to spin pumping are not confirmed. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3072030�

“Spin pumping,” the generation of pure spin currents
through magnetization precession, is a new idea in magneti-
zation dynamics.1 In the proposed mechanism, magnetization
precession at the broken symmetry of a ferromagnetic/noble
metal �FM/NM� interface creates a source for pure spin cur-
rent ejected into the NM layer. The associated loss of angular
momentum in the FM layer manifests itself through an en-
hanced relaxation rate �damping� acting at the interface.

Spin pumping has been identified in three different
forms of interface-related damping in ferromagnetic hetero-
structures. In all cases, the enhanced damping is predicted to
be Gilbert type ��H��� and inversely dependent on FM
layer thickness ��H�1 / tFM�. First, in structures with a
single FM layer, enhanced damping has been attributed to
the propagation of spin currents into “spin sink” layers, typi-
cally Pt or Pd, which can be in direct contact with the FM
layer2 or removed through a NM layer.3,4 Second, in struc-
tures with multiple ferromagnetic layers, such as “spin-
valve” type FM1 /NM /FM2 trilayers, spin current generated
at one layer is thought to be absorbed at the opposite layer.
For a single layer undergoing ferromagnetic resonance
�FMR� precession, this enhances its damping while exerting
a small influence on the motion of the opposite layer.5 Fi-
nally, where the two layers have nearly equal FMR frequen-
cies, a third hallmark is that the motion tends to “lock” in
phase and the enhanced damping vanishes.6

Magnetization dynamics resulting from spin pumping
can be described through additional terms in the Landau Lif-
shitz Gilbert equation �LLG� �Ref. 7�. For FM1 /NM /FM2

heterostructures, the LLG equation is modified as6

ṁ1 = − �1m1 � Heff,1 + �1m1 � ṁ1�1��m1 � ṁ1 − m2

� ṁ2� , �1�

where the first two terms describe precession and relaxation
in the absence of spin pumping, and �1� is the spin-pumping
damping parameter described by6
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in cgs units; G� is an additional Gilbert relaxation rate, � is
the gyromagnetic ratio, MS is the saturation magnetization,

gL is the Lande-g factor, �B is the Bohr magneton, m is the
magnetization divided by the saturation magnetization, and h
is Planck’s constant. The prefactor evaluates to
28.35 MHz nm3 for the typical case of gL=2.09. The param-
eter geff

↑↓ /S is the effective mixing conductance per interfacial
area; d is the FM layer thickness. When the FM1 layer is
precessing and the FM2 layer is stationary �ṁ2�0�, the FM1

layer is subjected to an additional damping of �1�. When both
FM layers are precessing, the motion is coupled and is
treated by solving Eq. �1� for both layers simultaneously; if
the motions of m1 and m2 are equal, the �1� goes to zero.8

In prior studies, damping from spin sink overlayers has
been identified primarily in studies of polycrystalline films,
particularly, in Ni81Fe19. Damping in spin-valve systems, on
the other hand, has been identified exclusively in epitaxial
Fe/Au/Fe on GaAs. It has not yet been shown that polycrys-
talline spin valves �trilayer structures� exhibit any additional
interface-related damping when compared with similar FM
layer structures of comparable size.

In this study, we investigate polycrystalline spin valves
for the same hallmarks of spin pumping observed in epitaxial
spin valves. Four series ��a�–�d�� of samples were deposited
for the study. The first two series ��a� and �b�� compare
interface-related damping of Ni81Fe19 layers in single films
and spin valves: for �a�, Ni81Fe19�d� /Cu�3 nm� and for �b�,
Ni81Fe19�d� /Cu�5 nm� /Co93Zr7 / �5 nm� /Cu�3 nm�. The
second two series ��c� and �d�� compare interface-related
damping of Co93Zr7 layers in single films and spin valves:
for �c�, Cu�5 nm� /Co93Zr7�d� /Cu�3 nm� and for �d�,
Ni81Fe19�5 nm� /Cu�5 nm� /Co93Zr7�d� /Cu�3 nm�.

All layers were deposited by UHV magnetron sputtering,
at a base pressure of 3�10−9 Torr onto thermally oxidized
Si subtrates. Pressures immediately prior to deposition were
typically 3�10−8 Torr; Argon gas pressures were 3.9
�10−3 Torr during sputtering. Deposition rates were calcu-
lated using a quartz crytal balance, which could be posi-
tioned removably at the substrate location. Deposition rates
were measured as �6 Å /s for Ni81Fe19, �3 Å /s for
Co93Zr7, and �4 Å /s for Cu, with sputtering powers in the
range of 250–300 W for Ni81Fe19 and Co93Zr7 and 100 W for
Cu.
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The Argon pressure has been elevated by �30–50%
above typical sputtering pressure in these depositions to en-
hance uniaxial anisotropy of the films. Orthognal induced
anisotropies are formed in the Ni81Fe19 and Co93Zr7 films of
�20 Oe and �50 Oe, respectively, roughly along the direc-
tion of the deposition flux in the confocal sputtering geom-
etry. This orthognal induced anisotropy was used to engineer
a crossing of the field dependent FMR frequencies ��H� be-
tween 3.0 and 4.5 GHz, in order to search for the “third”
hallmark of spin pumping.

Magnetic properties of the films were investigated by
broadband FMR. We measure in-plane �parallel condition�
field-swept FMR over a frequency range of 1–18 GHz using
a coplanar wave guide to excite rf fields. We fit the the single
layer FMR line shapes with a dispersion-corrected Lorentz-
ian to extract resonant fields Hres and full width half power
linewidths �H1/2. In the vicinity of the FMR frequency
crossing, the FMR line shapes are fit to the sum of two
dispersion corrected Lorentzians. When this method does not
converge, we fit the data with a single Lorentzian. Gilbert
damping constants for each thickness are extracted using
variable-frequency FMR linewidth, as �H1/2=�H0+2�� /�.
Effective 4� MS values gL and anisotropy fields were fitting
using the Kittel equation �2=�2�H+HK+4�MS��H+HK�
valid along the easy and hard axes.

The variable frequency FMR linewidth data for the four
series of samples are presented in Fig. 1. The linewidths
found are linear in the frequency in all cases with a small
inhomogenous component �H0	20 Oe. There is an evident
thickness dependence of the slopes in series �b�, �c�, and �d�.
The extracted thickness dependence of � is much stronger in
series �b� compared with series �a�, where we have added the
effect of the Cu /Co93Zr7 interface on the Ni81Fe19 damping.
However, in comparing series �c� and �d�, we note that the
primary effect of adding the Cu /Ni81Fe19 interface on the
Co93Zr7 layer damping is to reduce the size effect in damp-
ing. While the behavior of Ni81Fe19 damping is qualitatively
consistent with additional damping from the opposite

Cu /Co93Zr7 interface, the behavior of the Co93Zr7 damping
cannot be interpreted in this way.

A more quantitative description of the interface-related
damping is presented in Fig. 2. Here we plot ��−�0�f / f0 as
a function of thickness d after2 where �0 is the bulk damp-
ing, f is the thickness dependent atomic magnetization in
�B /atom, and f0 is the corresponding value for bulk films. �f
and 4� Ms are related to good accuracy by 1 �B /atom
�10 kG.� This form takes into account the increased effec-
tiveness of the torque from pumped spin current on a layer
with reduced magnetic moment, as described in Eq. �2�. Bulk
saturation magnetization values Ms were found to be 10.5
and 16.7 kOe for Ni81Fe19 and Co93Zr7, respectively, which
are in good agreement with previously reported bulk
values.9–11 Bulk damping values �0 were taken as 0.0067 and
0.007 for Ni81Fe19 and Co93Zr7, respectively, which are in
good agreement with bulk values in other investigations.9,11

We find the interface-related damping for the Ni81Fe19 to be
��=0.014 nm /d in the single layer and ��=0.036 nm /d in
the spin valve for an additional contribution due to the sec-
ond FM layer of 0.022 nm /d. The damping enhancment for
the Co93Zr7 single layer and Co93Zr7 spin valve are found to
be ��=0.036 nm /d and ��=0.008 nm /d, respectively. In
this case, any additional damping arising from the second
FM layer could be zero, negative, or masked by some other
dominant effect.

Our experimental data are plotted together with
Pt /Ni81Fe19�d� /Pt data recorded by Mizukami et al.,2 which
are divided by two to reflect the effect of a single interface,
and which have been interpreted previously with a g↑↓ /S
=25.8 nm−2.1 The effect of spin pumping in the Pt spin sink
is inferred to be roughly twice as large as any which might
be present in the Ni81Fe19 layers considered here. Note, how-
ever, that an interface-related damping of comparable mag-
nitude �0.036 nm /d� is seen in the single Co93Zr7 layer; here
no obvious spin sinks are present.

Selected spin valves from series �b� were rotated by 90°
aligning Ni81Fe19 along its easy axis �HK�20 Oe� and
Co93Zr7 along its hard axis �HK�−50 Oe� with respect to
the applied field. Because of the larger moment of the
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FIG. 1. Linewidths for �a� single Ni81Fe19 layers �series a�, �b� Ni81Fe19 in
spin valves, �c� single Co93Zr7 layers, and �d� Co93Zr7 in a spin valve.
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FIG. 2. �Color online� Interface-related damping of comparison of Ni81Fe19

single layer and spin valve �a� and of Co93Zr7 in single layer and spin valve
�b�. Dashed line: results found for single Ni81Fe19 /Pt interfaces �Ref. 4�.
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Co93Zr7 estimated from ��H� at 4� MS=16.7 kG �gL

=2.15� compared with 4� MS=10.5 kG �gL=2.09� for the
Ni81Fe19, the slope of ��H� is expected to be higher for the
Co93Zr7 than for the Ni81Fe19 resonance, and the resonance
lines will cross between 3.0 and 4.5 GHz, as shown Fig. 4.
Ferromagnetic resonance was characterized at small fre-
quency intervals ��48 MHz� over the range of 2.5–5.5
GHz. Representitive line shapes are shown in Fig. 3. For
3.016 GHz, one can see the Co93Zr7 line shape at low field
and that for Ni81Fe19 at high field; for 5.432 GHz, the reso-
nance positions are reversed, with Ni81Fe19 at high field and
Co93Zr7 at low field. In the range of 4–4.2 GHz, the modes
appear as a single FMR absorption.

In Fig. 4, we show the field for resonance and linewidths
��H1/2� for the two fitted lines. For each trilayer, the reso-
nance associated with Cu /Co93Zr7 increases more rapidly
than that for Ni81Fe19 and crosses the zero frequency axis at
positive field �not shown�. While the linewidth fits are noisy
and perhaps not unique near the degeneracy, it is clear that
the line shapes do not exhibit a single globally reduced line-
width. �H1/2 is never significantly less than an extrapolation
of the lower linewidth associated with Ni81Fe19 to the fre-
quency where resonances cross. Taking the inferred value of

�� for the 5 nm Ni81Fe19, one expects a linewidth reduction
of �13 Oe, which should be discernible on this scale. Al-
though the higher linewidth resonance line associated with
Co93Zr7 does appear to exhibit a drop in the region of the
crossing, it is not obvious that this drop is above the error
introduced from the fitting, as no additional linewidth for
Co93Zr7 layer has been seen when the linewidths are well
separated �Fig. 2�.

Our analysis has not accounted for frequency-dependent
inhomogenous broadening due to a distribution in anisotropy
field Hk and magnetization 4�MS. An analysis based on
these parameters arises naturally from fixed frequency �e.g.,
10 GHz� variable angle measurements of FMR, as carried
out in Refs. 4 and 12, and we cannot exclude some contri-
bution to damping from these mechanisms. However, to jus-
tify our analysis in terms of Gilbert damping with a fixed
inhomogenous term, we note that our observed linewidth
data are accurately linear in frequency for 5 nm films and
thicker and reasonably linear for 4 nm films over a substan-
tial frequency range of 2–17 GHz. Inhomogenous compo-
nents are less than 10% of intrinsic components at higher
frequencies.

In summary, our results point to alternate possible ori-
gins of thickness dependent damping in polycrystaline trilay-
ers. While Gilbert type “interface-related” �inverse thickness
dependent� damping is clearly seen, the dominant contribu-
tion is not clearly related to the addition of a second FM
layer, particularly, in the Co93Zr7 damping, and does not di-
mish when the FMR of both layers is excited simultaneously.
Thus two important hallmarks of spin pumping are not iden-
tified here.

Finally we remark that it is not clear at the time of writ-
ing how general the present result may be to polycrystalline
trilayers. We cannot rule out at present that some nonideality
of the structure prevents the propagation of spin currents in
our films alone or perhaps in the use of the Co93Zr7 alloy. We
note that robust giant magnetoresistive signals have been ob-
served for Cu /Co93Zr7 spin valves in other reports.13
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