PHYSICAL REVIEW B 85, 054412 (2012)

Determination of spin pumping as a source of linewidth in sputtered Coq Fe;o/Pd multilayers by use

of broadband ferromagnetic resonance spectroscopy
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We performed a systematic study of damping in CogoFe;o/Pd multilayers by use of broadband (1-60 GHz)
ferromagnetic resonance (FMR) spectroscopy in the perpendicular geometry. The data were fitted with the
conventional Landau-Lifshitz equation in conjunction with an inhomogeneous contribution to linewidth A Hy.
Samples were prepared with net perpendicular anisotropy field values ranging from —0.5 to +1.2 T. A Hy shows
a dependence on the perpendicular anisotropy, though the Landau-Lifshitz damping parameter «, which ranged
from 0.016 to 0.04, exhibits no trend as a function of anisotropy. We explain the wide variation of « as a result
of spin pumping from CogoFe)( into adjacent nonmagnetic layers. We use a quantitative model for spin pumping
that includes the intrinsic spin-mixing conductance at the CogyFe,o/Pd interface and the spin-diffusion length
of Pd, which were experimentally measured at room temperature to be (1.07 & 0.13) x 10" m~2 and 8.6 &
1.0 nm, respectively. We quantitatively show how « is enhanced by spin pumping through an FMR investigation

of individual Pd/CoFe/Pd, and Pd/CoFe/Pd/CoFe/Pd layer structures.
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I. INTRODUCTION

Magnetic multilayer materials with strong perpendicular
magnetic anisotropy are amenable for use in emerging
spintronics'? and next-generation data-storage technologies®
due to the high degree of tunability of both the anisotropy
and saturation magnetization. Such multilayers can be formed
from alternating two ferromagnetic materials such as Co/Ni*
and CoFe/Ni,’ or alternating a ferromagnetic material with
a nonferromagnetic material such as Co/Pt, Co/Pd,'’
CoFe/Pd,"" and CoNi/Pt.'> The high-frequency behavior of
these materials is of considerable technological interest due
to the strong dependence of spin-torque critical currents and
patterned-media switching rates on the degree of damping
for gyromagnetic precession.!*> However, measurements of
damping in multilayers by use of ferromagnetic resonance
(FMR) can be challenging in the case of strong perpendicular
anisotropies (which require high measurement frequencies
in excess of 30 GHz) and/or broad ferromagnetic resonance
(FMR) linewidths (which necessitate high instrument signal-
to-noise ratio [nr] and stability).

We recently reported that the measured Landau-Lifshitz
(LL) damping parameter o of CogpFe;o/Ni multilayers is an
average of the values for « in the individual constituent layers
weighted by the relative spin densities of the constituents.> In
that case, the multilayers were composed of alternating fer-
romagnetic layers. This raises the question: What determines
a when one of the multilayer constituents is a nonmagnetic
material such as Pt or Pd?

To date, many studies have shown that « can be enhanced
in single ferromagnetic layers as well as bilayers and pseudo—
spin-valve structures.'#> Such studies highlight the influence
of spin pumping on the damping process in samples that consist
of multiple layers and materials. However, the role of spin
pumping in multilayers with perpendicular anisotropy has yet
to be thoroughly addressed.

Previous studies of precessional dynamics in Co/Pd and
Co/Pt reported values of o as large as 0.2.*2° However,
for all of these previous studies, linewidths were measured
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at a single frequency or field for any given sample, and
a was determined without consideration of inhomogeneous
linewidth broadening. It is therefore impossible to separate
the LL damping and the inhomogeneous contributions to the
measured linewidths. As such, these earlier studies in actuality
provide only an upper limit for «. It is expected that the
inhomogeneous linewidth contribution might well increase as
the perpendicular anisotropy increases because the magnitude
of the anisotropy variation would correspondingly increase.
In fact, the inhomogeneous contribution to linewidth can
exceed the LL contribution in perpendicularly oriented Co/Ni
multilayers.?”-?

It has also been reported that «, as determined from such
single-frequency measurements, is proportional to anisotropy
in Co/Pd and Co/Pt systems.?>?® Such a proportionality is
attributed to the fact that both anisotropy and intrinsic damping
are indeed dependent on spin-orbit coupling.?>2° However, the
perpendicular anisotropy in multilayers also depends on the
asymmetry of the orbital moment in a confined geometry.*
As such, one should not necessarily expect anisotropy to be
proportional to « for all sample systems, as we previously
reported for the CogoFe;o/Ni system.5

To further clarify the relationship between anisotropy
and o in multilayer systems, we systematically measured
FMR spectra over a wide range of fields and frequencies
for CoFe/Pd multilayer samples with varying thickness and
CoFe:Pd thickness ratios. We separated the LL and inhomo-
geneous contributions to linewidth by standard methods to
determine «. From these results, we were able to quantify
the effect of spin pumping on the measured linewidths. We
substitute CoggFe ¢ (hereafter referred to as CoFe) for the more
commonly used pure Co in order to suppress the face centered
cubic (fcc)-to-hexagonal close packed (hcp) phase transition
in thicker layers of Co, which simplifies our analysis.

II. EXPERIMENT

All samples were prepared at room temperature by dc
magnetron sputter deposition at an Ar pressure of ~0.07 Pa
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TABLE I. Calculated and experimentally determined values of « for the CoFe/Pd multilayer samples.

eff

CoFe:Pd 1ML L WoMesr o

Thickness ratio (nm) (nm) (T) (nm) o (experiment) o (calculated)

1:3 0.5 1.5 —0.76 0.78 0.029 £+ 0.002 0.044
0.6 1.8 —0.44 0.88 0.038 + 0.001 0.039
0.7 2.1 —0.14 0.99 0.033 + 0.002 0.036
0.8 2.4 0.02 1.09 0.036 + 0.002 0.033

1:2 0.35 0.7 —1.23 0.75 0.021 + 0.007 0.044
0.45 0.9 —0.78 0.85 0.022 + 0.004 0.039
0.5 1.0 —0.69 0.91 0.016 + 0.002 0.037
0.6 1.2 —0.31 1.00 0.028 + 0.002 0.034
0.8 1.6 0.08 1.22 0.028 + 0.001 0.030

1:1 0.35 0.35 —0.59 1.13 0.017 + 0.002 0.030
0.45 0.45 —0.53 1.24 0.021 + 0.003 0.028
0.6 0.6 —0.13 1.40 0.017 + 0.001 0.026
0.8 0.8 0.23 1.60 0.018 + 0.001 0.023
1.0 1.0 0.46 1.81 0.017 £ 0.001 0.021

(0.5 mTorr). The base pressure of the chamber was ~1 x
10~7 Pa (1 x 10~ Torr). Deposition rates were calibrated
using x-ray reflectivity (XRR), which indicated a drift in
deposition rates of less than 3% throughout the study. All
samples consisted of a 3 nm Ta/3 nm Pd seed layer, which
was previously shown to produce a highly (111)-textured
microstructure with improved homogeneity of the magnetic
anisotropy in Co/Pd multilayers.?! Unless otherwise specified,
a 3 nm Pd capping layer was also used to prevent oxidation.

We investigated three different series of samples of
CoFe/Pd multilayers that had fixed CoFe-thickness (tx.) to
Pd-thickness (tg,‘gL) ratiosof 1:1, 1:2, and 1:3. These multilayers
were composed of 12 bilayers [CoFe(t&%e)/Pd(t%L)] X
12 with a fotal multilayer thickness M- = (8% +
thi) x 12. In order to investigate any influence of the
anisotropy on linewidth, a thickness range for each sample
series was chosen to provide a broad range of anisotropy
values, ranging from out-of-plane to in-plane orientation.
Since the perpendicular anisotropy is interfacial in ori-
gin, the anisotropy of the multilayer is straightforwardly
varied by changing the thickness of the multilayer con-
stituents. A list of the samples investigated is given in
Table 1.

The resonance field H, and field-swept linewidth AH
were measured using a broadband (1-60 GHz) perpendicular-
geometry vector-network-analyzer ferromagnetic resonance
(VNA-FMR) spectrometer.> The samples were placed face-
down on a coplanar waveguide (CPW) with a 100-pum-wide
center conductor. The microwave fields were applied to the
sample by connecting port 1 of the VNA to the CPW. Port
2 of the VNA was then connected to the other end of the
CPW, and the complex scattering parameter S;; was measured.
Field-swept FMR spectra were obtained by measuring Sy
at a fixed frequency f while the applied magnetic field
was swept from high to low values. Figures 1(a) and 1(b)
show real and imaginary components of exemplary spectra.
The resonance field H.s and field-swept linewidth AH at
each frequency f were determined by the fitting procedure
outlined in Ref. 32. These fits are also included in Figs. 1(a)
and 1(b).

In the perpendicular geometry employed here, the Kittel
equation that describes the frequency-dependence of H.e is
given by

Hres(f) = —— + My, (D
Yo
where y = (gup)/h is the gyromagnetic ratio, g is the
spectroscopic splitting factor, ug is the Bohr magneton, 7 is
the reduced Planck’s constant, i is the permeability of free
space, M. is the effective magnetization defined by My =
Mg — Hy, M, is the saturation magnetization, and H is the
perpendicular anisotropy field. By this definition, positive and
negative values of Mg correspond to films with in-plane and
out-of-plane orientations, respectively. Figure 1(c) shows an
example of H as a function of f for a CoFe(0.6)/Pd(1.8)
sample (thickness in nm). M. and g are determined by fitting
the data to Eq. (1).
The frequency dependence of the field-swept linewidth A H
was used to determine values of « and the inhomogeneous
linewidth broadening A H, by fitting the data to*3-3¢

2 f
|

4o
AH(f)= —— f + AHy. 2)
¥ o
An example of the linewidth data with fits to Eq. (2) is
shown in Fig. 1(c). This equation shows that « is proportional
to the slope of the data, whereas A Hj is determined from
the y-intercept. The two-magnon contribution to linewidth?’
was not accounted for in the fitting procedure because the
perpendicular FMR geometry precludes the existence of
degenerate spin-wave modes.

For samples with the highest anisotropies (thinnest sam-
ples), it was necessary to perform measurements above 40 GHz
in order to have the broad range of frequencies needed to obtain
accurate measurements of «. While losses in the microwave
circuit above 40 GHz were significantly larger, it was still
possible to adequately fit the data for H.s and AH vs f, as
shown in Fig. 2(a). However, we were unable to accurately
extract AH for samples with small H; (thicker samples) due
to the presence of additional overlapping modes in the spectra,
as shown in Fig. 2(b). Both the amplitude and overlap of the
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FIG. 1. (Coloronline) The (a) real and (b) imaginary FMR spectra
for sample with CoFe:Pd = 1:3, (CoFe[0.6]/Pd[1.8]) x 12. Data were
obtained from VNA measurements of the S; scattering parameter at
a fixed frequency of 25 GHz, as described in the body text. Fits of the
spectra that used the LL equation are shown as solid red (dark gray)
lines. (c) The resonance field H,., and field-swept linewidth AH as
a function of frequency f for the same sample. Also shown as solid
lines are fits to the data that were used to determine M., o, and A H.

additional modes increased with increasing sample thickness.
Fitting these data was further complicated by the fact that
the three modes present in Fig. 2(b) have different phases
relative to one another, which results in significant errors for
the fitted linewidths. The origin of the additional modes is
unknown. However, even with these limitations, we were able
to measure FMR properties for samples with a range of almost
2 T for poHy.

III. RESULTS
A. FMR of CoFe/Pd multilayers

Figure 3(a) presents a plot of o vs Mgy for all three
series of CoFe/Pd samples, where « varies over a range of
0.016 to 0.040. The data show little to no correlation of «
with perpendicular anisotropy field. In contrast, a clear trend
emerges when AH, is plotted vs M [Fig. 3(b)]; AH, is
initially negligible at positive values of M. (i.e., for in-plane
anisotropy), but it then increases rapidly with increasingly
negative Mg (i.e., increasing Hy). This result is consistent
with our previous findings for FMR with Co/Ni and CoFe/Ni
multilayers, where we did not find any correlation between
Mg and o, but we did find a significant enhancement of
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FIG. 2. (Color online) (a) The resonance field H,. and field-swept
linewidth AH as a function of frequency f for a high-anisotropy
sample (CoFe[0.5]/Pd[1.5] x 12). (b) The real and imaginary
parts of S, measured at f = 28 GHz for a thicker ML sample
(CoFe[1.0]/Pd[2.0]) x 12. The spectra exhibit multiple overlapping
modes that make it difficult to extract meaningful values for H,., and
AH.

AH, with increasing H;.>?’ The present data show that
inhomogeneous broadening is a major contributing factor to
the measured linewidth for this sample system.

A factor of great importance is the implication that inho-
mogeneous broadening cannot be neglected when extracting o
from magnetization dynamics measurements in perpendicular-
oriented multilayer materials. As further evidence for this
implication, we have previously shown that AH, can be
related to the spatial distribution of Hj; in perpendicular
Co/Ni multilayers where inhomogeneity was intentionally
introduced via surface roughness.”’ It has been shown that
perpendicularly magnetized multilayers exhibit significant
anisotropy distributions.>**! Such distributions can result
from variation of the microstructure, roughness, and interface
across the material, for example. However, we have previously
shown that the roughness of the multilayer increases with
increasing thickness.”’! Since within each sample series,
an increase in thickness results in an increase in Mg
(i.e., lower perpendicular anisotropy), the roughness cannot
explain the trend in AHj. It is possible that a large spatial
variation of the intrinsic anisotropy can result in a substantial
enhancement of inhomogeneous linewidth broadening with
increasing anisotropy.

We will now concentrate on « and the experimental
parameters that contribute to the large variation in «. The

054412-3



JUSTIN M. SHAW, HANS T. NEMBACH, AND T. J. SILVA

3 0.04] (a) A L ]
8 N
GE) 0.034 A 4 e 1
© % s 0.04 .
. | s A
& 002 + §<§> o ®o 5 (c) A A
o 0.03 -
£ oot . W lu
[0
S O 1iratio] S
S o000 o 12matio & % <><,><§+<%>Tﬁ,
A 1:3rati)] o
£ 404 o 0.00 . . . :
= ) 00 05 10 15 20 25
T 301 ; A Pd thickness (nm)
> 20 A T
101 (b) 1
0 {) [] PN Q@L
45 10 05 00 05

1M, (T)

FIG. 3. (Color online) Extracted values for (a) @ and (b) A Hy as
a function of M.y for the ML samples. (c) The same data for «, but
plotted as a function of Pd thickness #}". The dashed line is included
as a guide to the eye.

damping parameter « is plotted as a function of 51~ in Fig. 3(c).
There is a clear trend that o increases with increasing I%L.
A likely explanation for these data is that « is enhanced in
CoFe/Pd by spin pumping from the CoFe layers into the Pd
layers.

To test the hypothesis that spin pumping is the most
important source of enhanced damping, we will examine the
various channels by which spin pumping can enhance « in
the context of a complete multilayer (ML) structure, i.e., the
ways in which the various spin-pumping processes between all
the different layers contribute to the average damping of the
total ML structure. Since consideration of the complete ML
structure is particularly complicated given that there are many
layers to account for in the full stack, we will first consider a
structure that contains a single CoFe layer, and then we will
systematically add additional layers to the system to gradually
increase the complexity of the ML structure. This approach
allows us to systematically evaluate the contribution of the
different layers in the system to the overall damping.

B. Damping and spin pumping for ML structures with a single
CoFe film

We deposited a series of ML structures with a single CoFe
layer of thickness fcope grown on a 3 nm Ta/3 nm Pd seed
layer and capped with a 3 nm Pd layer (Fig. 4, inset). We found
that the effective magnetization M.¢ follows a linear 1/#cqpe
dependence, as shown in Fig. 4. Such dependence is indicative
of both significant interface anisotropy and a consistent
sample-to-sample quality. From the slope of the linear fit to
the data in Fig. 4, we calculate the interface anisotropy energy
density K, = (5.8 & 0.4) x 10~* J/m?, which is in good
agreement with previously reported values for Co/Pd.!*3!
Contributions from higher-order anisotropy terms have not
been included in this calculation. The y-axis intercept yields
a value of oM = 1.80 £ 0.01 T for the bulk saturation
magnetization of CoggFejo. This value is within error bars of
the value obtained from a stoichiometrically weighted average

PHYSICAL REVIEW B 85, 054412 (2012)

N]
g
|5}
— €
= o
~ ©
% o
S o
X £
[}
€
a

0.2 3nm Ta r0.002

0.0 T T T T T 0.000

0.0 0.1 0.2 0.3 0.4 0.5

-1
17t . (nm?)

FIG. 4. (Color online) M. and « as a function of 1/fcop. for
ML structures with a single CoFe layer and a fixed Pd-capping-
layer thickness of 3 nm. The inset shows a schematic of the sample
structure.

of the room-temperature saturation magnetizations of Fe and
Co, and therefore the bulk higher-order anisotropy terms can
be neglected in our analysis.

We also display « as a function of 1/fcore in Fig. 4.
The linear dependence of « on 1/#cop. suggests a significant
interfacial contribution to the damping, as one would expect
in the case of spin pumping.'>

An important parameter for spin pumping is the real
part of the spin-mixing conductance, g't. This parame-
ter is proportional to the flux of angular momentum in
the form of spin-polarized carriers that flow through the
ferromagnet/nonmagnet interface in response to gyromagnetic
precession in the ferromagnet. The enhanced damping that
results from spin pumping into both the seed and capping
layers for the single CoFe layer is predicted to have the
following dependence with feore: 22

N
et |
47TM5 fcoFe

AOlsp(tCoFe) = 8UB 3)
where ggf# is the real part of the effective spin-mixing conduc-
tance in units of m~2. (The effective spin-mixing conductance
accounts for the back flow of spin angular momentum from
the nonmagnet back into the ferromagnet for both interfaces
of the CoFe layer.) In the specific case of the single CoFe layer
structures, the total LL. damping of the system is

o = OcoFe + Aasp(tCOFf:)~ (4)

Eq. (3) and Eq. (4) predict a linear dependence of « on 1 /#cope,
which is consistent with the data in Fig. 4. A linear regression
fit to the data in Fig. 4 yields ocope = 0.00462 £ 0.00004 for
the LL damping in bulk CoggFeyo, and g}t = (2.48 + 0.04) x
10" m—2.

In order to model the total spin-pumping contribution to LL
damping in ML structures, we require the intrinsic spin-mixing
conductance g™ of a single CoFe/Pd interface. This value
cannot be obtained from the data in Fig. 4, since the individual
contributions from the seed and capping layers cannot be
separated. In addition, we require the spin-diffusion length
for Pd, Apq, because the depolarization of pumped spins in the
Pd layer depends on the thickness of the Pd layer relative to
Apd. In other words, the thicker the Pd layer, the more likely
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FIG. 5. (Color online) The damping parameter o for ML struc-
tures with a single CoFe layer and a fixed CoFe-layer thickness of
2 nm, plotted as a function of Pd-capping-layer thickness. The plot
includes a fit of the data to Eq. (5)—(7) (solid red/dark gray line).
To the right of the figure, we indicate the relative contributions to
a by spin pumping at the top CoFe/Pd interface, bottom CoFe/Pd
interface, and the intrinsic, bulk-like damping of the CoFe layer itself.
A schematic of the sample structure and a magnified view of the data
over a narrower range of damping values are included at the top.

it is that a spin-flip scattering event will occur before a spin
returns to the CoFe/Pd interface. To determine Apq and ggj
for the CoFe/Pd interface, we deposited a series of samples
with a constant CoFe layer thickness of 2 nm and a varied Pd
capping-layer thickness #p4, as shown schematically in Fig. 5.
We show in Fig. 5 the dependence of « on fpg. The enhanced
damping due to spin pumping is now described by*?

18 ’
gea LT (5)
47 M feoFe
The additional bracketed term on the right accounts for
the return of spins to the CoFe/Pd interface; the fraction
of pumped spin current that manages to reflect from the
Pd/air interface and return to the ferromagnet adds angular
momentum (previously lost) to the ferromagnet, thereby
reducing the effective spin-mixing conductance. The factor of
2 in the exponent assumes that the Pd/air interface is a perfect
reflector of spin. (Spins that reflect from the Pd/air interface
must traverse a total distance that is twice the thickness of
the Pd layer before returning angular momentum to the CoFe
layer.) We define the effective spin-mixing conductance of the
Pd capping layer as

Aapi = gig

—2pg
8t paltea) = ghy (1 —e7n). (©)
The total effective spin-mixing conductance of the single CoFe
layer structure is given by
N ™
8eff = 8eff_sced T 8eff _pg (tpa)- @)

The data in Fig. 5 show an exponential dependence of «
on fpg, with an asymptotic value of ¢ = 0.0218 £ 0.0002 as
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fpy — 0O and an intercept value of = 0.0158 &£ 0.0005 at
tpg = 0. The enhanced damping at fpq = 0 is due solely to spin
pumping into the seed layer, whereas the continuous increase
in o with increasing #pq is due to spin pumping in the Pd cap.
As seen in Fig. 5, the seed layer enhances o by Aogeeq relative
to the bulk CoFe value of acore = 0.0046 that was determined
previously. The asymptotic value at #,; — 0o can then be

used to determine ggj once Adgeeq 18 accounted for.

A fit is included in Fig. 5 with gﬁ,j s geTftccd’ and Apq as the
fitting parameters. The fit yields values of ggj = (1.07 £
0.13) x 10" m~2, gl = (2.01 £ 0.10) x 10" m~2, and

Apg = (8.6 £ 1.0) nm. The fitted spin-diffusion length is within
error bars of a previously reported room-temperature value of
9 nm*? that was obtained in a similar manner as discussed
here. Similarly, the fitted value for g;,(f is very close to the
previously reported value of 0.9 x 10" m~2 from the same
study.*? It is interesting to point out that the measurements in
Ref. 42 were performed using an in-plane geometry. Thus, the
spin-pumping process is largely unaffected by the direction of
magnetization.

C. Spin-pumping effects in ML structures with two CoFe layers

We showed in the previous section that the spin-pumping
mechanism provides an adequate explanation for the depen-
dence of damping on Pd capping-layer thickness in a sample
system with a single CoFe layer. We now present results for a
ML sample system where a Pd layer is inserted between two
CoggFejg layers. Such a sample allows us to examine how spin
pumping affects damping when a spin current generated by one
CoFe layer interacts with a second CoFe layer. A schematic of
this structure presented in Fig. 6(a). For this sample system,
we deposited a variable-thickness Pd layer of thickness 7ot
(hereafter referred to as the Pd interlayer) in the center of
a 2-nm-thick CoFe layer, effectively dividing the CoFe layer
into two 1-nm-thick layers.

We show the dependence of « on tli)‘(‘]t in Fig. 6(b). The
damping is rapidly enhanced as tfi,‘g increases from O to 3 nm.
The horizontal lines included in Fig. 6(b) indicate the values of
« for the ML structures with a single 1- and 2-nm-thick CoFe
layer. (The value of « for a single 1-nm-thick CoFe layer was
obtained by interpolation of the data in Fig. 4.) Over the range
of t}i,’(‘f = 0-3 nm, the damping is seen to linearly increase from
the expected value for a ML with a single 2 nm CoFe layer
to that of a 1 nm CoFe layer. For t[i,‘g > 3 nm, o continues
to increase with increasing tli,‘(‘i‘, albeit at a much more gradual
rate.

The data in Fig. 6(b) appear to suggest that the primary
role of the intermediate Pd layer with regard to damping is to
simply decouple the two 1-nm-thick CoFe layers from each
other, such that, in the limit of an infinitely thick intermediate
Pd layer, the spins pumped into the cap and seed layers are
only drawn from the respective spin reservoirs formed by the
individual 1-nm-thick CoFe layers adjacent to the cap and
seed layers. A striking feature of this decoupling is the manner
in which the damping associated with spin pumping at each
interface simply adds together to yield the net damping of
the total ML structure. In other words, the decoupling does
not result in two degenerate resonances, each with a different
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FIG. 6. (Color online) (a) Schematics of the sample structure of the ML structures with only two CoFe layers separated by a Pd

interlayer. (b) Plot of « as a function of Pd interlayer thickness ¢

. The lower horizontal line corresponds to the measured value of

o shown in Fig. 4 for a ML with a single 2-nm-thick CoFe layer. The upper horizontal line is extrapolated from the data in Fig. 4
for the unmeasured case of a ML with a single 1-nm-thick CoFe layer. The solid line is the theoretically predicted values of o by use of
Eq. (8) for a 1 nm CoFe layer. (c) Plots of My and (d) M, vs increasing Pd interlayer thickness. The inset in (c) is the 7 GHz spectrum of the
FMR mode and fit for the £ = 8 nm sample. The inset in (d) is an example of SQUID hysteresis data that were used to determine M,.

linewidth as a result of the different spin-pumping—induced
damping in each layer. Instead, the two CoFe layers appear to
be decoupled with regard to the spin-pumping mechanism but
still coupled with regard to the net damping process.

To gain further insight into the dependence of o on tli,‘:f,
we consider the dependence of Mg on t]i)%‘, which is shown
in Fig. 6(c) as the filled black circles. As is the case for the
damping data in Fig. 6(b), the expected values of M.y for
individual 2-nm- and 1-nm-thick CoFe layers (determined
from Fig. 4) are indicated with horizontal lines. Over the
range of tli)‘a‘ = 0-3 nm, M. decreases rapidly with increasing
#iM, such that Mg approaches the value observed for the
1-nm-thick CoFe layer in the structures with a single CoFe
layer in the limit of infinite intermediate-Pd-layer thickness.
One explanation of this effect is that the electronic orbital
states that drive the interfacial anisotropy depend strongly on
the separation of the CoFe layers by Pd for intermediate layers
up to ~3 nm thick.®* Alternatively, this decrease in Mg
could result from the decreasing coupling between the layers
as they progressively become independent 1-nm-thick layers
at large values of .

Evidence for a longer range magnetic coupling between
the two layers is apparent in the weaker FMR spectral peak at
lower applied fields. We attribute this peak to an optical mode
for the two CoFe layers, whereby the two layers precess with a

180 degree phase difference. The angular misalignment of the
two layers results in an additional exchange field H. acting
on each layer. Under such circumstances, the spectroscopic
effective magnetization for the optical mode M:}?t is given
by M:gf = M; — H; — H. The splitting between the optical
mode (magenta triangles in Fig. 6) and acoustic FMR modes
is a measure of the exchange field that couples the two layers.
We see from the data in Fig. 6(c) that the interlayer coupling
falls off rapidly with increasing Pd thickness for tfi,'zlt < 4 nm,
but then persists with a much slower rate of reduction for £ >
4 nm. Even at t]i,‘g = 8 nm, 0.1 T of splitting remains between
the optical and acoustic FMR modes. The coupling between
the CoFe layers prevents them from precessing independently,
as evidenced by a single spectral peak for the acoustic FMR
mode that is well fitted by the LL equation for a single mode,
an example of which is presented as an inset in Fig. 6(c)
(f =7 GHz, tli)'g = 8 nm). (The existence of two independent
nondegenerate modes or two independent degenerate modes
with unequal linewidths would show a deviation from the LL
equation fit. It is unlikely that two independent degenerate
modes would have equal values of linewidth since the effective
spin-mixing conductance values of the top and bottom layers
are different.)

We also performed superconducting quantum interference
device (SQUID) magnetometry on the same samples to
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measure the saturation magnetization M;, which is shown in
Fig. 6(d). An applied field of uoH = 100 mT was sufficient
to fully saturate the magnetization, as shown in the inset
in Fig. 6(d). M; was determined by normalization of the
measured moment by the nominal volume of CoFe. The bulk
spectroscopic value of uoM; = 1.80 T, as determined by
extrapolation of the FMR data in Fig. 4, is also indicated in the
figure. All measured values of M| for the ML structures are
greater than the spectroscopic bulk value. M; initially increases
with increasing 77} until it peaks at 1 nm. The magnetization
then drops slightly with increasing intermediate-Pd-layer
thickness until it saturates for £ > 3 nm. We interpret the
enhancement of M; relative to the spectroscopic bulk value
to be a result of the partial polarization of Pd atoms that are
within a few nanometers of CoFe, consistent with theoretical
predictions and previous experimental results.>'**>* In other
words, the first few nanometers of Pd in contact with CoFe are
magnetic, therefore mediating exchange-coupling between the
two CoFe layers. In fact, exchange coupling through several
nanometers of Pd in Fe/Pd ML structures was previously
reported.**° Such exchange coupling would partially explain
the transition of o from a value measured with a single
2-nm-thick CoFe layer to a value equal to that of a single
1-nm-thick layer; as the exchange coupling between the CoFe
layers is reduced with increasing tfi,‘(‘f, the magnetic layers
increasingly behave as isolated layers.

Itis clear from the data in Figs. 6(c) and 6(d) that, in fact, two
distinct mechanisms couple the two CoFe layers through the
intermediate Pd layer. A shorter-range mechanism correlates
the presumptive spin polarization induced in the Pd due to
proximity to the CoFe layer. Such a mechanism is reminiscent
of the direct exchange that can exist between two proximate
ferromagnetic layers, as in exchange spring structures.>® How-
ever, a longer-range coupling mechanism appears to extend far
beyond the 2 nm range of the proximity-induced polarization in
Pd. Given the measured spin diffusion length of Apg & 9 nm for
Pd, we conclude that the longer-range coupling is facilitated by
the so-called dynamic exchange interaction, whereby the spin
current generated by spin pumping in one ferromagnetic layer
is then absorbed by a second ferromagnetic layer separated
from the first by a nonmagnetic spacer layer.'® As long as the
spacer layer thickness is less than the spin diffusion length,
the dynamic exchange mechanism can effectively couple the
precessional dynamics of two magnetic layers, causing the two
layers to exhibit identical values for the linewidth in the event
that the resonance fields for the layers are degenerate.’’

Returning to the data in Fig. 6(b), we see that « for
samples with 7 > 3 nm is enhanced above that predicted
for an individual 1-nm-thick CoFe layer. In the context of the
previous interpretation of the damping enhancement as a result
of spin pumping, these data indicate that spin pumping into
the Pd interlayer also contributes to the net damping. Thus, in
the limit of large-Pd-interlayer thickness, the net damping for
the ML with two 1-nm-thick CoFe layers behaves as though it
were a single 1-nm-thick CoFe layer (by virtue of the dynamic
exchange coupling) with spin pumping into a 3 nm Pd cap, a
Pd/Ta seed layer with 3 nm of Pd and 3 nm of Ta, and a third
damping channel associated with spin pumping into the Pd
interlayer. We assume that the spin current originating in one
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of the CoFe layers via spin pumping is reabsorbed by the other
layer, partially compensating for the loss of spin that results
in enhanced damping. If we use an effective spin-mixing
conductance for the entire ML given by

™ _ N N _
8eff ML = 8eff sced T 8eff_pa(fpa = 3nm)

_int

_'Pd
gl —en), (8)

the additional enhancement due to the Pd interlayer can be
described. (Note that the factor of 2 is no longer present in the
exponent since the pumped spins are assumed to travel directly
from one CoFe layer to the other CoFe layer, and therefore, the
pumped spins travel only a distance of t]i)‘a‘ in the Pd.) Equation
8 is plotted in Fig. 6(b) as the solid black curve using a value of
tcore = 1 nm. While this equation overestimates values for o,
the experimental data are seen to approach this curve at larger
values of .

We can further improve upon this model by consideration
of the value of fcr. used in the calculation of «. Both M. and
a show a smooth transition from the expected behavior of a
2 nm CoFe film to that of a 1 nm CoFe film as the Pd interlayer
thickness is increased. In other words, upon insertion of the Pd
interlayer in the middle of the 2 nm CoFe layer, the magnetic
properties do not immediately resemble two isolated 1 nm
CoFe layers. In fact, the system behaves as if the thickness of
the CoFe layer is steadily reduced over several nanometers of
tint,

We therefore introduce an effective thickness 1, of the
CoFe layer. Since the two CoFe layers are exchange coupled
to some degree, a particular CoFe layer has a larger spin bath
available to it than the number of spins contained within the
layer itself. As a result, despite the 1 nm physical thickness
of the CoFe layers, the effective volumes of the CoFe layers
are enhanced as a result of the availability of additional spins.
We assume that the available spins are a function of the Pd
interlayer thickness that decreases as 7.1\ increases (i.e., as the
exchange interaction decreases). Thus, we define the effective
thickness as tgffFe (tcoFe, tfi,‘zlt) = fCope + e(tfi,‘(‘it) tcore, Where e;"(tfi,'(‘jt
is the effective coupling between the layers (see supplementary
material for details®?). If we assume that (7)) is the same for
the anisotropy and damping process, then we can generate
approximate values of tgffFe from the data in Fig. 6(c) by
applying the relationship extracted between M. and fcope in
Fig. 4.

Figure 7(a) is a plot of the values determined for #&T. as
a function of 7. Values of « calculated using the effective
thickness and the effective spin mixing conductance given in
Eq. (8) are plotted in Fig. 6(b) as the red open triangles. Below
tfi,"t = 2 nm, the model reasonably describes the experimental
data despite the fact that it still overestimates «. However,
above t}i)‘(‘jt = 2 nm, the model is in good quantitative agreement
with the data. The deviation of the model from the data at tfl,'g <
2 nm is not surprising when considering the complex (and not
fully understood) coupling between the layers, as well as the
influence of the polarized region within the Pd layer, which
cannot be fully accounted for in the model. In other words,
the assumption that e(tli,‘(‘i‘) is the same for the anisotropy and
damping process may not strictly hold within the first few

nanometers of Pd.
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FIG. 7. (Color online) A plot of (a) the effective thickness zgffFe
and (b) o as a function of the Pd interlayer thickness. The open
triangles are the predicted values of « obtained with the model using
el

IV. DISCUSSION

The data presented in Fig. 5 along with the fitting result
showing geTfteed ~ 2 gllj warrant additional discussion. Even
if the Pd/Ta interface were to act as a perfect spin sink,
which depolarizes all of the incident spin current, an incorrect
interpretation of Eq. (6) would lead us to expect g;teed < g;i ,
based on the fact that the flux of spins being pumped into the
top and bottom Pd layers would be identical and cannot exceed
gg,(f . This interpretation is in contrast to the experimental data
presented in Fig. 5, which shows ggfteed > ggj . The differing
values for g;teed and ggj can be reasonably explained if one
assumes that the spin current is diffusive in the Pd layer;>* any
given spin that is pumped from the CoFe layer into an infinitely
thick Pd layer has a finite probability of diffusing back to the
CoFe/Pd interface before a spin-flip event depolarizes the spin
in the Pd layer. In the limit of purely diffusive spin transport and
a large ratio of the spin diffusion length (spin-flip scattering)
to spin mean free path (spin-conserving scattering), it can be
shown by a straightforward one-dimensional calculation that
there is an ~61% probability for a spin to diffuse back to
the magnetic layer before depolarizing (see supplementary
material®®). As such, the fitted value for gl by use of
Eq. (5) and Eq. (6) is in actuality ~2.6x smaller than the
true, intrinsic spin-mixing conductance associated with the
CoFe/Pd interface because the damping is enhanced by only
39% of the maximum possible amount. On the other hand, in
the limit of an infinitesimally thin Pd layer bounded by a perfect
spin sink, the probability reduces to zero for a spin to diffuse
back to the CoFe/Pd interface before a spin-flip scattering
event, and the resultant enhancement of damping would be
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maximal. This would explain the approximate 2 x difference
between the fitted values for ngﬁmd and gll(f , assuming that the
Pd/Ta interface is indeed a strong spin sink and the Pd layer
thickness is comparable to or less than the spin mean free path.
Previously reported data indicate that 5-nm-thick Ta is indeed
an effective spin sink.?

It has been argued that spin-diffusion theory is not ap-
plicable for Pd films thinner than the electronic-momentum
mean free path, estimated to be in excess of 9 nm.*?
However, the evidence for proximity-induced magnetization
in Pd suggests that there is a significant degree of exchange
overlap between the carriers in Pd. Such exchange coupling,
even if insufficient to sustain ferromagnetic order at finite
temperature, is presumably an effective mechanism for the
propagation and diffusion of spin in conductors. If exchange is
the dominant mechanism for spin diffusion in Pd, as opposed
to diffusion of spin-polarized carriers, one would expect an
extremely short spin mean free path, though in this case, the
scattering events that transfer spin from one carrier to another
via exchange would still conserve angular momentum. This is
in contrast to scattering processes that do not conserve spin,
such as the spin-paramagnon scattering process postulated in
Ref. 42. As such, we conjecture that the spin mean free path
is much shorter than the spin diffusion length in Pd, where the
former refers to a spin-conserving scattering process, and the
latter refers to a non-spin-conserving scattering process.

The reasonable agreement between the data and model
presented in Fig. 7(b) indicates that spin pumping is sufficient
to explain the dominant contribution to the enhanced damping
observed in the Pd/CoFe/Pd/CoFe/Pd system. The natural
next step is to apply this model to full CoFe/Pd multilayer
systems. In this case, we follow the same procedure used
in modeling the Pd/CoFe/Pd/CoFe/Pd system, but instead
insert 11 Pd interlayers into a CoFe layer that has a total
thickness of 12 x Mk . This model produces a multilayer
structure with 12 bilayers that is comparable to the samples
that were experimentally measured. By using the same
proportionality relationship between pg and tg:fFe determined
in Fig. 7(a), the effective thickness of #cop. in the multilayers
was approximated and is reported in Table I for the ML
samples measured in this study. The values of o calculated
using the effective thickness and Eq. (8) are also reported in
Table I, along with the experimentally determined values of
«. Reasonable quantitative agreement is found between the
calculated and experimentally determined values of o when
ML > 0.5 nm. For values of 1>, < 0.5 nm (shaded data in
Table I), the model overestimates .

The disagreement of the model for M= < 0.5 nm is
not surprising considering that a monolayer of CoFe is
approximately 0.3 nm. Thus, at 1M = 0.5 nm, the coverage
of CoFe is less than 2 monolayers. From a spin-pumping
perspective, a Co or Fe atom that is in contact with both
interfaces (as is the case for a single monolayer) will be
performing ‘“double duty,” and it is reasonable to assume
that the pumped spin currents into either interface would be
reduced relative to the situation where Co or Fe atoms are in
contact with only one interface. Thus, we speculate that the
spin-pumping contribution to the damping would be reduced
as the CoFe layer decreases below 2 monolayers. In addition,
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the thickness range of the Pd is within that of the short-range
interlayer exchange coupling displayed in the data in Fig. 6
(tfi,‘élt < 3 nm). As such, we expect the dynamic exchange
coupling between the layers to be nearly maximal. The effect
of such exchange coupling in the spin-pumping or damping
process is still not understood. This highlights the fact that, to
our knowledge, there is an absence of a theoretical description
of the exchange interaction and the effect that the polarized
Pd has on the spin-pumping and damping process. Such a
description would be invaluable to more accurately model the
damping process in the full multilayer structures. Finally, we
have thus far treated the interfaces as ideal transitions from
one material to the other. It is certainly reasonable to expect
some intermixing of the interfacial species. Such effects would
be more pronounced as 1>, is reduced to a single monolayer.

V. CONCLUSIONS

We systematically measured « in CoFe/Pd multilayers with
varying thickness and CoFe:Pd thickness ratios using perpen-
dicular geometry VNA-FMR. Of importance to technological
applications, we find that o varies between 0.016 and 0.04
and that the large values of o previously reported were likely
due to inhomogeneous broadening. We explicitly show that
the inhomogeneous contribution to the linewidth cannot be
ignored in the measurement of the damping parameter, which
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is especially true in samples with significant perpendicular
anisotropy. In fact, our data show that the inhomogeneous con-
tribution to the linewidth increases as the anisotropy increases.
In contrast, we show that « is independent of anisotropy,
but it depends instead on the thickness of the CoFe and Pd
layers. We quantified the spin-pumping contribution to the
enhanced damping of the system by taking the spin-diffusion
length of Pd and the spin-mixing conductance of the CoFe-Pd
interface into account. From the experimentally determined
parameters of the spin-mixing conductance and spin-diffusion
length of Pd, as well as an inferred effective magnetic volume
that accounts for both static and dynamic exchange coupling
between magnetic layers, we were able to quantitatively model
the damping parameter in Pd/CoFe /Pd/CoFe/Pd multilayers.
The model captures the essential qualitative observation that
increased Pd spacing between the CoFe layers leads to
enhanced damping. We conclude that spin pumping adequately
describes the dominant source of enhanced damping in these
materials.
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