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The transport of magnetization across a metallic ferromagnetic-paramagnetic bilayer is investigat-
ed using electron spin resonance. The ferromagnetic resonance and transmission electron spin reso-
nance of films of palladium-iron alloys (Pdjp0_xFex, 0.5 <x <4) on copper foils are measured. The
data are analyzed using a phenomenological model with two proposed mechanisms to couple the
magnetizations in the film and the copper. One mechanism is the diffusion of electrons across the
interface; the other is an exchange torque across the interface. The dominant coupling mechanism
is found to be diffusion of electrons. The model, in addition, accounts well for the angular variation
of the spin resonance signal at a fixed temperature. Finally it describes moderately well the varia-
tions with temperature of the spin resonance signal over the temperature range in which the magnet-
ization and ferromagnetic resonance linewidth of the ferromagnetic film are varying dramatically.

I. INTRODUCTION

This paper describes an investigation of the transport of
magnetization across a metallic ferromagnetic-
paramagnetic interface. When there is good electronic
contact between the metals, there is a coupling between
the ferromagnetic resonance (FMR) and the conduction
electron spin resonance of the paramagnet."? This cou-
pling affects the magnitude, phase, and width of the
transmission electron spin resonance (TESR) of a bilayer
sample. The questions we address are the following:
What is the microscopic origin of the coupling and how is
it influenced by the bulk properties of the ferromagnet?

The initial results on conduction electron spin reso-
nance (CESR) in a homogeneous metal® were explained by
Dyson* in terms of the excitation in the skin depth of a
spin eigenmode in the bulk of the paramagnetic metal.
The same basic mechanism determines the transmitted
signal through a plane slab of a pure metal.>®

The CESR of coupled metallic systems has been studied
using a variety of bilayer samples. The results for double
layers of Al:Zn,” Cu:Li,®~!° Mn:Li,'° and Al:Na (Ref. 10)
were interpreted in terms of surface relaxation at the inter-
face™!? and by an appropriate averaging over the electron-
ic properties of each layer.! To explain the TESR of
Nb:Cu bilayers'! required an analysis of the relaxation at
the interface and of the relaxation via transmission of an
electron into the niobium film and its subsequent relaxa-
tion. The latter process is affected by the properties of
the niobium film.

By implanting >*Mn ions in copper a different type of
inhomogeneous material was made.!?> The analysis of the
simple cases by Hurdequint!®* and Walker'* showed two
characteristics: the eigenmode for the CESR was deter-
mined by an averaging over the alloy properties and the
magnitude of the response to the microwave excitation
was determined by the susceptibility of the implanted
layer.

The separation of the spin resonance response into the
eigenmode and the characteristics of the excitation mech-
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anism was exploited by Silsbee, Janossy, and Monod
(SIM) (Ref. 2) in their study of ferromagnetic-
paramagnetic bilayers. In SJM, the TESR of Permalloy,
nickel, and iron films on copper was reported. They
showed that the FMR determines the amplitude and
phase of the enhancement of the TESR and developed a
phenomenological theory to describe the bilayer. Their
model for the coupling introduced a magnetization
current due to the transmission of conduction electrons
across the interface. The conduction electrons in the fer-
romagnet are polarized by the exchange field. The dif-
fusion of those electrons into the copper provides a
greater source of transverse magnetization than does the
direct excitation by the microwave fields in the copper’s
skin depth.

In the experiments of SIM the ferromagnetic films were
all materials with Curie temperatures well above room
temperature, while the experiments were necessarily per-
formed at 30 K or below in order to avoid excessive
broadening of the TESR. This precluded the possibility
of varying the important parameters of the ferromagnetic
film, its magnetization 47M, and its ferromagnetic
linewidth, in order to test the validity of the proposed
model. Further, the strong FMR of the SJM samples de-
tuned the microwave cavities so much that meaningful
data could be obtained only with the FMR and TESR at
very different fields. In the experiments described here,
the Pd:Fe alloys have been specifically chosen to provide a
Curie temperature near the experimentally available tem-
perature range. In this way we have been able to follow
the behavior of the coupled resonance over a wide range
of the 4wM and FMR linewidth of the ferromagnetic
films. An additional benefit was that the weak fer-
romagnetism allowed measuring the behavior of the cou-
pled resonance for all achievable relative values of FMR
and TESR resonant fields. These features of the current
experiment have allowed a much more critical test of the
phenomenological model of STM.

The organization of this paper is as follows. Section II
describes the phenomenological theory discussed by SIM
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and proposes an additional coupling mechanism via ex-
change torques across the interface. Section III contains
the experimental details. In Sec. IV are the results for the
FMR. The TESR results are in Sec. V. The conclusions
are found in Sec. VI, which may be read first.

II. THEORETICAL MODEL

A phenomenological theory for a ferromagnetic-
paramagnetic bilayer has been discussed by SJM. For the
present work, we will briefly review that model focusing
on the question of what information about the microscop-
ic system is contained in the measured TESR. The cou-
pling between the ferromagnet and the paramagnet is
described by a boundary condition on the magnetization
current at the interface between the metals and incorpo-
rates a phenomenological constant, I'. The magnitude of
I' is a measure of the strength of the coupling. Whether it
is real or imaginary is determined by the physical mecha-
nism of the coupling.

A. TESR of the ferromagnetic-paramagnetic bilayer

The phenomenological theory of the response of a fer-
romagnetic film on a paramagnetic foil has been described
by SIM. For the system under study here, with
47mM, << H,, the deviation of the direction of the magnet-
ization in the ferromagnet from the direction of the ap-
plied field is small, a circumstance which allows substan-
tial simplification of that analysis. The geometry is as
shown in Fig. 1. A ferromagnetic film of thickness f is in
contact with a paramagnetic foil of thickness p. The
plane of the sample defines the x-y plane. The origin of
the z axis is taken to be at the interface. We consider first
the case of a static field of magnitude H, applied in the z
direction. A circularly polarized microwave field of mag-
nitude 4 is incident on the sample from the negative z
direction.

The object of the calculation is to find the magnitude of
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FIG. 1. Geometry for the bilayer calculation

the microwave field radiated from the vacuum surface of
the paramagnet. However, from the solution for the
TESR of a single foil,!! it is known that the transmitted
microwave field is proportional to the amplitude of the
transverse magnetization at the back surface. Thus, for
this calculation it suffices to find the amplitude of the
transverse magnetization at z =p. The signal is then pro-
portional to that amplitude. The constant can be calculat-
ed, but instead we will include it in the overall gain of the
spectrometer when doing the data analysis.

The magnetization in the ferromagnetic film is modeled
as arising from two sources: localized d-electron mo-
ments which comprise the ferromagnetic moment M, and
s-like conduction electrons. The uniform precession of
the local moments is the ferromagnetic resonance. The
conduction electrons are coupled by exchange to the local-
ized moments. Since the magnetization of the conduction
electrons is much less than the magnetization of the local
moments, the effect of the s electrons on the d electrons is
ignored. The s electrons in the ferromagnet are assumed
to diffuse across the metallic interface into the paramag-
net; diffusion from the paramagnet to the ferromagnet
also occurs. This diffusion couples the magnetization in
the two metals. The magnetizations may also be coupled
by exchange, as will be explained below in the discussion
of the boundary condition at the interface.

The motion of the conduction electrons in the fer-
romagnet and paramagnet are described by Bloch equa-
tions with diffusion, subject to the boundary conditions
described below.

Specifically, the transverse magnetization is described
by

dmx‘y (m—XH)x,y
dr 7, Ve @

where H is the applied field and J,, = —DV(m—XH) is
the magnetization current. The other symbols have their
usual meanings. It is the instantaneous nonequilibrium
magnetization that enters the relaxation and diffusion
terms.'>!¢ The driving term for the conduction electrons
in the ferromagnet is the rotating component of the ex-
change field, AM. That is, the conduction electrons are
driven by the FMR. The resonant field for the s electrons
in the ferromagnet is dominated by the static component
of the exchange field, AM,. The conduction electrons in
the paramagnet are driven by the applied microwave field.
The resonant field is set by the static applied field, H,.

The Bloch equations for the rotating components of the
conduction electrons’s nonequilibrium magnetization be-
come

lity s AMo—0)+(1/T; —D;V*)]8ms=ioX AM®,  (2)
[i(ypHo—)+(1/T,—D,V?*)18m, =iwX,he ~1+12/8 |
3)

=y(mXH),, —

where

h is the amplitude of the applied microwave field, 8 is the
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skin depth in the paramagnet, and T}, D;, X;, y; are the
T,, diffusion constant, susceptibility, and gyromagnetic
ratio for the conduction electrons in the ferromagnet and
the paramagnet, and M° is the rotating component of the
local moments’s transverse magnetization (see Sec. IIC).
The assumption of the classical skin effect simplifies the
calculation and only introduces a phase error of ~15°
The anomalous skin effect can be incorporated in an ad
hoc manner at the end of the calculation.

At the metal-vacuum interfaces we assume there is no
surface relaxation; J,, =0 at z=—f and p. We also as-
sume that there is no surface relaxation at the metal-metal
interface s0 Jp, |, _o+=Jm | ,_o—- The last boundary con-

dition at the interface is that at z =0,
Sm f . 6"’11,

8 (4)
Xg Xp

Jm=To

where dmy (dm,) and Xy (X;) are the nonequilibrium
magnetization and the susceptibility of the conduction
electrons in the ferromagnet (paramagnet). The physical
interpretation of I'y will be discussed below. The argu-
ment for setting the magnetization current proportional to
the difference in the scaled nonequilibrium magnetiza-
tions at the interface can be found in STM.

B. Models for the mode coupling, 'y

We will present two models for the microscopic mecha-
nism for the transfer of magnetization from the ferromag-
net to the paramagnet. The first involves the diffusion of
electrons across the interface for which I'y is real. The
second is based on an exchange interaction at the interface
that produces a torque on the paramagnetic moments by
the ferromagnet for which I'y is imaginary.

For the mechanism of magnetization current via dif-
fusion, Ty can be estimated from a kinetic argument.”!’
A rough estimate of T gives

X?‘Upftf vaFptp
0 - ’
4 4

where vg;, X;, and ¢; are the Fermi velocity, susceptibility,
and interfacial transmission coefficients for the conduc-
tion electrons in the ferromagnet (f) and paramagnet (p).
The second equality is assured by detailed balance. The
susceptibility enters through its proportionality to the
density of states at the Fermi energy. In the paramagnet,
it is the Pauli susceptibility; in the ferromagnet, it is the
unenhanced Pauli susceptibility of the conduction elec-
trons. The superscript on X? is included to emphasize
that this is not the total susceptibility of the conduction
electrons.

The second model for the coupling is based on the ef-
fects of exchange between metals. Suppose the interface is
considered to be a layer-one atomic cell thick in which the
magnetization of one metal, M, and that in the other, m,
can interact via exchange. Each magnetization will exert
a torque on the other causing a transfer of angular
momentum and hence magnetization across the interface.
Initially, the two metals will be assumed to be both
paramagnetic, then the extension to one being ferromag-
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netic will be made.

The exchange torque per unit cell of the interface will
be proportional to JM X ma®/B?, where J is the exchange
constant and a? is the cell volume. It will also be propor-
tional to J,,a2. Including the appropriate constants re-
sults'® in an expression for I'y:

4
ro:i é? XmMO ’ (6)

where y=pfB/h, B is the magnetic moment, and
My =Xy Hy has been used for the ferromagnet.

The result of this heuristic argument is that if the mag-
netizations in the two metals are coupled via exchange,
the phenomenological coupling constant will be imaginary
rather than real as in the case of diffusive coupling.

To estimate the relative size of these two possible mech-
anisms, we use My ~NB=f/a’, y=B/h and a < 1/kp
to find

Ty I(torque) J
= | |, (7
| o(diff) et

where er is the Fermi energy. One might expect

0.01<J/er<0.1 s0 I'5/T<1 as long as ¢ >0.1. Thus,
this theoretical model does not strongly determine the rel-
ative importance of the mechanisms.

C. Ferromagnetic resonance

For the purposes of this experiment, the ferromagnetic
resonance (FMR) will be described by simple Bloch equa-
tions. With the assumptions that the film thickness is
much less than the skin depth and that the internal mag-
netization is much less than the applied static field, both
assumptions being applicable in this experiment, the rotat-
ing transverse component of the magnetization is given by

M°=(M, +iM,)e ~'*"
(iHp+AHg)hMy/Hg

= AH;+i(H—H) ®

where we have assumed a time dependence of e *'** and h
is the magnitude of the applied microwave field, M, is
the internal magnetization, AHr=1/yrTF is the half
width at half maximum of the FMR line, and Hp is the
resonant field. We note that Hy is the magnitude of the
applied field at which resonance occurs. It is a function
of the frequency of the microwave field, the internal mag-
netization and the demagnetizing factors.

For a plane slab, Hr=H, =w/yr+47M, for H, per-
pendicular to the slab, and

Hp=H)={—-2nMo+[(27Mo)+0’/7F]'?}

when Hj is parallel to the slab. By measuring the FMR
with the applied field perpendicular and parallel to the
film, the internal magnetization and gyromagnetic ratio
can be determined from

4rMo=[2H, +H —(5H}+4H H)"*]; o
[0)

YF= Hl—47TMO ’
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In this experiment we will use the orientation depen-
dence of the FMR in two ways. The first is to measure
the magnetization and g value of the ferromagnetic film.
The second is to exploit the fact that a particular value of
Hp can be associated with many combinations of M, and
field orientation. For example, a coincidence of the
resonant fields for the FMR and the TESR can be ob-
tained for a large M with the field nearly parallel to the
sample or a small M, with the field close to perpendicu-

J

lar. This will be used to distinguish the effects on the
TESR of the magnitude of M, and the alignment of the
TESR and FMR field.

D. Solution for TESR of bilayer

Combining the coupled Bloch equations with the
boundary conditions gives the solution for the magnitude
of the magnetization at z =p,

, (10)

by the FMR. A comparison of the amplitude of the

) iToY8  X,8(1+i) iToYAM, (iypHp+1/TF)
‘7D, 2 T q Qp-Hy
B,=
. LY
D, k,sinh(k,p)+ X, cosh(k,p)
[
with
Dykgsinh(ksf)

Y= ,
Dykysinh(ksf)+(To/X p)cosh(ksf)

Dij?=1/Tj+i(yjsz—w)sﬂj forj=f,p,

Hy=AM, and H,=H, .

The first term in the numerator of Eq. (10) is smaller
than the second unless the mean free path in the paramag-
net is less than the skin depth. In this experiment, the
conditions for the anomalous skin effect prevail, so the
first term will be ignored.

The second term in the numerator of Eq. (10) is the am-
plitude of the magnetization driven directly by the applied
microwave field. The third term is the amplitude driven

J

. r
D,k,sinh(k,p)+ }—;COSh( kpyp)=p 2XD

The line shape would be Lorentzian, ignoring the possible
field dependence in T".

There are two important limiting cases defined by the
size of TIp/2X,D,. In the weak-coupling limit,
| Tp/2X,D, | <<1, the effective relaxation rate is

1 1 r’

T, T, Xp ’

(11)

where I'" is the real part of I'. The effective value of y,, is

’”

Yo=Yp X,pH, ’ (12)
where I'"” is the imaginary part of I". That is, any cou-
pling via diffusion will broaden the line and any coupling
via exchange will shift the resonance. The magnitude of
B, will also be proportional to the magnitude of the cou-
pling through the factor of I in the numerator.

These intuitive results do not hold in the strong-

{i(cz)_ypHo)+—l‘+ -
p

TESR with a ferromagnetic layer present to that without
shows experimentally that the third term dominates.
Therefore only the coupling to the FMR will be con-
sidered in the rest of this analysis.

The phenomenological constant 'y always appears in
this equation modified by Y. We will define the effective
coupling by I'=I'yY. In most of the analysis, the factors
I'p and Y cannot be disentangled.

The resulting expression for B, has the form of a driv-
ing term determined by the FMR and a TESR denomina-
tor modified by a term proportional to the coupling T.
To determine I" involves fitting the data to the expression
in Eq. (10). However, it is useful to examine the reso-
nance denominator in the limit of | k,p | << 1. Then

F1+ I'p

2X,D,

-1
. 11
skt .

coupling limit of |I'p/2X,D,| >>1. In the strong-
coupling limit, there is no shift in the resonance, and the
effective relaxation rate is

1 1 2D,
- 13)
T, T, + 2 (

The line is broadened by the diffusion of electrons, excited
in the skin depth, across the sample for I" both real and
imaginary. In addition, the magnitude of B, is indepen-
dent of T because the factors of I" in the numerator and
denominator cancel.

The implications of the weak and strong-coupling lim-
its for the interpretation of TESR data is that measure-
ments of the linewidth and gyromagnetic ratio do not au-
tomatically determine I'/1X,, even when T, is known.
One must first determine whether the weak or strong lim-
it is applicable. In the weak limit, "'/ 1X, can be deter-
mined. In the strong limit, only a lower bound on
|T/1X, | is determined.
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Similar weak- and strong-coupling limits can be defined
in the thick limit where |k,p| >>1. The line shape in
these limits is also nearly independent of the magnitude of
the coupling. Numerical calculations'® of TESR line
shapes over a wide range of values of |k,p| and
I'p/2X,D, show that any given TESR line can be simu-
lated quite well by a variety of sets of parameters:
rs/x,, T,, D,, and amplitude. As a consequence the
determination of a correct set of microscopic parameters
from a single measured TESR line is typically not possi-
ble.

To complete the qualitative discussion of the expression
for B, we will examine Y and provide some insight into
the numerator. The quantity Y is a measure of the effect
on the conduction electrons in the ferromagnet of the in-
terfacial coupling to the paramagnet. Strong- and weak-
coupling limits for the conduction electrons in the fer-
romagnet can be defined as conditions on I'ok;/X Dy or
To/XsDysf. In the limit of weak coupling, Y becomes
equal to 1, and the effective coupling I is independent of
the ferromagnetic conduction electron dynamics. If Ty is
large, then Y ~1/T, and T is independent of I',, We will
not discuss here the estimates of the form of Y.!* Howev-
er, we note that if the coupling is not weak, then the tem-
perature dependence of Y can cause a temperature depen-
dence in I which is not associated with any change of the
of the characteristics of the interface.

For most ferromagnets Qy~7y ;AM,, because the pre-
cession in the exchange field is more rapid than the relax-
ation rate. In that case, the FMR driving term is indepen-
dent of M, and the amplitude and phase of B, are deter-
mined by the FMR denominator, z. As the temperature
approaches the Curie temperature of the ferromagnet, the
linewidth of the FMR increases. Therefore, the magni-
tude of the driving term will decrease.

This expression for B, has been derived by assuming
the static field was perpendicular to the plane of the sam-
ple. To extend this result to arbitrary orientations of the
applied field, as long as 4mMy << Hy, it is only necessary
to set Hr equal to the FMR field for the chosen orienta-
tion. Because Hy is a function of 6, the driving term will
depend on 6. In particular, when the FMR driving term
dominates the direct coupling to the microwaves, the am-
plitude and phase of the TESR will follow the amplitude
and phase of the FMR at the TESR field as 0 is varied.
Because the angular variation of the Hy depends on the
magnitude of M, this effect will be larger for large
values of M. In analyzing the TESR data, we will look
for an enhancement and apparent phase shift as 6 is
changed.

In our experiments at the lower temperatures, {1z may
be varied in amplitude by a factor of up to 55% and in
phase by up to 80° by changing the magnetic field orienta-
tion; the data are analyzed to confirm the predicted conse-
quent variation in the TESR.

The analysis of the TESR data will first establish
whether the paramagnet is in the weak- or strong-
coupling limit. In the weak-coupling limit, a measure-
ment of the ratio of the g shift to the line broadening is
used to determine the ratio of I’ to I'’, and hence the rel-
ative importance of the two proposed coupling mecha-
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nisms. Finally data at a number of temperatures will be
analyzed in terms of the model to see whether a single set
of parameters can successfully be used to describe the
TESR through the temperature range in which the 47M
of the ferromagnet and the width of the FMR are chang-
ing dramatically.

III. EXPERIMENT

This experiment consisted of measurements of TESR
and FMR on bilayers consisting of a ferromagnetic film
on a paramagnetic foil. The paramagnet chosen was
copper because it is easy to work with and is a simple
metal whose TESR is well understood.!® The ferromagnet
was chosen from a series of alloys of palladium and iron
(Pd:Fe). These alloys show a large variation of Curie tem-
perature with iron concentration?® which we have exploit-
ed to prepare alloys with T¢ near the temperatures acces-
sible for study by TESR. Because their g value is not too
far from the value for copper, there is significant overlap
of the FMR and the TESR even near T, and the analysis
does not need to consider the complications involved in
the coupling of resonances with different g values. The
Pd:Fe alloys also have narrow FMR lines?"?? and lower
magnetic anisotropy than the alloys of Pd with the rest of
the transition group. The problem with the Pd:Fe alloys
is the poor reproducibility of the films, probably due to
the difficulty of preparing homogeneous alloys.

The copper foils were cold rolled from 99.9999% pure
electrodeposited slabs from Cominco American. Sequen-
tial rolling and vacuum annealing were required to obtain
the final thickness of ~130 um. The copper was not an-
nealed after the final rolling. The defects introduced by
the rolling increase the momentum scattering relative to
the spin-flip scattering, and hence increase the TESR sig-
nal relative to the cyclotron background. The samples
were given a light mechanical polish to remove some of
the surface damage from the rollers.

The alloys were formed by arc melting in an argon at-
mosphere the correct mass ratios of Marz grade (99.99%
pure) Pd and VP grade (99.95% pure) Fe obtained from
the Materials Research Corporation. The alloy beads
were cold rolled to ~ 120 pm thickness. Slivers of the al-
loy were cut to form the evaporation source.

The ferromagnetic films were deposited onto the copper
foils using filament evaporation in a cryopumped vacuum
system with a base pressure of 1 10~7 Torr. Immediate-
ly prior to the film deposition, the copper surface was ion
milled in 3X 107> Torr of high-purity argon to remove
the top ~250 A of the copper and, especially, the copper
oxide. The 300-A films were typically deposited in one
minute. The peak pressure during the evaporation was
3 107% Torr. The samples were stored in liquid nitro-
gen, and warmed under a flow of dry nitrogen just before
use. The sample was then mounted to form the common
wall of two microwave cavities.

The measurements at 9.2 GHz were made on a su-
perheterodyne spectrometer adapted to operate in reflec-
tion or transmission.'®* Two orthogonal phase com-
ponents of the microwave signal were detected, digitized
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TABLE 1. FMR data summary

Sample Composition
No. and thickness 47M | 4.2x(G) Tc(K)? AHgpg | 4.2 k(G)° g

1 PdycFe, 1050 110+5 225+25 2.13
450 A

2 PdgoFe, 460 50+5 500+ 50 2.15
700 A (5.7 K) (5.7K)
300 A

4 PdysFe, 475 65+5 330 2.18+0.01
600 A

5 0.99 at. % Fe 310420 55+5 260+25 2.18+0.02
500 A

6 0.99 at. % Fe 375425 60+10 280+25 2.19+0.01
300 A

7 0.44 at. % Fe 185+15 25+1 250+25 2.2140.02
470 A

8 0.70 at. % Fe 200 15+3 240+25 2.1940.02
500 A

9 0.95 at. % Fe 515 >35 300+30
260 A

3See text for determination of Tc.
®Averaged over field orientation.

by a Nicolet 1170 signal averager, and stored in a comput-
er for later analysis. The data acquisition was triggered
by a signal from an NMR field detector to provide a good
field calibration.

IV. FERROMAGNETIC RESONANCE RESULTS

The FMR data were fit to a function of the form,
(H —Hp)cos¢ + AH sing

N=A4
(H —Hp )P+ (AH)?

+BH +C, (14)

where N is the number of counts in the digitized data,, 4
is the amplitude, ¢ is the microwave reference phase, AH
is the half width at half maximum of the resonance, Hp. is
the resonant field, and B,C are constants included to ac-
commodate a sloping baseline.

Of these fitting parameters only AH and Hp are of real
interest. The fitting of the phase allowed taking data with
arbitrary phase setting and avoided the need to sym-
metrize the FMR by adjusting the phase. In addition, the
fitted phase was used as a consistency check on the fits:
the fit was not accepted if the fitted phases of the orthog-
onal channels differed from 90° by more than 3°. The fits
to the Lorentzian line shape were excellent for narrow
lines, and less satisfactory as the linewidth approached
1000 G.

There was no angular variation of the linewidth to
within the 10% experimental error. The temperature
dependence of the linewidth is illustrated in Fig. 2. This
result is in agreement with those of Bagguley and Robert-
son.?? The linewidth is nearly constant until the tempera-
ture is near the Curie temperature, then it increases by ap-
proximately a factor of 3, until the resonance cannot be
measured.

Calculating the 47M through the angular variation of

the resonant field becomes less accurate with increasing
temperature as the line broadens. A better relative mea-
sure of the magnetization at higher temperatures is ob-
tained through its proportionality to the integrated inten-
sity of the line. This, of course, is proportional to the
product of the amplitude and the linewidth. In Fig. 3 are
shown both the area and the 4mM computed from Hp at
6=0° and 90°. The temperature at which the area goes to
zero overestimates T because of the presence of the 3-kG
applied field. The values of T in Table I are tempera-
tures at which the resonance could not be measured. No
attempt was made to fit these data to a theory.

The results for all the FMR measurements are summa-
rized in Table I. The g values are in reasonable agreement
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< o0} §
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FIG. 2. Plot of FMR linewidth as a function of temperature
for No. 7.
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FIG. 3. Plot of the area under the FMR line and 47 M calcu-
lated from the orientation dependence of Hp as a function of
temperature for No. 7. The area was scaled to a value of 47M
at approximately 7 K.

with reported values. The values of T as a function of
iron concentration lie within the scatter of data from the
literature,?° i.e., the reproducibility of the alloy films was
comparable with that of other investigators.

An unknown factor in this analysis is the homogeneity
of the iron concentration in the ferromagnetic film. On
one sample, No. 9, the FMR line became non-Lorentzian
at higher temperatures. This may have been caused by a
distribution of iron concentrations, hence a distribution of
Curie temperatures and resonant fields, but this was not

30
25

201
9.2K

Ap (arbitrary units)

?o’ 10® 107
/X (cm/s)

FIG. 4. A, as a function of I' /X for three temperatures for
No. 6 for static field parallel to the plane of the sample.

P. D. SPARKS AND R. H. SILSBEE 35

confirmed by microscopic analysis. On the other samples
there was no evidence in the FMR line shape to suggest
the films were inhomogeneous.

V. TESR RESULTS

The data were initially analyzed by a computer fit to a
function for the FMR coupled TESR with a linear back-
ground term:

N =Re(h,)cos¢ +Im(h,)sing +a +bH ,

iHp+AHp
h,=A4, -
HF[AHF+I(H _HF)]
X 1 (15)
Dk sinh(kp)+T /Xcosh(kp) |’

1/T,+ilw—yH) |

D

where we have dropped the subscript p from D, k, T,,y,
and X. In this expression w and p were input as fixed pa-
rameters appropriate to the sample and Hyp,AH; were
determined by the FMR; however, this left eight un-
knowns: A,, D, T,, v, T'/X, ¢, a, and b. It was not
possible to fix D, T,, and ¥ in the fitting routine because
the fits were sensitive to variations in those parameters at
levels below the certainty in their experimental determina-
tion. The quantity I’ was assumed to be real in the
analysis of this experiment. The discussion in Sec. IID
showed that an imaginary part of the coupling constant
would appear as an effective shift in y, if the paramagnet
were in the weak coupling regime. Therefore, it is reason-
able to assume that I' in the fitting routine is real, and to
look for any imaginary part in a g shift.

To understand the difficulties in fitting the data, recall
that the line shape is relatively independent of the
strength of the coupling. Many sets of the parameters
(A4,,D,T,,T'/X) can be used to fit the same line. There-
fore a meaningful determination of those parameters re-
quires some additional arguments. We will divide the
analysis into the following sections: the angular depen-
dence of the TESR at a fixed temperature, the determina-
tion of T"/X, the ratio of I'"” to I'’, and the temperature
dependence of the TESR.

A. Angular dependence at fixed temperature

The TESR of copper is independent of the orientation
of the magnetic field, ignoring the effects of the anisotro-
py of the diffusion constant. The TESR of the bilayer
however shows large variations in amplitude, phase, and
resonant field. To prove that our model of the coupling
to the FMR adequately explains these effects, we fit the
TESR data with and without including the FMR driving
term.

The origins of the amplitude and phase dependence
from our model were described in Sec. IID. To under-
stand the variation in the resonant field note that for
1/yT, <<AHp and | kp | <<1, the measured TESR field
becomes
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Hy=Ho+(yT,AHp) (Ho—Hp) .

That is, there is an apparent g shift with a sign deter-
mined by the relative positions of H, and Hr and a mag-
nitude which may be as large as 20 G.

As expected, the fits to the data without the FMR term,
the first set of parentheses of Eq. (15), show a strong
dependence of ¥ and ¢ upon field orientation as described
above. The quantitative analysis of the amplitude is ham-
pered by the ambiguity in the set of parameters
Ap, D, T,, and T'/X, but if D, T,, and I'/X are held
fixed, then A4, also appropriately follows the magnitude
of the FMR at the TESR field. However, when the mea-
sured FMR parameters are included in the analysis, v, ¢,
and A4, become independent of 6. We conclude, therefore,
that the coupling of the TESR is via the FMR, and that
Eq. (15) adequately describes the coupling’s dependence
on the relative positions of the FMR and TESR fields.

Furthermore, the measured y differs from yc, by an
amount corresponding to a field shift of less than 1 G.
This may convey some information about the nature of
the coupling, but only if the samples were weakly coupled,
as discussed later.

B. Analysis for T' /X

As noted earlier, any given experimental line could be
satisfactorily fit with a number of distinct sets of the pa-
rameters (A4,,D,T,,I'/X). Some independent knowledge
of T, was required in order to remove the ambiguity and
to obtain information about I'/X. The procedure for the
analysis for each TESR line was as follows. A number of
distinct but physically reasonable values of I'/X were
chosen and for each value the experimental line shapes
were fit to the function in Eq. (15). To emphasize that
the values for D, T,, and 4, returned by the fitting rou-
tine are implicitly functions of the assumed I' /X, we will
denote them by D*, T3, and A4,. The range of I'/X was
limited by an upper bound of ~4Xx 107 cm/s, correspond-
ing to an interfacial transmission probability equal to one,

D*(m%s)

6.0F {\
1

4.0+ 26k

3.0

2.0 T —

I/7X (cm/ss)

FIG. 5. D* as a function of I' /X for three temperatures for
No. 6 for static field parallel to the plane of the sample.
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and was terminated at the lower end when the results be-
came independent of the choice of T /X.

In Figs. 4, 5, and 6 (for No. 6) are examples of plots of
A,, T3, and D* as a function of I'/X. Each line on the
graphs represents values of the fitting variables for one
TESR line. We notice that there are substantial ranges
where the results are insensitive to the choice of '/X. In
particular, the values of D* did not have a strong enough
dependence on I' /X to determine I" /X.

The most important feature of the plot of T3 as a func-
tion of I'/X in Fig. 6 is the qualitatively different
behavior at high and low temperatures. This is indicative
of the differences between the weak and strong coupling
at low and high temperatures, respectively, and shows
that the shape of the plot of T versus I' /X can be used
to estimate the strength of the coupling.

To justify this conclusion consider the thin limit,
P <(2DT,)'?, with a real . Then the effective relaxa-
tion rate, 1/ T is given from Egs. (11) and (13) by

1/T5=1/T,+T/(Xp) (weak limit) ,
1/T5=1/T,+2D/p? (strong limit) .

First suppose that the sample is in the strong-coupling
limit. Then if one forces a fit with I’ /X =0, one will find
T; =T, <T,. As the parameter I'/X is increased, T;
will also increase. When I'/X is allowed to be large
enough that the correct strong limit expression for T’ is
suitable, then the fit will give the correct value T3 =T,
independent of T'/X. This describes the qualitative
behavior of the 30 K data for T3 in Fig. 6.

Next suppose that the sample is weakly coupled. Then
for /X less than the true value, the fit will yield
T3 <T,. At the true value of I"/X, the value of T3 will
equal T,. As the parameter I' /X is increased, the value
of T3 will increase. However, when the input value of
I'/X is sufficiently large that the strong limit expression
for T} is applicable, and if 2D /p? is greater than 1/T%,
then there is no value for T'; which can fit the line. This
describes the behavior shown for the 9.2 K data in Fig. 6.

The real part of T' /X (or its lower bound) is determined

T3 (ns)

3.0

I/X (cm/s)

FIG. 6. T3 as a function of [ /X for three temperatures for
No. 6 for static field parallel to the plane of the sample.
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TABLE II. Low-temperature values of I''/X for weakly-
coupled samples and | I' /X | for strongly-coupled samples
Sample I''/x or |T/Xx| 2
No. Coupling (10° cm/s) (%)
5 weak 6.2+0.7 162
6 weak 4.3+0.7 11+£2
7 strong >2.7£0.3
8 almost strong >2.5+0.3
9 strong >3.0+0.3

2Computed using vy=1.6x 10® cm/s and Eq. (10).

from the plots of T3 as a function of I'" /X by the point at
which T3 =T,. For copper from the same batch as No.
5 and No. 6, the measured low-temperature value of T,
was (2.5+0.2) ns. This determines I'/X to be
(6.2+0.6)x 10° cm/s for No. 5 and (4.3+0.7) X 10° cm/s
for No. 6. The T, was not measured in the copper used
for No. 7, No. 8, and No. 9. All these samples showed
quite strong coupling so a lower bound on |T' /X | was set
using the condition that |I'p/2XD | ~1. Having deter-
mined I'/X, D and A4, are satisfactorily determined by
the fits, and are, in fact, relatively insensitive to the choice
of I'/X. The results for I''/X or | T /X | are summarized
in Table II.

To demonstrate the consistency of using the shape of
the plots of T3 as a function of I'/X to determine the
coupling, we note that for the lines shown in Fig. 6, the
computed values of I'p/2XD are 0.5, 0.9, and 1.5 for
9.2, 26, and 30 K, respectively. This shows good agree-
ment between the qualitative features of the plots and the
theoretical criterion of comparing I'p /2YD with 1. The
change in the shape of the curve occurs for intermediate
coupling, as it should.

The analysis showed a considerable variation in cou-
pling among various samples (see Table II), which is easily
understood. The criterion for strong or weak coupling is
a condition on the ratio I'p/2XD. For a fixed I'/X, a
sample with a smaller diffusion constant will be more
strongly coupled. This is consistent with the observation
that the three samples with high resistivity were strongly
coupled, while the low-resistivity samples were not. Also,
as the temperature increases, the value of D decreases, and
as shown in Fig. 6 the sample becomes more strongly cou-
pled.

From I'' /X, the interfacial transmission probability can
be computed using Eq. (5). The values of ¢ are 10—15 %
in reasonable agreement with those values determined in

some other experiments,”®!! but higher than in oth-
ers, 023,24

C. Theratioof "' to I’

By finding I''/X for the weakly coupled samples we
have determined that at least part of the coupling arises
from the diffusion of electrons across the interface. To
see whether there is also some coupling via torques, we
note that the measured g value for No. 6 was
2.033+0.0006. To convert this into a measure of """ we
use Eq. (12) and g, =2.033. For No. 6, f=9.2034 GHz
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and p =155 um so we compute I'"'/X <2.6X10° cm/s.
The main caveat on this conclusion is that Eq. (6) is only
valid for p<<(2DT,)'/? whereas this sample had
p~(2DT,)'/2. Nevertheless, this provides a bound on the
relative importance of the coupling via diffusion to the
coupling via torques of I'"' /T’ <4%. We note that this is
consistent with the theoretical estimate in Eq. (7).

The importance of the distinction between the strong-
and weak-coupling limits was not recognized in SIM. Es-
timates of the relevant parameters indicate that in fact the
thinner samples with Permalloy films were roughly at the
crossover between the weak and the strong limits, and the
thick sample was in the strong limit. As a consequence
the quantitative conclusions for the coupling strength
I' /X for the thin samples are at best good to within only a
factor of 2 and for the thick sample the quoted value is
only a lower bound. Conclusions concerning the ratio
I'"/T""" must be correspondingly weakened. The remarks
concerning the invariance of the peak signal amplitude
with variable coupling strength require only the thin limit
assumption and remain valid.

D. Temperature dependence

An examination of the temperature dependence of
A, T3, and D* can help to distinguish further among
values of I'/X if T'/X can be assumed to be temperature
independent, or provide insight into the breakdown of the
simple model if " /X is dependent on temperature.

There are two sources of temperature dependence of
D*, T3, and A4, in our model. The first is the tempera-
ture dependence of D and T, in the paramagnet. By
comparing the temperature dependence of D* and T3
with the known behavior of D and T, we may obtain
some information about I'/X. In the present experiment,
the decrease in D* with increasing temperature is con-
sistent with the decrease of D as phonon scattering be-
comes important. However, the values of D* are relative-
ly insensitive to I' /X, so no information about I" /X is ob-
tained.

Similarly, the values of 1/T35 show the correct features
for all T /X (see Fig. 7). They are independent of tem-

/X (cm/s)
08r Ixi03
— ~Z 1x10®
T, 0.6F ————" 4 4x10°
s | TTm-m——————= _.=77 1xI0
*ey a A P
2 04t [ e a———- T
o.2r 10G
(0] 1 ! |
(o} 10 20 30

FIG. 7. 1/T5 as a function of temperature for four values of
' /X for No. 6. The line labeled “10 G shows the size of 1/T,
which corresponds to a half width at half maximum of 10 G
(AH=1/yT,=10 G) for g=2.033. The data points are shown
for only one value of " /X.
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FIG. 8. A4, as a function of temperature for two values of
' /X for No. 7.

perature until about 20 K, and then show an additional re-
laxation due to phonons increasing the width by ~10 G
at 30 K in agreement with the reported temperature
dependence of T, in copper.'®

In the simplest picture A4, is independent of tempera-
ture. This assumes that the bottleneck in the ferromagnet
is not broken down (Q;— ¥ sAM,) and that the ferromag-
net is weakly coupled to the paramagnet (Y=1). Then

, a, —Tod ,

where A is the effective spectrometer gain. In this case
A, is independent of M, and the dynamics of the conduc-
tion electrons in the ferromagnet. If either assumption
breaks down, 4, can become dependent on temperature.

An example of the data for Ap' as a function of tem-
perature is shown in Fig. 8. For all the samples, the value
of A4, at a fixed I'/X decreased with increasing tempera-
ture. We notice that despite a factor of 25 variation in
47M, a factor of 4 variation in AH, and a factor of 100
variation in the apparent strength of the TESR, the de-
duced 4 p' only varies by a factor of 2.

To see whether the residual temperature dependence of
A, is naturally explicable within our model we first
looked at the breakdown of the bottleneck in the fer-

romagnet. Assuming the conduction electron dynamics in
the ferromagnet are dominated by relaxation (Q;—1/Ty)
does not produce the observed results. Either a partial
breakdown, or the presence of a significant magnetization
directly driven by the microwave field can produce these
effects. There would be phase shifts associated with ei-
ther mechanism, and they should be investigated for data
with good absolute phase information.

There are too many unknown parameters to examine a
switch from weak to strong coupling of the ferromagnet
to the paramagnet. Making a simplifying assumption of a
single spin species in the ferromagnet!® helps reduce the
number of unknowns, but does not lead to the required
temperature dependence in Y.

VI. CONCLUSIONS

In summary, the TESR of a ferromagnetic-
paramagnetic bilayer has been described as proposed by
SIJM in terms of a coupling constant, I', coupling the
FMR in the film to the TESR in the paramagnet. Despite
the apparent sensitivity of the line shape to T', the experi-
ment is only sensitive to I' when the sample is in a weak-
coupling limit. For weakly coupled samples, the value of
I'" was determined to yield the probability that an electron
from the copper will enter the Pd:Fe film of (13+2)%.
An upper limit on the relative importance of coupling via
exchange torques to coupling via electron diffusion is 4%.
The phenomenological theory provides a good description
for the TESR at a fixed temperature and describes, as
well, the major portion of the temperature dependence.
However, there is a residual temperature dependence of
the amplitude of the TESR which is not completely ex-
plicable within the framework of the theory for tempera-
tures at which the internal properties of the ferromagnet
are changing. °
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