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The transmission-electron-spin resonance (TESR) is measured on copper foils with fer-
romagnetic films of permalloy, iron, and nickel deposited on one surface. The greatly enhanced
TESR resulting from the presence of the ferromagnetic film is studied as a function of orienta-
tion of the magnetic field which tunes the relative resonance frequencies of the ferromagnetic
resonance (FMR) mode and the pure-copper TESR modes over a wide range. A phenomenoi
logical theory is developed from appropriate Bloch equations for the copper and for the fer-
romagnetic film, coupled by the transport of magnetization by the diffusion of electrons across
the interface between the two metals. This theory describes well a number of distinct features

of the experimental results.

1. INTRODUCTION

This paper presents a systematic study of
conduction-electron-spin resonance (CESR) in a me-
tallic plate which is in intimate contact with a thin
ferromagnetic film. As this particular experimental
geometry, which we call a "sandwich" or "layer struc-
ture," is not usually considered in the classical experi-
ments concerning electron-spin resonance in metals,
we will first review the essential physical parameters
involved in such studies in order to be able to appre-
ciate the new problems associated with this geometry.

The basic description of the physics of conduction-
electron-spin resonance in a metal is contained in the
work of Dyson! following the experiments of Feher
and Kip.2 In his classical paper Dyson solves the two
essential questions: (i) what are the eigenmodes for
spin resonance and diffusion and (ii) how are these
modes coupled to or excited by an external radio-
frequency (rf) field?

Dyson’s solution shows that for most cases a well-
defined resonance line exists, if the spin lifetime is
not too short. The intensity, defined as the integral
of the resonance line, and the line shape depend criti-
cally on the geometry of the sample and on its purity.
More precisely these two quantities are determined
by the boundary conditions imposed by the diffusion
of the electrons in the skin-depth region and
throughout the sample. When these are properly tak-
en into account. it is possible to determine the exact
field for resonance, the spin lifetime, and the diffu-
sion coefficient for the electrons. These three param-
eters essentially characterize the resonance eigen-
mode and do not depend on the geometry used. In
all cases Dyson considered the metal to be homo-
geneous, that is, he assumed all the properties of the
medium to be uniform in space through the bulk me-
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tal. However a brief account of the modifications
necessary for inhomogeneous (surface) spin relaxa-
tion was also derived.

A direct extension of Dyson’s ideas has been made
by Lewis and Carver? for the case of the sample
transmission technique. - Closely following Dyson’s
argument, they show how transmission-electron-spin
resonance (TESR) is made possible through a plane
slab of pure enough metal. The conclusion of this
work is that the same physical parameters are in-
volved in the analysis of the experiment as in the
more usual reflection one. A natural question arises
from this type of investigation, considering that the
weakness of the observed signals is due to the combi-
nation of weak Pauli susceptibility and smallness of
the skin depth: is it possible to separate the factors
responsible for the excitation of the spins from those
responsible for their resonance?

An original extension of the study of metals by
CESR was made in this direction by the investigation
of inhomogeneous metallic media. This can be
achieved in a simple way by plating a second metal
onto the original metal sheet in such a way as to in-
sure a good electrical contact across the sandwich in-
terface. Such structures have been studied for *Al:Zn
and &7-8Cu:Li double layers. These have been inter-
preted tentatively in terms of surface relaxation”?
and also by proper averaging of the properties of the
electrons in each layer.®

Another way to produce an inhomogeneous metal-
lic medium has been to use ion implantation®—
indeed at typical energies of 200 keV the mean stop-
ping range, of for example **Mn in Cu, is 600 A;
thus for doses of the order of 10'® ions/cm? it is pos-
sible to achieve a very thin layer (thinner than the
skin depth) in which the magnetic properties of the
host metal are entirely governed by those of the im-
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planted ions. In the simpler cases, the analysis has
been done by Hurdequint!? and Walker!! and can be
sketched in the following manner: the eigenmode for
resonance of the conduction-electron spin is identical
to that of a very dilute homogeneous alloy containing
the same number of magnetic ions (except for the
diffusion coefficient). However the response of that
mode to rf excitation is that of the implanted layer
which will be much more strongly coupled than the
pure metal, due to the greatly enhanced susceptibili-

"ty. This results mainly in an appreciable gain in sig-
nal intensity, together with a shift and linewidth in-
crement, due to the coupling of the electrons spins to
the ions.

The feasibility of experiments with layered metallic
sandwiches in which the electrons sample the proper-
ties of both layers, together with the spectacular
result obtained by the magnetic coupling of electrons
to the implanted magnetic ions, leads directly to the
investigation of a ferromagnetic sandwich, that is the
response of a normal metal in good contact with a
ferromagnetic film. However, in this case a number
of new questions arise compared to the simpler previ-
ous cases. Indeed the previously mentioned studies
of layered structures were such that the g factors of
both systems could be very close and the coupling
mechanism with the base metal was strong enough so
that it would not play a role in the final interpreta-
tion, very much like the strong-coupling "bottle-neck"
limit of the Hasegawa problem.!? Among the new
parameters that are bound to affect the behavior of
the ferromagnetic-paramagnetic problem are the na-
ture of the interfacial coupling and its strength. This
problem is by no means a new one and has been in-
vestigated by different techniques, in particular by
Hoffman!? following earlier studies in Grenoble.
Their conclusions together with other studies aimed
primarily at understanding the description of coupled
ferromagnetic films, was that in the case of two fer-
romagnetic layers in close contact one can determine
an exchange interaction at the boundary whose value
is of the same order of magnitude as that of the bulk
ferromagnet. However, as soon as the two layers
were separatoed by a complete paramagnetic film (for
instance 30 A of Au) this coupling vanishes, and no
conclusion could be drawn concerning the
ferromagnetic-paramagnetic interaction. We think
that our method of investigation offers a much more
appropriate tool for this type of "weak" coupling si-
tuation than the ferromagnetic resonance study by it-
self. As reported briefly by Janossy and Monod, '
using the transmission technique on a sandwich
structure of copper and permalloy, magnetic coupling
has been demonstrated experimentally between the
permalloy film and the conduction electrons in the
copper. It is the purpose of this paper to investigate
in greater detail the experimental evidence in this
case. The main purpose of such a study is twofold:

(i) to understand the controlling factors of this cou-
pling and its effect on the TESR resonance; and (ii)
to get a phenomenological description of the motion
of the coupled magnetizations.

The presentation is as follows: In Sec. II a simpli-
fied model for the coupled equations of motion is
derived making clear the approximations involved

‘and the general properties of the model. Section III

is the experimental description of our results, which
are discussed in Sec. IV on the basis of a more ela-
borate model presented in the Appendix. A number
of conclusions are summarized in Sec. V.

II. SIMPLIFIED MODEL

As described in Sec. III, the experiment consists of
the measurement of the transmitted ESR signal for a
variety of values of ¢, the angle between the applied
magnetic field and the normal to the double layer
sandwich. For general values of ¢, the effect of
depolarizing fields in the ferromagnetic film is to give
an internal field in the ferromagnet which is not
parallel to the applied field H,, and the equations of
motion for the ferromagnetic resonance (FMR), and
the coupling at the interface become rather compli-
cated. To reproduce the full calculation here would
obscure both the important physical ideas and the ap-
proximations which are involved. Therefore, this
section is devoted, after some generally applicable
discussion, to a calculation for a hypothetical case in
which the applied field is normal to the sample
(¢=0) and of sufficient magnitude (>47 M) so that
the magnetization in the ferromagnet is also aligned
perpendicular to the sample. In the experiments dis-

" cussed later this geometry is never realized, since, for

the fields of interest near 3200 G, H, is less than
47 M, Nevertheless, a discussion of this example il-
lustrates most of the important ideas.

The geometry for this discussion is defined in Fig.

- 1, with a circularly polarized microwave field of am-

plitude A incident upon the ferromagnetic layer of
thickness f;, and we ask for the resultant transverse
magnetization developed near the free surface of the
paramagnetic layer of thickness p. This is compared
with the corresponding magnetization in the absence
of the ferromagnetic layer, the conventional TESR
geometry, since finally the experimental results are
compared with the simple TESR resulits and the
transmitted fields are simply proportional to the mag-
netization at the back surface. Although the calcula-
tions, and most of the experiments, were carried out
with the microwave field incident upon the ferromag-
netic side of the sample, one anticipates identical
results for the predicted transmitted fields if the roles
of the ferromagnetic and paramagnetic layers are re-
versed. This is indeed the substance of the reciproci-
ty theorem discussed by Walker!! and is in accord
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with a few early experiments in which the sense of
transmission was reversed.

In the following we shall give a phenomenological
model describing the coupling between dynamic mag-

" netizations of a ferromagnetic and paramagnetic

layer. We note that recently a somewhat different
approach was also suggested.'’

The ferromagnetic film is phenomenologically
modeled as a system of localized moments (d elec-
trons) described by the ferromagnetic moment M,

J

microwave — FMR —
field drives d electrons drives
h m

The first arrow s one way, since our interest focuses
on behavior moderately far from the ferromagnet
resonance (FMR) condition where the loading of the
microwave cavity by the FMR is insignificant. The
second reflects the large ratio of the d electron to s-
electron magnetization within the ferromagnet, such
that the presence of the s electrons has little influ-
ence upon the FMR. The interfacial coupling cannot
be treated as small, and is indicated by a double ar-
row in the diagram.

The FMR of the d electrons is described by the
Bloch equation
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FIG. 1. Experimental geometry for simplified calculation.

coupled by exchange to itinerant (s electrons) which
may diffuse across the interface between the fer-
romagnet and the paramagnet. This diffusion across
the interface provides a mechanism coupling the
magnetization of the two metals. A similar
phenomenology may be constructed in which there
are torques across the interface exerted by exchange
forces. The experimental results show that this
second model is inappropriate. The calculation
proceeds as

s electrons = s electrons
of ferromagnet interfacial of paramagnet
my coupling my
n
with
H=ZHq+ Xhy+ Thy) , (3a)
Mo=MH/|H]| . (3b)

M, is the saturation magnetization of the film, and
Hr=H,—4m M, is the internal field appropriate to
the case of H, normal to the foil. Ay and Ay are the
components of a circularly polarized microwave field
which is assumed to be uniform over the thickness of
the film. Only the uniform mode is treated here; the
possible effects .of spin waves are not considered.
Denoting
Mx""l'MyEMoe_iw', hx+l'hthe‘iw' , (4)
the solution of Eq. (2) is of the usual form

M= (i'ypr+1/Tp)hMo/Hf
ilyrHr— ) +1/Tf

O]

Note that we have allowed the magnetization to relax
towards the instantaneous field in Eq. (2), which as-
sures that the solution (5) is appropriate in the limit
w—0.

For the conduction electrons in the ferromagnetic
film and the paramagnetic foil, we use the Bloch
equation with diffusion,

I.1._."l'='yi(f'f_:li xﬁi) ——%'-(mi—xiﬁf)

i

+D;V(; - x;H,) 6)

with i = f or p for the ferromagnetic or paramagnetic
layers respectively. Note that both the diffusion and
relaxation terms are written in terms of deviations of
m from the instantaneous and local equilibrium
values as suggested by Torrey!® and by Walker.!” In
the ferromagnetic film the conduction spins are
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driven dominantly by the exchange interaction with
the local moment magnetization M, with the field H,
in Eq. (6) taken to be H,=AM. The corrections due
to the presence of the applied dc and microwave
fields are unimportant. In the paramagnet we take

H,=ZH, + (X coswt — ¥ sinwt) he =125 (7)

In this treatment the skin depth is modeled as classi-
cal, although the experimental regime is in fact
anomalous. The predicted phase of the transmitted
signal will be somewhat in error, ~15 degrees, but
the accuracy of the experimental results does not
warrant a more detailed treatment. Defining

o, =i, — X, , ~ (8a)
dmyx +idmy =8m; , © (8b)
Eq. (6) becomes, for the ferromagnet, )
[ (y AMo— @) + (1/ Ty = D;V)16m; = iwX, AMP , (9)
and for the paramagnet, '
lity,H, — ) +(1/T,— D,V)]om,
=iwX,he~1"PZ/  (10)

These equations are to be solved with the driving
term for 8m, being the M° given by Eq. (5). They
are subject to appropriate boundary conditions at the
free surfaces, and at the interface between the foil
and the film. Denoting the foil-film interface as
Z =0 and the thicknesses of the ferro- and paramag-
netic layers by f and p, respectively, we take as boun-
dary conditions at the vacuum interfaces

Z=—f: (3/8Z)(8my) =0 , . an
Z=p: (8/9Z)(dm,) =0 . (12)

Presuming no relaxation at-these interfaces we re-
quire the normal component of the magnetization
current, proportional to the gradient of the deviation
of the magnetization from equilibrium, to be zero.

At the interface, Z =0, we also presume no spin
relaxation, allowing us to equate the magnetization
currents on either side of the interface,

(8m,,)|z=o (SmI)lz.go—J,,, , (13)

-D
¥y 4y
neglecting small factors required if vy differs signifi-
cantly from y,. Following ideas of Fredkin,®'? the
magnetization flow across an interface between two
paramagnetic metals may be expressed as

fa ]

where H and Hp are the effective fields in the two
metals, and I is a constant characteristic of the inter-
face. This expression may be made plausible either

on the basis of microscopic models for the interface,
or by the following macroscopic argument. The mag-
netic part of the free-energy density for a weak
paramagnet in magnetic field H is

g,=+(m¥x,) ~f-H , (15)

and the equilibrium condition m =X, H is the result
of the requirement ¥V, ¥, =0, where V,, is the gra-
dient with respect to the magnetization vector. In
nonequilibrium situations we have V, 3, #0, and
the magnitude of V.3, is a measure of the departure
of the system from equilibrium, giving the driving
force for relaxation and transport processes. In the
case of interfacial transport, Eq. (14) is the natural

" macroscopic prediction. Similarly, for nonequilibrium

transport of magnetization in inhomogeneous media,
one would predict magnetization currents to be

Jy=—CV(V,8,)=—CV(i/x,—H) , (16)

with C a phenomenological constant, and predict the
diffusion term in the Bloch equation to be

-v-T,=v-ICv(@/x,—H)] . a”n

This is just the form of the diffusion term in Eq. (6)
in the homogeneous case, with C and X, independent
of position. The boundary condition at Z = 0 then -
becomes Eq. (13) combined with

Jn =T @m/X;—8m,/X,) . (18)

We emphasize the importance of expressing the in-
terfacial transport in terms of the deviation of m,
from its equilibrium value, i.e., dmy=m;— X,AM,
rather than my itself. In most situations in magnetic
resonance, the transverse magnetizations are large
compared with the equilibrium magnetization in the
instantaneous driving field, and the distinction
between m and 8m is not important. In this situa-
tion, however, where the driving frequency o is very
far from the s-electron resonant frequency y AM, in
the exchange field of the d electrons we have
dms/m; ~ w/yAMy << 1 and the distinction is cru-
cial. At first sight one might expect an sd bottleneck-
ing to occur, making m, precisely equal to X AM, or
dm;=0. The observation dm; << mjy is the observa-
tion that the system is indeed bottlenecked, but that
the conduction electrons do not go to precise thermal
equilibrium in the effective field AM.

This phenomenology does not define a microscopic
mechanism for the interfacial coupling. The micros-
copic model adopted in this treatment is that of
Janossy and Monod® and of Menard and Walker!?
and involves the transport of magnetization from one
metal to the other by diffusion of electrons across the
interface. In the crudest of such models the constant
I is given by

= V,{Xftf= vﬁx,,tp 5 ’ (19)
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where vf, X;, and ¢ are the Fermi-velocity, suscepti-
bility, and -interfacial transmission coefficient for the
conduction electrons on the i (=p,f) side of the inter-
face. The second of the equalities is assured by de-
tailed balance arguments.

One could also imagine the transfer of magnetiza-
tion across the interface by an exchange induced
torque coupling from fto pat Z=0. The following
phenomenology may also be used to describe this si-
tuation if T is replaced by an imaginary, rather than a
real, constant characterizing this coupling.

Equations (9) and (10) with the boundary condi-
tions (11)—(13) and (18) may be solved with the as-
sumptions,

8m,=Af+chosh[k/(Z +f)] (20)

dm,=A,e""""Z* 1 B coshlk,(Z —p)] , (21)

which are chosen in part to satisfy the boundary con-
ditions at Z =—f,p, under the experimental condition
8 << p. The algebra is straightforward but tedious,
and the final answer is too cumbersome for simple
interpretation. We note here some features of the
solution and some reasonable physical approxima-
tions which allow a useful result to be obtained. The
terms in coshk;Z in Egs. (20) and (21) are solutions
to the homogeneous part of Egs. (9) and (10), and
require

Dik?=1/Ti+i(yHz —)=Q,;, i=fp , Q2)
with

le= a

: @

kf‘ and k,,‘1 are the so-called spin depth in the film
and the foil, the distance an electron will diffuse. be-
fore undergoing a spin-relaxation process.> For these
experiments the spin depth in the copper was larger
than the foil thickness, and we use pk, <1 to allow

sinhpk, =-pk, and coshpk, —1 . (25)

In the ferromagnet on the other hand, the short
mean free path in the evaporated film, together with
the large value iy AMg, of Q;in Eq. (22) for i =f,
implies fk; > 1 or

cosh(fky), sinh(fk,) =+ exp(fk,) . (26)
We also use -

Finally there appear three driving terms in the final
solution. One of these, which becomes dominant
only when the copper mean free path becomes short-
er than the skin depth (classical skin-depth regime),
has been omitted as unimportant. The amplitude B,
of the homogeneous solution in the ansatz Eq. (21) -

is the magnitude of the transverse magnetization at
the copper vacuum interface, and is proportional to
the signal transmitted through the foil. It becomes,
with the approximations above,

2p pysMo | Dk, +T/X
B, = LV (a8)
Q,+—L Dk
p |
po kaf+I‘/Xf

Note that the terms in the parentheses become equal
to one as the coupling I' becomes weak. These terms
for T strong are the result of the influence of the in-
terfacial coupling upon the ferromagnetic
conduction-electron response dmy, which in weak
coupling is determined entirely through the driving
via M. In the following discussion these parentheses
will be taken to be equal to one for simplicity.

With this simplification, and neglecting the damp-
ing term in the numerator of Eq. (5), Eqs. (5) and
(28) become

M iyrh _ivrh

== = 29
M() i('ypHp—w)+l/Tp QF ( )

and

YiTo/ymp Qr+ Q1 +i) 0X,5/2p
Q,+T/pX,

B,=in (30)
These expressions illustrate a number of important
features of the more complicated results obtained in
the Appendix.

(a) The TESR signal will show a Lorentzian form
determined by 1/(Q,+TI'/pX,), as long as the FMR
is sufficiently detuned that the change in Qf is small
as one sweeps through the TESR resonance.

(b) The amplitude and phase of the transmitted
signal are determined by the sum of the coupling via
the FMR and the direct coupling to the microwave
fields, the two terms in the numerator of Eq. (30). If
the FMR coupling dominates, there should be a
change in phase and amplitude of the transmitted sig-
nal as the phase and amplitude of Q7! are altered by
varying the orientation of the magnetic field.

(c) If the broadening of the TESR by the interfa-
cial coupling I'/p X, dominates over the bulk relaxa-
tion 1/T,, then the peak amplitude of the TESR be-
comes independent of the coupling strength,

Bpea = iwX,h [/ Q F, but still reflects the FMR denomi-
nator.

(d) The result above was obtained under the as-
sumption of coupling between the metals by transport
of magnetization by the diffusive motion of electrons
across the interface. One might alternatively have
proposed an exchange coupling across the interface,
the paramagnetic magnetization feeling a torque relat-
ed to the ferromagnetic magnetization. Such a model
leads to results essentially the same as the above,
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with the simple replacement of T’ by an imaginary
constant whose sign is determined by whether the in-
terfacial coupling is ferromagnetic or antiferromag-
netic. Again one predicts an enhancement, but now
there is a different phase relative to the directly cou-
pled signal, and, instead of a broadening of the signal,
we have a shift proportional to T.

(e) Both the FMR coupled TESR, B,, and the
FMR, M, depend upon 1/Q . Our characterization
of the films is poor and we have neglected effects of
‘anisotropy fields, so that we can not confidently
predict Q, particularly near ¢ =0. However by
measuring M experimentally we avoid these ambigui-
ties and obtain a direct measure, within a propor-
tionality constant, of r and are therefore able to
make a quantitative comparison with the predicted
1/Q r dependence of B,.

For quantitative comparison of the results with the
model, it is necessary to take into account a number
of details, including the elliptical polarization of the
FMR mode, and the fact that the macroscopic H field
in the ferromagnet and in the paramagnet are not
parallel. In the Appendix is an outline of the solu-
tion taking into account the appropriate polarizations,
but with the physical approximations which led to Eq.
(30) based on the numerical values deduced from the
experiment.

III. EXPERIMENTAL METHOD AND RESULTS

The samples were all prepared by ultrahigh vacuum
evaporation of the ferromagnetic layer onto a well-
prepared surface of Cu. The copper used was in the
form of single-crystal slices of %—in. diameter grown

in a graphite crucible in vacuum from high-purity
ASARCO 99.999% Cu; the residual resistivity ratio at
4.2 °K was typically 2000 and the limiting TESR full
linewidth at low temperature was 20 G, for a copper
foil without a ferromagnetic layer.

Prior to insertion into the evaporator, both surfaces
were carefully chemically polished to remove damage
from the spark cutting of the slices. The thicknesses
of the final slices are given in Table I and range from
60 to 110 . Before evaporation and after the usual
outgassing procedure of the evaporator, an anneal at
600 °C for 15 h in 1078-Torr vacuum was performed
by heating the stainless-steel sample holder onto
which the samples were mechanically clamped. This
was done in order to eliminate possible contamina-
tion of the surface. (In theocase of Cu-Permalloy 200
A and Cu-Permalloy 1000 A this procedure was fol-
lowed at Bellevue by H.®ascard. For CuNi, CuFe,
and Cu-Permalloy No. 1 the final heating was done at
370°C for 10 h in 1077-Torr vacuum.) The evapora-
tion was made by a 3 kw electron gun from a water-

TABLE 1. Data summary.

Relative Peak

Full Foil r'/x, Film

TESR Amplitude Linewidth Thickness (107 cm/sec) Thickness

Run Sample at $=90° (Gauss) (um) from Xp
(A)
Pure Copper,
Standard Sample? 22 17 40
1731 1000-A Py® 13 273 60 1.3
3/20 . 1000-A Py 10 230 60 1.1
5/2 ~ 200-A Py 12 268 70 LS
6/6,6/14 Py #1 11 nz 150 1.0 150,220
5/21, 6/25 Ni #1 37 143 60 0.6 150
5/23 . Fe #1 1.1 138 63 0.6
5/24 copper oniy 3.0 45 63
©5/28 Fe #2 1.8 134 63 0.6 150
5730 after anneal 5.1 210 63 09 200
6/4 Fe #3 9.5

198 63 1.0 240

2Hurdequint, thesis.
bpy: Permalloy.



4388 R. H. SILSBEE, A. JANOSSY, AND P. MONOD 19

cooled crucible. For the 200- ang 1000-A Permalloy,
this was deposited at a rate of 4 A per second and
1073-Torr vacuum with the copper substrate at room
temperature. For the CuNi, CuFe, and Cu- .
Permalloy No. 1 the deposition rate was about 3 A
sec”! and was made on the copper substrate at
370°C. No essential difference was noted in these
differently deposited samples.

However on one occasion, on an early attempt to
evaporate Fe on Cu, a vacuum of the order of 107!
Torr was present by mistake during evaporation and
enough contamination was produced on the copper to
prevent the magnetic coupling to occur. Similar more
systematic observations have been made by Hoff-
man.!? The thickness was approximately given by a
quartz frequency monitor, together with the rate of
evaporation. No special precaution was taken once
the samples were made other than to keep them
under clean 107¢-Torr vacuum when not in use. The
samples were run many times at large (—6 months)
intervals without showing any tendency of evolution.

The principal experimental results are the measure-
ments of the position, peak intensity, line width, and
phase of the TESR signal fora number of orienta-
tions of the applied field relative to the plane of the
sample foil. Figure 2 gives a plot of y7! times the
theoretical resonance frequencies [see Eqs. (A6) and

Iron

Permalloy

(Hin)J" in kilo oersted

0 1 I
90 80 70 60 50 40 30 20 10 [o]

¢ (deg)

FIG. 2. Ferromagnetic resonance frequency divided by
vr as a function of the angle of the applied magnetic field
with respect to the normal to the film for a fixed magnitude
of the applied field. Vertical position of the arrows is the ap-
plied microwave frequency divided by yr. The intersection
of the arrows with the curves gives the magnet orientation
for which the ferromagnetic and paramagnetic resonant fre-
quencies are equal. ’

(A7) for definitions] of the ferromagnetic resonance
(H;H,)'? as a function of the applied field orienta-
tion ¢, for nickel, iron, and permalloy films at an ap-
plied field equal to the resonance field for the TESR
in copper, namely, 3300 G at microwave frequency of
9200 + 50 GHz, and assuming no anisotropy field.
Noting that the resonance denominator A for the
FMR is essentially y2H;H, — »* one sees that there is
wide range of variation of A available by varying ¢
from 90 ° with H, parallel to the film, to 0° with H,
perpendicular to the film.

The TESR measurements are for the most part
conventional. The temperature, typically between 20
and 30 °K, is chosen as high as possible to suppress
transmission associated with cyclotron motion of the
electrons. It is below the temperature at which the
intensity of the resonance begins to be reduced by
the spin-diffusion length becoming comparable with
the thickness of the copper sample. The phase of the
bias power to the receiver crystals was always adjust-
ed to give line shapes of absorption symmetry. This
phase setting was recorded with the data and is re-
ferred to as the phase of the transmitted signal. The
TESR spectrometer is further provided with a “cali-
brated leak," a microwave path in parallel with the
sample cavities, provided with variable attenuation
and phase, such that meaningful phase and amplitude
comparisons can be made between different runs. In
this way it has been possible to compare the phase
and amplitude of the enhanced FMR signal with the
normal TESR signal of a simple copper sample.

In addition to the measurement of the TESR sig-
nals, a minor modification of the spectrometer al-
lowed the measurement, in reflection, of the real and
imaginary parts of the susceptibility X' and X" of
the FMR of the ferromagnetic film in the transmitter
cavity. Similar measurements using the receiver cavi-
ty, exposed only to the copper side of the sample foil,
indicated a measurable dependence of the cavity Q
and resonant frequency upon the magnitude and
orientation of the magnetic field. These variations,
possibly due to magnetoresistance effects in the cavi-
ty walls or sample foil, were assumed to be the same
in both the receiver and transmitter cavities, and
were subtracted from the susceptibility data for the
FMR as a background correction. Although unim-
portant near the FMR, the corrections amounted to
10 to 20% of the X' for the magnet angles near the
perpendicular and parallel orientations. Uncertainties
in this correction represent a significant ambiguity in
the quantitative comparisons discussed later. To ver-
ify semiquantitatively the interpretation of the FMR
data, the fits to the absolute magnitude of the ob-
served X' (w) for the parallel configuration at fields
well above the resonance field were used, along with
a measurement of the transmitter cavity Q to calcu-
late the thickness of the ferromagnetic film, assum-
ing bulk values for the 47 M, of the samples. Be-
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cause of standing-wave problems in the microwave
plumbing, the absolute signal intensities were accu-
rate only to the order of +50%, but the film
thicknesses so deduced, see Table I, are in quite sa- .
tisfactory agreement with the nominal value of 200 A
for all the films for which the comparison was made.

Figure 3 presents the results of the peak TESR sig-
nal and of the magnitude of the FMR susceptibility
Xr= (X2 + X2 as a function of magnet orienta-
tion ¢. The results shown for the TESR and X near
the "magic angle" at which w; = wp are of doubtful
quantitative significance because of substantial load-
ing of the transmitter cavity by the FMR. In Fig. 3
are also given the phase of the TESR signal, to
within an additive constant, as well as the phase of
the FMR susceptibility, tan~'(X"'/X¢'), again as the
magnet angle is varied. Quite evident is the reso-
nance in the susceptibility Xy at the angles
(H;H)'?=H,, as well as the striking correlation
between TESR and FMR responses. For the nickel
and iron samples, there is still appreciable X" at the
perpendicular orientations suggesting either strong
damping of the resonance or, more probably, the
presence of anisotropy fields which can maintain a
nonzero FMR frequency for perpendicular applied
field. .

Within a few degrees of the perpendicular orienta-
tion the TESR and FMR responses for the Permalloy
sample show a very rapid variation with ¢. This is
the consequence of a slight sample misalignment
from the vertical;, as ¢ passes through zero the pro-
jection of H, on the sample foil rotates rapidly from
0 through %—w to #. This interpretation is confirmed

by the X' of the same Permalloy sample at lower ap-
plied fields illustrated in Fig. 4. The linear variation
of the dashed line is that predicted by Eq. (A19), for
cos’y =1; the prediction of Eq. (A19) is that X' —0
for weak damping at ¢ =0, y= -;—77 since H; =0 at

¢ =0, and indeed one sees a dramatic decrease or
"notch" in X' as one sweeps through ¢ =0.

A rough analysis of the results of Fig. 4 indicates,
from the low-field data, a weak hysteresis near ¢ =0,
the hysteretic shift at H, =475 and 950 oersted
corresponding to a change in the component of H,
parallel to the film of about 20 oersted. This hys-
teretic shift is not measurable at the field of interest
3300 oersted though it probably contributes in part to
the observed width of the notch at this field. The
higher-field data, including roughly an estimate of
the hysteretic effect, indicate a vertical sample
misalignment € of about % degree.

Table I summarizes the intensities and line widths
of the TESR for a number of runs with different
samples. Additional important experimental results
are the following: ’

(a) In none of the samples was the TESR displaced
from that of a pure-copper sample by more than 3 G;

the apparent g factor was 2.033 +0.005 in all cases
measured. These measurements were made generally
for the field parallel configuration, that is far from
the peak enhancement; for angles near the peak
enhancement some shift might be expected from the
field dependence of Qf (or A).

(b) Line shapes were not measured carefully but
appeared to be Lorentzian except néar the angle of
degeneracy of the TESR and FMR modes of Fig. 2,
and at higher temperatures where the condition
Pk, <<'1 was not satisfied. In both cases extra lobes
appeared in the wings of the lines which are qualita-
tively predicted by the theory but were not studied
quantitatively. :

(c) The line widths of the TESR signals were in-
dependent of magnet angle to within the precision of
the experiment, typically +5%.

(d) The phase of the TESR signal when enhanced
by the ferromagnetic layer in the parallel geometry
was equal to 110 +15° in advance of the phase for
normal metal samples.

(e) An aluminum sample was also prepared with a
Permalloy film, but with no attempt made to remove
the oxide layer on the aluminum foil before evapora-
tion of the ferromagnetic layer. The signals with and
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without the ferromagnetic layer were the same. Simi-
larly, copper samples with poorly prepared surfaces
showed little or no enhancement with an added Per-
malloy film.

IV. DISCUSSION OF RESULTS

Because the Permalloy FMR showed a much nar-
rower line width (—90 G at ¢ =90°) than the nickel
or iron, it was the most extensively studied and the
discussion will focus primarily on the Permalloy
results. Again because of this narrow line width it is
a good approximation to neglect the damping terms,
involving 1/TF, in Eqs. (A19)—(A22) of the Appen-
dix. ‘

In the Appendix we have calculated both the sus-
ceptibility of the ferromagnetic film and the TESR
response of the composite system as a function of the
angles ¢ and vy defining the orientation of the applied
dc magnetic field. ¢ is the angle of the applied field

for y=0,

iT'wyr

hy -1 +i)wX,d
P+ = ; +
Q,+T'/px, 2p pAyy

and for ¢ =0, y=%'rr,

h

-1 +wx,8 i
= ; +_._....
Q,+I'/px,

B
a 2p p

Ay,

In these expressions, H; and H are related to the
internal and demagnetization fields in the ferromag-
netic by

H;=H, cos(0 — ¢) — 47 My cos?d d:/'z H,
-0 (34)
¢—0
Hi=H,+4mMosin®0 — H, +4mM,
— 47 M,sin?0, . 35)
—0

-1, and A are resonance denominators for the uncou-
pled TESR and FMR resonances,
Q,=i(y,H,—w) +1/T, (36)

A=(y}HH — *+1/TP —2iw/Tr . (&)

w+yrH; cos(8 — @) +_w.—_
l-iw

2
™y
L cos?

with respect to the horizontal projection of the nor-
mal to the nearly vertically oriented sample foil, and
v is the complement of the angle between the projec-
tion of the dc field onto the sample foil and the
direction (~ vertical) of the microwave magnetic
field. For ¢ greater than a few degrees, this projec-
tion is nearly perpendicular to the microwave field
and y =0; near the perpendicular field orientation
the slight misalignment (~% °) of the foil results in a
rotation of the projection through y = —;’W as ¢ goes
through zero. In the expressions 8 is the angle
between the static-ferromagnetic magnetization and
the normal to the foil, and 8, =cos™! (H,/4wM,) de-
fines the magnetization orientation for the case of a
normal applied field of magnitude less than 47 M,.
The results of the Appendix become, with the neglect
of relaxation terms in the FMR,

YrMy
A

XF= (yrHy cos’y +ypH,cos?0siny) , @31

ioT,
’_ fo y_/47rMosin0cososin(0—¢)” ,

32)

o +—2r sinz()c]] : (33)

The effect of the back reaction of the paramagnetic .
(p) response back onto the ferromagnetic
conduction-electron (f) response is accounted for by
the modified T,

I"—=—I‘[kaf/(D,kf+I‘/Xf)] . (38)

Note that these results have the same general form
as those of the discussion of Sec. II. The TESR is
driven both by the normal coupling to the microwave
field in the skin depth and by the coupling (I" or I'')
to the ferromagnetic conduction electrons. The
strength of the coupling via the ferromagnetic film
reflects the ferromagnetic resonance denominator A.
In addition the TESR resonance is broadened as a
consequence of the coupling to the ferromagnet.
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Not evident in the discussion of Sec. II are the
terms in Eqs. (32) and (33) involving the factor
f(T) =ioT;/(1 —iwT,). These terms arise from the
fact that there may exist oscillating components of
both the applied microwave field and the demagneti-
zation fields which are parallel to the { direction, the
direction parallel to the static M. If the ferromagnet-
ic conduction spins relax slowly, T, >> 1, my,
remains constant and there will be a non-equilibrium
my, which will contribute to the injection of magneti-
zation into the paramagnet. On the other hand, if we
have T, << 1, the { component of m, relaxes effec-
tively instantaneously to the varying { component of
the effective field and there will be no such contribu-
tion.

The experimental results for the Permalloy indicate
that the second situation in fact prevails. Comment
was already made in Sec. III on the "notch" which ap-
pears at ¢ =0. A similar notch appears in the TESR
data as well, and it is the depth of the "notch" which
gives some indication as to the magnitude of w7/.
From Egs. (32) and (33) one can calculate the ratio
of the predicted signal at the bottom of the notch
(p=0,y= %77) to the value extrapolated into ¢ =0
from the behavior outside the notch (¢ =0, y=0).
Neglecting the direct coupling term and letting
Yr=7Yr gives

B,i(y=m/2)  wlcos’d. —f(T)) sin’6,]
B,.(y=0) e+ yrH cos8.[1 + f(T))]

»

—_— 1
Tj—eo
2
w Cos“6.

- ——— = 0.054 .
ij—'O w+ yFHk C0S8, Permalloy

39)

" The case of slow-relaxation (T, — oo) would imply no
notch in the TESR data, the use of rapid relaxation
(T, —0), implies a notch nearly as deep as for the
susceptibility data. The existence of the notch for the
permalloy data implies that the relaxation of my, is
rapid compared with the microwave period, and con-
sequently 8m,, is small. Ambiguities due to baseline
uncertainties and nonperfect flatness of the sample
foil limit the strength of the bound on T, but the
data do indicate

or that
1/T;>5w~3x10"sec! . (40)

The quality of the data for the nickel and iron sam-
ples do not warrant such an analysis. The rest of this
discussion will assume f(T,) =0 for all of the sam-
ples.

It is interesting to note parenthetically that the
analysis of the notch in the TESR data does help dis-
tinguish among models which are chosen to describe
the behavior of the ferromagnet. We have also con-
sidered a rather simpler model for the ferromagnet,
assuming only a single magnetization density M,
rather than two densities, one associated with local
moments and another with the conduction electrons.
The formal results are essentially the same as )
presented above except that the condition equivalent
to Eq. (40), implies a longitudinal relaxation rate for
the ferromagnetic magnetization which is much more
rapid than the transverse rate, a situation deemed
unacceptable to most practitioners of magnetic reso-
nance. It was to avoid this problem that we were led
to the more complex model presented here.

The calculation in the Appendix assumes a cou-
pling by electron transport of magnetization across
the interface. As indicated earlier, similar results are
obtained under the assumption of a coupling in which
the magnetization in the paramagnet is driven by a
torque proportional to the magnetization in the fer-
romagnet. In this case however, the coupling con-
stant becomes imaginary, and in the denominator of
Egs. (32) and (33), the term in I'' contributes a shift
rather than a width to the observed TESR. Using the
value of I'/x, ~ 10" cm/sec deduced below from the
strength of the enhancement, one would predict a
shift of ~100—200 G. The observed absence of a g
shift to within a few Gauss implies that the model
giving I'' real is the more appropriate. This result is
confirmed by the measurement of the phase of the
FMR enhanced signal relative to that for a simple-
metal sample which is predicted to be, for the parallel
geometry ¢ =90°, a phase advance of 135° for the
skin-depth model used in the calculation. There are
two physical contributions to this predicted phase ad-
vance of 135°. In the simple-metal experiment there
is a phase lag of 45° associated with the average
phase of the A, in the skin depth relative to its value
at the surface, which does not appear in the case of
the signal coupled via the FMR since the ferromag-
netic layer is thin compared with skin depth. Also, in
the simple-metal experiments, the transverse magnet-
ization is created by the torque exerted by 4, on m,,
giving as injection a time derivative of the transverse
magnetization perpendicular to 4, and hence 90 ° out
of phase, in fact a phase lag of 90 °, with respect to
the resonant rotating component of 4;. In contrast,
for the FMR coupled TESR, the transverse magneti-
zation injected at the interface is in phase with the
FMR magnetization, which in turn, for the parallel
configuration with wr > w, is in phase with A,

[XF'(w) >0,Xs"(w) ~ 0], giving no phase lag between
the injected m and h;. The sum of these effects
gives the predicted phase advance of 135°. For the
anomalous skin effect with a smaller retardation in
the skin than for the normal skin effect, this predict-
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ed phase advance is somewhat less, going to 120° in
the extreme anomalous limit. The observed phase
advance for Permalloy samples in the parallel confi-
guration is 110 + 15° in satisfactory agreement with
the prediction. The agreement, together with the ab-
sence of a measurable g shift, indicates that the FMR
enhancement is dominated by a mechanism giving a
real value of T'; such as the electron transport
mechanism proposed here.

The absence of enhancement for the aluminum
sample, with an oxide layer at the interface, and the
poor quality copper samples suggests the need for in-
timate electronic contact at the interface and that the
coupling is not simply via electromagnetic fields at
the interface. This observation is consistent with the
proposed mechanism requiring the diffusion of con-
duction electrons across the interface.

Although we have assumed [Eq. (18)] I' to be a
scalar; more generally it would be represented as a
tensor quantity. The implications of an anisotropy of
the coupling constant I' have not been studied in de-
tail. There seems no reason a priori to expect that
the interfacial transport of the components of mag-
netization parallel to the ferromagnetic magnetiza-
tion, for example, should be the same as for the per-
pendicular components. A naive calculation indicates
that if there were an extreme anisotropy, :
Iy =0,I;,=T,,=T for example, the observed TESR
line width, which is'"dominated in these experiments
by the term I'/p X, should be reduced by a factor of
nearly 2 in going from ¢=90°to ¢ =0°. The ab-
sence of observable line width variations to within
+5% indicates that any anisotropy in I is small, of
the order of 10% or less. .

The results illustrated in Fig. 3 indicate clearly the
strong correlation, both of the amplitude and of the
phase, of the enhanced TESR signal with the FMR
response, as measured by Xz(w). In all cases the
gross behavior is determined simply by the angular
dependence of the resonance denominator for the
FMR A. A more severe test of the predictions is ob-
tained by plotting the ratio of the observed TESR to
| x| since here, in the theoretical prediction, the
denominator cancels, giving, with neglect of the "nor-
mal" coupling and of terms in 1/TF,

B.(peak) — w+ypHy cos(8—¢)

, 41
XF yrH;

for the case y =0 representing the situation for most
of the experimental data.. This relation gives a specif-
ic prediction concerning both the amplitude and
phase of the TESR signal relative to the FMR sus-
ceptibility, measured at the TESR resonance field as a
function of angle. Note that in B, only the coupling
via the FMR is included, since for the results dis-
cussed here it dominates heavily over the direct cou-
pling term.

The experimental amplitude ratios are shown in
Fig. 5 along with the result, Eq. (41). The neglect of
the FMR damping in Eq. (41) is certainly valid for
the Permalloy samples for which the line width for
the resonance at ¢ =90° of 100 G implies
o/ Tr <0.015 which is quite negligible in the present
context. These plots are not of significance for an-
gles near the peak enhancement, both because of the
cavity loading noted earlier and because the analysis
has not been extended to fit the observed non-
Lorentzian line shapes observed near the "magic an-
gle" resulting from the development of a bottleneck
(strong coupling limit) when wr=w,. For the nickel
and iron samples the theoretical model does not fit
the susceptibility data satisfactorily. For the iron
sample, and to lesser degree for the nickel, there
remains substantial absorption (X") ‘both at zero field
for ¢ =90° and as ¢ goes to zero at H =3300 G,
whereas the predicted resonance frequency in both
cases is zero. The finite absorption cannot be satis-
factorily explained by assuming a large damping since

0.5

Ratio TESR /|Xl, arbitrary scale
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FIG. 5. Ratio of TESR peak amplitude to | xg| for (a)
Iron, (b) Permalloy, (c) Nickel as a function of field orienta-
tion. x, O,experimental results; solid curve, the predic-
tions of the theoretical model.
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the x" data at ¢ =90 ° do not show the long-high-
field tail that would be predicted by a damping con-
stant sufficient to give the observed X" at H =0. It
seems more likely that the very broad line in the iron
and nickel is due to a distribution of anisotropy fields
throughout the sample, giving a corresponding distri-
bution of resonant fields. It should be noted that an
anisotropy field of 400 G would be sufficient to dis-
place the resonant field to zero for ¢ =90° in the
case of iron. For the case of iron w/Tr is estimated
to be <0.15 and not of importance in the analysis.
For nickel, o/ Tr may be as large as 0.5, in which
case it begins to be an important correction to the ra-
tio, but for the variation of B./Xr with ¢ the effect
is insignificant compared with the experimental un-
certainties, both for the amplitude and the phase of
B./Xr. No attempt has been made to include the ef-
fect of anisotropy fields in the theory since the exist-
ing susceptibility data for the FMR are unlikely to be
of sufficient precision to give a test at all critical of
such a model. Rough arguments suggest that their
inclusion would somewhat improve the agreement
between experiment and theory for the iron.

The prediction of Eq. (41) is that the TESR phase
and the phase of the ferromagnetic susceptibility X,
should show the same variation with magnet angle.
Figure 3 illustrates that this prediction is well satisfied
by the data. For the Permalloy samples, in which
one sweeps fully through the resonance as ¢ is swept
from 90° to 0°, the shift in phase is essentially 180 °
as noted by Janossy and Monod.'* For the iron and
nickel samples this phase shift is less complete, re-
flecting, in the present interpretation, nothing strange
about the FMR-TESR coupling but simply complica-
tions associated with the FMR -itself, perhaps the in-
fluence of anisotropy fields.

For the amplitude ratio, the agreement is less satis-
factory, the predictions giving consistently a greater
angular variation of B,/Xr than observed. These
results are particularly sensitive to the background or
apparent variation of the cavity X with H and ¢, al-
luded to earlier. The difference between the results
for the two different Permalloy samples gives some
indication of the lack of reproducibility. In addition,
we have made no attempt to correct the results for
the magnetic field inducted anisotropy of the diffu-
sion constant for the electrons, D. Results on the
angular variation of the TESR intensity for simple-
copper samples indicate that, for the conditions of the
runs for the double-layer samples, the angular varia-
tions due to anisotropy in D should be small, but
perhaps not entirely negligible. Qualitatively one sees
clearly both the decrease of B,/Xr as ¢ is varied
from 90° to 0°, as well as the increase in magnitude
of this variation in going from nickel to Permalloy to
iron, both predictions of the diffusive coupling
model. A more critical quantitative test will require
better characterization of the FMR than was achieved

in these experiments.

Perhaps the most striking prediction of the theoret-
ical model is that within the limits of the model cal-
culation, including the neglect of interfacial relaxa-
tion, the peak amplitude of the TESR signal is in-
dependent of T in the regime in which the coupling
to the ferromagnet dominates the TESR line width.
The model gives for this limiting peak-signal ampli-
tude B2, (I') at $=90°,

wl(w+yrH)

B2 () =X,h
o UV H -

, 42)
with the neglect of the FMR damping terms. This
may be compared with the peak TESR signal for a
simple-metal sample

dw
B, (0) = X,h——22
p+(©) ey (7T, @)
to give
BY. (1)/B,,(0) = Lty HOWT) ) ()

'Y}Hin - o’ 5

where 1/T, and p are the half-width of the TESR and

. the thickness for the simple-metal experiment.

Experimentally there is an indication of such a lim-
iting peak amplitude. Three Permalloy samples (see
Table 1) give the same peak amplitude to within
+20%, despite substantial differences in the thickness
either of the paramagnetic or ferromagnetic layers.
This behavior is not observed, however, for the iron.
Sample 1 showed essentially no FMR enhancement
of the integrated area under the resonance, though a
very substantial broadening when compared with the
same sample foil in pure TESR after the iron was
stripped off. This implies that there was substantial
relaxation associated with the interface but no signifi-
cant transfer of magnetization from the iron to the
copper. Although the calculation neglects interfacial
relaxation, the generalization is straightforward and
requires the addition of a term I, to I'" in the reso-
nance denominator (but not numerator) of the TESR
in Eqs. (32) and (33). For this sample I', was ap-
parently large but I'" was too small to give measurable
coupling. A second iron sample showed weak
enhancement of the area under the resonance and
substantial breadth; an anneal resulted in a factor of
3 increase in the enhancement, and a factor of 2 in-
crease in the excess breadth over the 45 G of the
stripped sample. Thus the anneal is modifying the
interfacial contact in such a way as to increase the ef-
ficiency of magnetization transport. Iron No. 3
prepared at a higher temperature shows even more
enhancement. There are not enough data, however,
to determine whether there is a saturation enhance-
ment for the Fe. On the other hand, the enhance-
ment for the iron No. 3 may be compared-with the
Permalloy results by correcting for the factors
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(0 +7yrH,)/(y}H;H, — »?). The amplitude thus nor-
malized is the same as for the Permalloy, indicating
that the transfer I'', dominates the relaxation T', or at
least that I',/T" is the same for the iron and Permal-
loy. For the single nickel sample, the normalized
enhancement remains less by a factor of 3 than the
Permalloy despite a strong coupling as indicated by
the line width of the TESR; this seems to be a sam-
ple with the interfacial relaxation playing an impor-
tant role.

A further test of this proposed limiting enhance-
ment is the absolute value of the limiting enhance-
ment, Eq. (44), in which appear only the resonance
fields H; and H, for the FMR, and the remaining
factors 1/T,, p, and & referring to a reference sample
without FMR enhancement. Using values for the
stripped copper sample, which are consistent to-
within +50% with those obtained by Hurdequint!® on
other copper samples, and using 84 =0.14 um for the
anomalous skin depth in copper, gives the prediction
for Permalloy BJ, (I')/B2, (0) =6.8, compared with
the experimental result of 3.8 +1. This rough agree-
ment in magnitude is convincing evidence that at the
ferromagnet-paramagnet interface the magnetization
transport is comparable with or dominant over the re-
laxation.

Finally the results may be interpreted to give nu-
merical values of the interfacial transport coefficients
I under the assumption, verified roughly above, that
interfacial relaxation is unimportant for the Permalloy
and iron No. 3. The values of I''/X, listed in Table I
are obtained from the line widths assuming a 1/7,
for the sample in absence of interfacial coupling of
~4 x10% sec™ (full line width of 40 G), and in gen-
eral represent the sum of broadening due to both
transport and relaxation at the interface; for Permal-
loy and iron No. 3 they are dominated by the tran-
sport contribution.

In the theoretical model for the coupled systems,
the rate of transfer of magnetization across the inter-
face was described by a phenomenological constant I'.
This T is related to the I'', deduced from the experi-
mental results, by expression (A13). Since crude esti-
mates indicated we have Dk, > T /X, or that T > I,
it is assumed here that T =T". For an interface
between two paramagnetic metals, one may obtain
expressions for I' in terms of simple models as dis-
cussed by Walker.” For such an interface, detailed
balance requirements give conditions on the
transmission and reflection coefficients as seen from
the two sides of the interface. For models using
spherical Fermi surfaces one has the reciprocity con-
dition

VeaXalsa = Vs Xplg (45)

where vy, X;, and ¢ are for metal i, respectively, the
Fermi velocity, susceptibility, and an average over

the Fermi surface of the interfacial transmission coef-
ficient for electrons approaching from the side i. As
a consequence, only in special cases will the transmis-
sion coefficient from the two sides be the same, as
assumed by Walker,!® and some modifications of his
results are necessary as a consequence. Walker’s ar-
guments, with this generalization, lead to the result

r= VeXt 1 ' (46)

4 1—'%([,4 +(B)

where vp, X, and ¢ may, as a consequence of the rela-
tions (45), be that of either metal.

For the case of the contact between a ferromagnet-
ic and a paramagnetic metal, it is by no means clear
what to take for a microscopic model of the fer-
romagnet. It is tempting to avoid the issue, and we
succumb to that temptation, by using the result Eq.
(46) to estimate T, using values of v and X appropri-
ate to copper, letting ¢, = f;, and determining the
value of this transmission coefficient which affords a
fit to the I' determined from the experiment.. Note
that the prediction is roughly I'/X, ~ vg, the Fermi
velocity in the paramagnet, if ¢ is neither very small
nor very near unity, reflecting crudely the idea that
the Fermi velocity determines the rate at which mag-
netization carn be delivered across the interface from
one metal to the other. Assuming ¢,=1,, the data
imply an interfacial transmission coefficient of
t ~0.25 for the Permalloy-copper interface represent-
ing quite a good contact between the two metals.
Clearly many more experiments are required to
determine whether this result is characteristic of the
ideal contact between these metals or simply the ac-
cidental result for these particular samples.

V. CONCLUSIONS

Quantitative experiments have been carried out to
characterize the enhancement of TESR signals pro-

. vided by coupling to the TESR mode via a ferromag-

netic film on one side of the TESR sample foil, and
to elucidate the mechanism of this enhancement.
The mechanism considered involves the coupling of
the FMR mode in the film to the TESR mode in the
foil by the diffusion of conduction electrons, polar-
ized by the exchange field in the ferromagnet, into -
the paramagnetic foil providing an injection of
transverse magnetization far in excess of that pro-
duced by the microwave magnetic field acting upon
the equilibrium Pauli paramagnetic moment of the
foil.

The experiments show unequivocally, through the
scaling of the TESR enhancement with the ferromag-
netic response in amplitude and phase, that the
enhancement does involve the FMR mode of the
film and that the mechanism is the same for the iron,
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nickel, and Permalloy films. They, in addition, rule
out mechanisms involving the coupling via torques
exerted across the interface by exchange fields, since
this mechanism would lead to a different phase of the
transmitted signal from that observed and to a
dramatic shift of the resonance, also unobserved.

The detailed phenomenological model developed in
the Appendix accounts roughly for the angular varia-
tion of the ratio of the TESR to FMR response,
though the deviations from the predictions do seem
to be outside the experimental uncertainties and re-
quire further investigation. - A most remarkable
feature of the theory is that it predicts the absolute
magnitude of the enhancement to be independent of
the detailed properties of the ferromagnet, except its
47 M,, which determines the FMR frequency, and
the magnitude of the coupling parameter I', as long
as the appropriate inequalities are satisfied to validate
the theory and provided that relaxation at the inter-
face is negligible. The observed enhancement factor
is within a factor of 2 of the predicted, and the
discrepancy may well be associated with uncertainty
in the skin depth of the copper, some reduction of
the enhanced TESR due to the spin depth not being
large compared with the sample thickness, or the
presence of some interfacial spin relaxation. The
broadening of the TESR by the interfacial coupling
gives an estimate of I' which indicates a probability of
electron transmission through the interface from the
copper to the films of about 25%. The absence of
coupling in the case of the aluminum sample, with an
oxide film at the interface, emphasizes the impor-
tance of intimate electronic contact at the interface,
and eliminates coupling via interfacial electromagnetic
fields as a mechanism for the observed enhancement.

We conclude that the proposed model, involving
magnetization transport by the diffusion of conduc-
tion electrons across the interface, is in good accord
with the experimental results.
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APPENDIX

For the geometry and applied field strength,
H, < 47 M, used in these experiments the macro-
scopic field in the ferromagnetic film is not in general

paraliel to the applied field. As a consequence the
Bloch equations for the FMR and for the 8m, reso-
nance are conveniently written in one coordinate
frame, while those for 8m, are conveniently written
in a second. The boundary conditions at the inter-
face then become complicated because of the need to
project from one coordinate frame to the other. An
additional complication is that the ferromagnetic reso-
nance is now elliptically rather that circularly polar-
ized. As in the main text, we take the paramagnetic
foil to be thin and the ferromagnetic film to be thick
compared with the respective spin depths, and ignore
the additional driving term which becomes effective
only as one enters the classical skin-depth regime.
Figure 6 defines the coordinate frames used for the
Bloch equations for M, 8m;, and 8m,. The axes X,

Y, and Z are defined by the sample foil and mi-
crowave field geometry, with Z nearly horizontal and
normal to the plane of the foil, X in the plane of the
foil and horizontal, and Y nearly vertical in the plane
of the foil and parallel to the microwave magnetic
field. The x,p,z axes are defined by the applied mag-
netic field, and hence the field in the paramagnetic
metal, with z parallel to the field, which is horizontal
and rotatable about a vertical axis, and with x and y
perpendicular to the field and, respectively horizontal
and vertical. The axes Y and y are not quite parallel
in the experiment as a consequence of a small
misalignment, less than a degree, of the plane of the
foil with respect to the vertical. For the paramagnetic
metal this misalignment is of no consequence and Y
will be taken to be parallel to .. The orientation of
the field in the horizontal plane will be defined by
¢=sin"'7-X. In the ferromagnet, the axes ¢, n,
and { are defined as follows: *{ is parallel to the static
magnetization and makes an angle 8 with respect to
Z, n is perpendicular to ¢, lies in the plane of the
foil, and makes the angle y with respect to Y; and ¢
is perpendicular to ¢ and 5. For the ferromagnet, the
small misalignment of the foil sample with respect to
the axis of rotation of the applied field (H,) is very
important near ¢ =0. Since in these experiments H,
remains less than 47w M (M is the magnetization of
the ferromagnet), in the geometry with e=0, ¢ =0,
M makes an angle 8, =cos™ (H,/4= M) with respect
to the normal of the foil, but can lie anywhere on the
cone defined by this angle. If the H, is nearly, but
not quite, normal, this degeneracy is lifted and the
projection of M on the plane of the sample foil will
be parallel to the projection of H, on this same plane.
With a slight misalignment of the foil from the verti-
cal, as ¢ is swept from positive to negative values,
the projection of H, becomes parallel to Y, and hence
v becomes 90°, at ¢ =0, while for ¢ large compared
with the misalignment, M remains essentially hor-
izontal and y remains near zero. Because the cou-
pling between the microwave field and the magneti-
zation M depends upon this angle y, both the FMR_
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a) b)

FIG. 6. Experimental geometry for the real experiment,
i.e., (a) sample and TESR reference frames. X-Y, plane of
sample; Z, normal to sample; y, vertical, normal to plane
(circle) in which H, rotates; e, intersection of Y-Z plane
with plane of rotation of H,; z, direction of applied field,
H,; x, normal to yand z; ¢ < ez, orientation of field;
€ e,Z =4 yY, foil misorientation; f;l is parallel to Y. (b)
sample and FMR reference frames. X-Y, plane of sample;
Z, normal to sample; ¢, direction of equilibrium ferromag-
netic magnetization; 7, intersection of the plane normal to {
- (circle) with X-Y; £, normalto nand {; 8, < Z, {; v,
< m,Y =< X, (projection of { on foil) = & X, (projection
of z on foil)=tan"!(ecot) if € << 1.

coupled TESR signal and the FMR susceptibility vary
quite rapidly near ¢ =0.

The angle 6 is determined by the solution to the
magnetostatic problem. For zero misalignment e =0,
this is obtained from the equations for the continuity
of the appropriate components of B and H, and the
assumption of zero anisotropy which implies that the
magnetization M is parallel to the internal field H;,.
i.e.,

H,sing = H;sinf , (A1)
H,cos¢p = (H, +4mwM,) cosb . (A2)
0 is then the solution of the transcendental equation,
H,sin(¢ —0) =4mM;sinfcosf . (A3)

In the (¢, m, {) frame defined by the magnetostatic
solution, with { making the angle 6 with respect to
the film normal, the Bloch equations for the FMR
become

ME='YFHiMn—‘)'FMohle_i\MCOS’y
M, .
T, Mg—Tfhle_“"’sinycos(}] , (A4)
M, =—yrHiM;+yrMohie~'*'siny cosd

e M,,——Oh,e""”cosy ; (AS)

H;

with
H;=H,cos(8 —¢) —47wMycos*6 , (A6)
H.=H,+4mM,sin®9 . (A7)

The fields H; and H,, by including the effect of the
demagnetizing fields produced by small deviations of
‘M from its equilibrium position, represent the restor-
ing torques resulting from deviations of M in the

(9, ©) and (¢, {) planes, respectively. Denoting by
M? and MY the amplitude of the transverse com-
ponents of the driven FMR, the solutions of the
Bloch equations are

Myh . 1
MQ = YEZORL G cosy + | yrH, + ——
£ A T yrHT?
S siny cos@
- vrHTF
(A8)
Moh j
M?,_Yr oy pH, + 1 - iw
A yeHTf  yrH T
X cosy —iwsiny cosd| , (A9)
with
A= 7}11in+L~w2 ~ 2w (A10)
T? Tk

To simplify the resulting algebra we make from the
outset the approximations noted in the main text,
namely, in paramagnet,
kpd, <<1 ,
mean free path > 8§ , (A11)
kp <<1,

and in ferromagnet,
0, 1/Tr << ysAM, ,
kef >>1 (A12)
Dsk; >>T/X, .

The last assumption is not satisfied, but greatly sim-
plifies the algebra, since it allows the neglect of the
influence of the interfacial magnetization transport
on the conduction spin response in the ferromagnet,
the left directed arrow in the scheme Eq. (1). De-
tailed calculation shows that the replacement of I" by

Dyks

[=r|—L%
Dk +T/Xs

, (A13)

in the final result appropriately accounts for the error
introduced by that assumption. [See the discussion
after Eq. (28).]
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The Bloch equations are now written for the fer-
romagnetic conduction electrons, keeping only the
exchange field produced by the local-moment
magnetization as the driving term for the transverse
(¢, m) components of 8m;, as is consistent with the
first of the inequalities (A12). For the { component
it is essential to keep account of the driving mi-
crowave field 4, and the oscillating demagnetizing
fields as well.

Smfog x(inf/‘YfMo)Mg , (A14)

smp, = (~iwX /vy MOMY | (A15)
iwT, inf

omY =w(h| siny +47M{ cos8) . (Al6)

l—in_'f

Note that these deviations are not zero in the strong
bottleneck limit, and in fact do not depend upon the

exchange-coupling parameter A as long as it is large.
Note also that even in first order in A, there is a
nonzero dm,,. This is because there will be a com-
ponent of h, parallel to { and also a component of
‘the time-varying demagnetizing field parallel to .

The calculation proceeds as in the text, the addi-
tional complication in obtaining the microwave fer-
romagnetic susceptibility as measured in the
transmitter cavity,

Xr=My/h, , (A17)
and the TESR response
By =(8mp +i8mpy) 7+ (A18)

being the need to project the M° and Srﬁ}) as calculat-
ed in the £, m, { frame, into the (x,y,z) frame. One
obtains, in the limiting cases,

-
for y=0
yrMo 1 iw
= H, + - , (A19)
XF=Ty [” Y FH,T? wH,-Tr]
hy —(1+)wX,8 | T ¥ iw 1 iw
= +———=||yrHi + - cos(8—¢) +
By QP+I‘/pX,,{ 2p Py A YRR PHTE T yeHTr Pt
inf . .
+——"—4my M,sinf cosfsin(9 — ¢) (A20)
1"‘/wa ’
for 'y=%7r, ¢ =0,
. 7FM0 1 iw 2 .
Xgp= - cos“f, , A21
TR | HeTF vl [ (A21)
hy —(L+)DwX,d | Tlio’yr T, ., 1 iw
= - +— cos“f. — - sin“@.| + -
B,,+ Q, +I‘/pX,, 2p p| Avys R iwT, ¢ ’yFHkT,.Z vyrHTF
chosBC iwyr sin’@,cosb 47 Myyr (A22)
p Ay A

As noted earlier, in these expressions the replacement Eq. (A13) generalizes the results to include the case
Dyky <T/Xs. As in the earlier example discussed in the text, the TESR response B,. and the ferromagnetic

resonance both reflect the FMR resonance denominator A.
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