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The propagation of nonequilibrium conduction-electron magnetization of paramagnetic metals
under resonant and nonresonant conditions is described by a simple model and investigated ex-
perimentally. The theory is in qualitative agreement with the 9-GHz transmission experiments
on high-purity paramagnetic metals coated with ferromagnetic layers to selectively enhance spin
transmission. Observations on (i) the temperature dependence of the transmission electron-spin
resonance (TESR) in Cu, Ag, and Au; (ii) on the anisotropy of the TESR at helium tempera-
ture in Cu, and Au; and (iii) a nonresonant single-particle spin-wave mode in Cu, Au, and W
are reported. The nonresonant spin waves are attributed to ballistic electrons which cross the
sample without momentum scattering. At low temperatures these waves give the major part of
the nonequilibrium magnetization. Both transverse and longitudinal modes are observed.

I. INTRODUCTION

By contrast with the early theoretical understanding
of the elementary principles of the dynamics of iso-
lated electronic spins in an insulator or a semiconduc-
tor, the basic description of the different phenomena
involved in the magnetic resonance of conduction
electrons in metals has been much slower in shaping
up. As we want to establish here the nature of new
observations of conduction-electron-spin excitation
and propagation in normal, high-purity metals at low
temperatures, a brief survey of the present situation
is helpful.

The basic work of Dyson! provides a starting point
for dealing with conduction-electron-spin dynamics in
a metal. Dyson showed how the knowledge of the
electron-gas correlation function entirely determines
the response of the metal to an electromagnetic field.
Although Dyson’s method is general, it was applied
in early works only to the case, valid in presence of
strong momentum scattering, where a diffusion equa-
tion is used to represent the propagation of magneti-
zation in the metal. Since then new developments
have taken place along two main directions: (i) by
inclusion of Fermi-liquid effects, i.e., electron-
electron interactions, (ii) by taking into account non-
resonant spin modes, appearing in the weak-
scattering limit, when "ballistic" rather than "dif-
fusive" propagation of electrons occurs.

Fermi-liquid effects were first demonstrated experi-
mentally on sodium and potassium with the oc-
currence of paramagnetic spin waves.2 The full
theoretical description of these effects®* pointed to
the existence of many more higher-order modes for
possible observation. So far only alkali metals have
been investigated for these effects? S and very recent-
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ly aluminum.® In this type of work the anisotropy of
the interactions between electrons is taken care of
but a spherical Fermi surface was generally assumed
except for the work of Walker.’

The prediction of the phenomenon of spin-
resonance transmission was made by Azbel et al.?
with a formalism equivalent to that of Dyson.
Although the same authors® pointed out the impor-
tance of the orbital motion of the electrons, leading
in particular to anisotropic diffusion, it was not real-
ized until recently!® that spin excitations of a single
group of electrons and their subsequent coherent pro-
pagation can yield observable changes of the magneti-
zation. Teitelbaum!! has made a detailed investiga-
tion of this phenomenon which takes place at low
temperatures in very pure metals when the collision
mean free path becomes larger than the cyclotron or-
bit diameter. The corresponding phenomena for the
propagation of electromagnetic currents along the or-
bit of the carriers has been described by Gantmakher
and Kaner'?!3 for arbitrary Fermi surfaces. Further-
more Teitelbaum included isotropic Fermi-liquid ef-
fects in the propagation parameters thus covering a
large number of situations, however specific applica-
tion to the transmission geometry is lacking.

Experimentally, as noted by Teitelbaum!! and Wil-
son and Fredkin* many of these spin signals are likely
to be obscured if not washed out by the occurrence
of much more intense excitation of orbital waves.!*
In this respect very promising progress has been
achieved experimentally by the systematic use of the
ferromagnetic sandwich geometry.!> This technique
enables one to enhance considerably the strength of
the spin excitations of a metal leaving the orbital
currents unchanged. Although the microscopic
description of the ferromagnetic-paramagnetic boun-
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dary is lacking, a consistent phenomenological model
exists'® allowing a simple interpretation of the modifi-
cation of the paramagnetic resonance when excited by
the ferromagnetic resonance of a film (rather than by
direct electromagnetic radiation). With this technique
we were able to investigate!? the spin excitations of a
single group of electrons otherwise unobservable on
the "bare" metal in identical geometry.

In order to explain consistently our observations
we derive here a simple theoretical model applying to
free electrons on a spherical Fermi surface in the case
of weak scattering. We show that in addition to the
anisotropy of the ESR predicted by Azbel et al.’ a
nonresonant propagation appears which is the spin
analogue of cyclotron waves. The model contains
several simplifications and does not take into account
the effect of a g-factor anisotropy and — more im-
portant — the effect of Fermi-liquid interactions.

The effect of Fermi-liquid interactions, Fermi-
surface anisotropy, and g-factor anisotropy on the
nonresonant spin modes has been investigated in de-
tail in a recent work by Montgomery and Walker.!”
We have left out of this brief discussion some more
specialized effects due to the finite size of the sample
investigated: in the diffusion regime collisions on the
surface with spin flip give rise to surface relaxation';
other purely geometrical effects arise'® in the case
where electrons can propagate over distances compar-
able to or larger than all dimensions of the sample.
Nevertheless, it is in agreement with most of the ex-
perimental findings presented in Sec. III where we re-
port on spin transmission observed under various
conditions. The method of enhancing the spin
transmission by coating paramagnetic metal foils with
thin ferromagnetic layers allows us to investigate, be-
sides the ESR around the resonance field, the ESR at
fields far from the resonance, the anisotropy of the
ESR in relatively thick foils, and nonresonant modes
related to the energy spectrum of the electrons. Most
of the investigations are on copper but some observa-
tions on silver, gold, and tungsten are also reported.

II. PROPAGATION OF CONDUCTION-ELECTRON
MAGNETIZATION IN A METAL

The main question dealt with in this paper is the
following: What is the distribution of the spin mag-
netization induced by a radio-frequency field in a
metal in a strong static magnetic field?

We shall not attempt to construct a theory taking
into account all details of the excitation of magnetic
modes and all complications of the orbital motion.
Instead, we shall limit ourselves to a simple treat-
ment by appropriately modifying Dyson’s theory.!
Our principal aim is to point out the qualitative
differences in the spin propagation for different

ranges of exciting frequencies, Larmor frequencies,
and spin and momentum relaxation rates.

A. Dyson’s theory

Consider a metal occupying the z >0 half space in
a static magnetic field H, oriented in an arbitrar
direction (Fig. 1). A radio-frequency field h ' +c.c.
is incident on the metal surface. This field is strongly
inhomogeneous, it is shielded within a short distance
from the surface. The electrons are rapidly moving
in the metal and when they come into the skin region
they sense a rapidly varying field. In all the following
we use the term polarization when describing the mo-
tion of a single-electron moment in contrast to the
term magnetization which is the macroscopic quanti-
ty. Following Dyson' we first calculate the polariza-
tion of a single electron and then sum up for the dif-
ferent trajectories. The polarization of a single elec-
tron is assumed to obey a simple Bloch equation

dam m—mo 0

where T, is a phenomenological relaxation time,
H()=Hy+h(r(1))e " + c.c. is the sum of the
static magnetic field and radio-frequency field effec-
tively felt by the electrons moving in the metal,
mo=XH) is the equilbrium magnetization. Neglect-
ing second-order terms in the nonequilibrium mag-
netization and introducing circular variables

N

FIG. 1. Geometry of exciting (4;) and static magnetic
fields (Hy). Hy is inclined by the angle « to the sample
normal. h, is polarized in a plane perpendicular to H.
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m=m_,+im,, h=h, +ihy, (the x'y' plane being normal to Hy) the solution of the differential equation (1) is

t
ma=e~tox i+ - f_“h(?(t'))exp[—[i(wo—w)-&-—;,—‘ (=0)ar
mu=eoxioo+| [T mE ) exp|-|itwo+w) + | (1= ) |ar %)
@ T] T Tl '

m=my+m_, ,

where wo=yH) is the Larmor frequency. In the fol-
lowing we shall keep only the term m, and abandon
the subscript w for brevity. We note, however, that
far from resonance both terms are equally important.
We average over different electron trajectories (1)
by introducing the correlation function
G(1,¢,T,T')dT’, the probability that an electron
which is at time ¢tin T, was at a previous time ¢’ in
the volume 4T around T.

In pure metals and in the frequency range of in-
terest the skin depth is very short. The average time
an electron spends in the skin region is orders of
magnitude shorter than the period of the Larmor pre-
cession 27/wq or the period of excitation 27/w. We
assume that all electrons passing the skin region are
excited in the same way independently of their
momentum. This is certainly a crude approximation
but it greatly simplifies the problem and allows us to
neglect details of the excitation. We assume for sim-
plicity that the exciting field always decays exponen-
tially with a wave vector (C8)~! where Cis a com-
plex number of order of unity. If 3 is sufficiently
small the magnetization of the whole system is

t
m(T,t)=A f_uG(”"' T,0)

x exp[—(i(a)o—w) + %] (t— t')]dt' ,

(3)

A =etotx|iwg + | Cah

T,

When o wg the integrand is rapidly oscillating and
averages to zero if the correlation function is varying
smoothly. This is the case for electrons described as
diffusing free particles where the magnetization is
large only at the ESR, w = wo. However, when the
mean free path of electrons becomes long the corre-
lation function may not be taken as smoothly varying
and any peaks in it lead to waves in the magnetiza-
tion.

B. Electron-spin resonance
The motion of electrons was described by Dyson'

as a diffusion of free particles all having the same
velocity magnitude vr. In doing this the effect of the

lsitatic field on the motion was neglected and w7 <<1
was assumed (w, is the cyclotron frequency and 7 the
momentum relaxation rate). This restriction was re-
moved by Azbel et al.® and was also treated by
Lampe and Platzman.'® As these authors showed in
the case of w.7>>1 the motion may still be
described by a diffusion but with an anisotropic diffu-
sion constant: the effective momentum mean free
path along the magnetic field is unchanged (A\y=vr7)
but in the plane perpendicular to the magnetic field it
is strongly reduced and in the limit of a very long
momentum relaxation rate it is of the order of an
average electron orbit radius (A;=r,=vr/w.). In
this model the diffusion of electrons in the plane per-
pendicular to the magnetic field is replaced by the
diffusion of the center of orbits.

Taking for the correlation function G the solution
of the one-dimensional diffusion equation, Eq. (3)
may then be integrated?’

m =A—T—l— exp {_(Z‘\/2_/‘Seﬁ‘)[1 +i(w—w0) Tlll/z}

Berr [1+i(w—w) T]72 '

(4a)

der=(2DT'V2 | (4b)
‘2

1.2 2+ Sin‘“a 4¢)

gubr|cosla+—F 5 ol (4¢)

where a is the angle of the magnetic field to the sur-
face normal.

A simple picture was given by Lewis and Carver®
to understand the above expression. Electrons arriv-
ing at the skin region become slightly polarized per-
pendicularly to both the static and rf fields. The elec-
trons cross rapidly the skin and maintain their polari-
zation for a relatively long time 7). This polarization
precesses in the external static field H with a phase
determined by the phase of the rf field at the time of
excitation. As electrons are diffusing the poiarization
of electrons at a given point is destroyed by strong
interference in general. However, at the ESR all
spins precess in phase and the magnetization pro-
pagates into the metal as a uniform mode. The dis-
tance of penetration, the spin mean free path
8er=(2DT;) ' is determined by both the momen-
tum and spin-relaxation times. Off resonance,
(w—wy) T)>>1, the magnetization is attenuated by
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the phase spread of the polarization and not by spin
relaxation. The magnetization is no more uniform
but oscillates with a wave vector independent of T}

1/’2
1-i0 . Q)

wo—w
K off resonance = D

Off resonance the tail of the ESR is very strongly de-
creasing with frequency since its square root appears
in the exponential.

C. Nonresonant transverse
magnetization (Larmor waves)

In the above analysis it was implicitly assumed that
variations of the magnetization over the momentum
mean free path may be neglected. This is not the
case if |w—wol7>>1 and we shall show that under
this condition the diffusion model does not hold.

Consider the spatial distribution of the transverse
magnetization of electrons all having the same
momentum vector (i.e., those corresponding to a
given point on the Fermi surface) but excited at dif-
ferent times. We neglect for the moment relaxation
and take the static magnetic field perpendicular to the
surface. These electrons give rise to a Larmor wave!®
with a wave vector

k=1 (6)

vy

where vy is the velocity component along the mag-
netic field. This is easily understood by considering

the extreme cases w <<wj, w>>wy, and the ESR
= wg.

If w<<wq the phase of the excitation is slowly
varying and all electrons may be considered as excit-
ed with the same phase. As electrons leave the skin
their polarization precesses with the Larmor frequen-
cy and since all are moving with the same velocity
component along the static magnetic field, they give
rise to a wave with k = + wo/vy.

If w>>wg the precession of the polarization inside
the metal may be neglected but the electrons become
excited with different phases in different times and
the wave vector is kK = —w/vy. (The minus sign
comes from the choice of the sense of rotation of the
exciting field.)

At w = wg there is no difference between a Larmor
wave and the ESR, the change of phase of the Lar-
mor precession is counterbalanced by the rotation of
phase of the excitation and the wave vector is zero.

The total magnetization of the system is obtained
by summing over the Fermi surface. To take into ac-
count momentum scattering we group electrons into
two parts: the "ballistic” electrons, which arrive from
the skin region at the distance z without momentum
scattering and the "diffusing" electrons which have
lost momentum memory. This distinction may not
be always clear, especially for complicated Fermi sur-
faces where the use of a single momentum relaxation
rate may not be justified.

Electrons scattered at least once give rise to the
ESR and we describe them within the diffusion
model while the ballistic electrons give rise to Larmor
waves. According to this we modify Eq. (3)

4 —(t—t") ’ —i(wy—w) (1=t
m(FD=4 [ (Gut, 7.0 T 4Gy (1, F,0) e 0™ gy M
where G, stands for the correlation function of form
diffusing and G, of the ballistic electrons. We add to 1
Eq. (7) the normalizing condition Gy(1,1,2,0) = , if z<wp{t=1t) |

LGa(11,F,0) (1—e~=/r)
+Gp(1,,T7,001dT=1 . (8)

In the term describing ballistic electrons in Eq. (7)
the spin relaxation is not included explicitly. We
note that for spin-orbit relaxation (the dominant re-
laxation mechanism in pure metals) every spin-flip
process is accompanied by a momentum scattering?!
and so the factor exp[—(¢—¢)/7] takes into account
spin relaxation.

D. Nonresonant transverse magnetization
for a spherical Fermi surface

For a spherical Fermi surface G, has a very simple

ve(t—rt)
(9)
Gb=0, ifZ>UF(t—[,) .

The step in G at t—t' =z/vr results in an oscillating
magnetization which has a particularly simple form
for large distances from the surface, z >>\ =vprr,
and the static magnetic field perpendicular to the sur-
face

rexp {(—z[1/7 +i(w—wy) 1/vF)

m=4 z[1+i(wyg—w) 7] ' (10)

The wavelength of the oscillations are determined
by vr, the maximum velocity component along the
magnetic field. For Fermi surfaces not too much dis-
torted from spherical G, is still expected to have a
jump at the minimum transit time t—¢ =z/vr and
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the magnetization oscillations are determined by the
Fermi velocity of tip electrons towards which the
magnetic field is pointing.

One of the most important features of Eq. (10) is
that although the magnetization is a sum of waves
with different wavelengths, the phase spread of elec-
trons with different velocity components vy results
only in a linear attenuation with the difference in ex-
citing and Larmor frequencies. Since the ESR decays
exponentially with the square root of frequency the
magnetization of Larmor waves is larger than the tail
of the ESR for sufficiently long momentum relaxa-
tion times. From Eqgs. (4a) and (10) the condition
for the Larmor wave oscillation amplitude to be
larger than the tail of the ESR is approximately

3lwg—w|T>1 . (11)

For magnetic fields tilted from the surface normal
the cyclotron motion can not be neglected. However,
electrons with a velocity component vy close to vg
have the smallest orbit radii for a Fermi surface not
strongly different from spherical and so give rise to
the least phase smearing. For not too strongly tilted
fields Eq. (10) is expected to remain valid if z is re-
placed by z/cosa.

In the above considerations we limited ourselves to
calculating the magnetization for large distances from
the exciting surface, e.g., z>vrr. For small dis-
tances two important complications arise: (a) for fre-
quencies close to the ESR the normalizing condition
Eq. (8) can not be neglected; (b) the approximation in
obtaining Eq. (10) from the general expression (7) is
not valid anymore. We have not investigated in de-
tail the consequences of these approximations for
z <vgr since our principal aim was to give a simple
model to explain qualitatively the experiments.

E. Longitudinal waves

In Secs. Il A—II D we described waves where the
nonequilibrium magnetization is perpendicular to the
direction of propagation, i.e., these are transverse
modes. There may exist longitudinal modes also*
where the nonequilibrium magnetization points along
the propagation. This polarization is not precessing
with the Larmor frequency so, from the argument of
Sec. III C, its wavelength 27mvy/w is independent of
the static field magnitude. However, since small ex-
citing fields give rise to a polarization perpendicular
to the exciting and static magnetic field such modes
can be excited only under special conditions discussed
in Sec. IVG.

F. Transmission through slabs of finite thickness

In the transmission experiments, described in the
following, the measured quantity is the rf magnetic

field transmitted through a metal slab of thickness /.
The sample is placed between two cavities which act
as polarizers. The exciting field is linearly polarized
and only the component of the field at the second
surface polarized in the direction of the exciting field
polarization is detected. The transmitted rf field is
proportional to the corresponding component of the
magnetization at the emitting surface.?’

To calculate the magnetization for finite sample
thicknesses the spin and momentum scattering at the
boundaries must be specified. We may assume that
surface spin relaxation is small while momentum is
diffusely scattered. In this model the magnetization
of Larmor waves is unaffected by the finiteness of
the sample, on the other hand the ESR increases for
thicknesses less than 8. since it becomes a sum of
reflected waves.

G. Concluding remarks

We may classify the different possibilities for
conduction-electron-spin penetration in a metal ac-
cording to Table I. We have not taken into con-
sideration the effects of a g-factor anisotropy on the
magnetization distribution. The g-factor anisotropy
has only a limited effect on the ESR (both for isotro-
pic and anisotropic diffusion) since the ESR is the
result of the coherence of the precession of electrons
over the spin-relaxation time 7. T, is usually much
larger than 7 and the effect of the g-factor anisotropy
in broadening the resonance is reduced by motional
narrowing.

Larmor waves depend on the details of the Fermi
surface, the oscillations vary with crystal and magnet-
ic field orientation. Metals with very large g-factor
anisotropies, so that no ESR is hoped for, may still
exhibit magnetization oscillations characteristic of the
nonresonant spin transmission of a particular group
of electrons on the Fermi surface.

The Larmor waves, just as cyclotron waves, are of
a great variety. The transverse spin modes discussed
in Sec. III C propagate along the magnetic field and
are analogous to the Ganthmaker-Kaner oscilla-

TABLE 1. Classification of conduction-electron-spin
penetration modes in a pure metal.

T lo—wplT]  lo—wylr Dominant mode
<<1 <1 <<1 ESR (isotropic D)
>1 <1 <<1 ESR (anisotropic D)
21 >1 <1 "tail" of ESR (decaying
with frequency)
>1 >1 >1 Larmor waves
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tions.!? Spin modes propagating perpendicular to the
magnetic field related to the Ganthmaker size effect
also exist although these are more complicated as
they depend on the phase coherence of both currents
and magnetization.

Longitudinal spin waves, i.e., waves polarized paral-
lel to the static field, exist for low frequencies in con-
trast to longitudinal current modes which are excited
only above the plasma frequency since they are ac-
companied with a non-neutral charge density distri-
bution.

IIl. OBSERVATION OF CONDUCTION-ELECTRON-
SPIN TRANSMISSION IN FERROMAGNETIC-
PARAMAGNETIC METAL SANDWICHES

A. Apparatus

The experiments were performed on a standard X-
band (9 GHz) transmission-electron-spin-resonance
(TESR) spectrometer,?? Fig. 2. The microwaves after
amplitude modulation at 100 kHz are fed into the
emit cavity. The metal sample constitutes a common
wall of the emit and receive cavities and is much
thicker than the skin depth. If there are weakly at-
tenuated modes carried by the conduction electrons
then a small part of the field is transmitted into the
receive cavity. The cavities are rectangular, operated
in the TE o mode and are filled with A1,0; blocks
(e€=10) to reduce size. The exciting and transmitted
rf magnetic fields are at the surfaces of the sample
and are parallel to each other. The static field may
be rotated in a plane perpendicular to the rf magnetic
field from parallel to perpendicular to the sample sur-
face (Fig. 1). Field strength may be varied form 0 to
7 kG. The transmitted rf field is mixed with a refer-
ence field taken from the same oscillator as the main
power and then detected. By means of a variable
phase shifter in the reference arm the phase of the
detected signal may be chosen at will. The phase
may also be continuously rotated by a motor, in this

XY retj

reference signal
—_—

Det.
phase §

’ transmitted signal
e
o L phase §,
Osc
€ R

FIG. 2. Principle of TESR spectrometer. Osc.: 9.2-GHz
oscillator; ® reference phase; Det: mixer and detector; E:
emit cavity; R: receive cavity.

case the contour of the signal is proportional to the
amplitude of the field transmitted into the receive
cavity (power spectrum).

B. Sample preparation

The transmission properties of high-purity copper,
silver, gold, and tungsten were investigated. We
describe in detail observations on copper and discuss
to a much lesser extent the results on the other met-
als.

The characteristics of the copper samples are given
in Table II. The high-purity copper and gold single
crystals were grown in an induction furnace and then
cut with a spark machine. The copper single-crystal
slices were annealed in low pressure (10~ Torr) air,
the gold in air at atmospheric pressure, at tempera-
tures near the melting point (~1000 °C). The
polycrystalline copper, silver, and gold foils® were of
somewhat lower purity. The resistivity ratio between
room temperature and 4 K for samples before an-
nealing was 1000 to 2000. This was greatly increased
by the air anneal as seen by the large increase of mi-
crowave transmission at low temperatures. The per-
fection of the samples was somewhat deteriorated by
clamping them between the cavities. The high-purity
tungsten single crystal was supplied by Dr. B. Max-
field, Cornell Univ., lthaca, New York.

The samples were coated usually on both faces
with a thin layer of an amorphous ferromagnetic alloy
of cobalt and phosphorus (Co-P). One 50-um copper
sample was plated on only one face. The samples
were tried for transmission coated and uncoated and
in some cases samples were recoated and run for a
third time. The Co-P layers were electrolytically
deposited onto the chemically etched metals in a bath
described in Ref. 24. The thickness of the Co-P
layers was typically 0.4 um, much less than the skin
depth of Co-P which is about 5 um.

The ferromagnetic resonance (FMR) of the Co-P
layers deposited onto the samples was measured by
standard reflection techniques. The FMR is relative-
ly broad, the linewidth for magnetic field parallel to

TABLE II. Characteristics of copper samples.

Thickness Orientation® Plane of
Name (um) normal to surface rotation of H,
Cul,?2, 32 50 Polycrystalline s
Cu4 260 [110] (001), (110)
Cus 295 [100] (001)
Cué 697 [100] (001)

aCu 1,2,3 are three different samples made of the same foil.
bOrientation of the crystals was within 5° of the stated values.
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FIG. 3. Variation of the (reflected) ferromagnetic reso-
nance of a typical amorphous Co-P layer with static magnetic
field angle. a = 90° corresponds to H parallel, « =0° to
H, perpendicular to the sample. For a=0° the demagnetiz-
ing fields shift the FMR to about 12 kG and so it is not ob-
served in the present experiments.
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the sample is typically 400 G. The Curie temperature
of the layers was much higher than room tempera-
ture and no significant change in the FMR was ob-
served down to helium temperature. The saturation
magnetization is high (47 M is around 10 kG?*) and
the demagnetization fields strongly shift the FMR.
Experimental traces of the FMR versus the angle of
the static magnetic field to the surface normal is
shown on Fig. 3.

The FMR width, and to a less extent resonance
field depend on details of the sample preparation and
are not perfectly reproducible. Co-P layers deposited
onto very smooth surfaces showed resonances as nar-
row as 75 G.

In Secs. III C—IIII we report observations on
copper and in Sec. IIIJ on the silver, gold, and
tungsten samples.

C. Transmission in uncoated copper

Our results on the TESR of uncoated copper agrees
with those reported in the literature.”’ For thin sam-

ples (50 wm) the line shape is Lorentzian at low tem-
peratures. Above 20 K the spectrum is independent
of magnetic field orientation. Lubzens et al.?® re-
ported anisotropies with crystal and magnetic field
orientations at low temperatures. However, the pres-
ence of a strong cyclotron wave transmission®® makes
observations difficult to analyze. The low-
temperature residual linewidth for our samples was
independent of thickness and was between 15 and 25
G depending on the perfection of the crystals. At
higher temperatures the linewidth rapidly increases
and deviations from the Lorentzian shape occur:
minima appear on both sides of the central max-
imum. The 295-um-thick sample showed a non-
Lorentzian line shape even at 20 K with a maximum
to minimum (A4/B) ratio of 2.5. The ESR was not
detected on the uncoated 697-um-thick sample.

At low temperatures a large variety of transmission
signals appears in the whole magnetic field range
swept and the spectrum is usually very complicated.
In some crystal and magnetic field orientations the
spectrum is oscillatory. One of the best known type
of such oscillations is the high-frequency
Ganthmaker-Kaner oscillation. !> 14

D. TESR at high temperatures of Co-P-coated copper

The observation of an enhanced TESR in copper
foils one face coated with a soft ferromagnetic per-
malloy layer was reported.’> The present observa-
tions on the 50-um-thick copper plated on one face
with Co-P are very similar to that found with permal-
loy, the enhancements and additional linewidths are
about the same. To obtain a larger enhancement of
the spin transmission we coated all other samples on
both sides. The main features of the transmission
spectra of these samples at temperatures above 20 K
are the following.

The transmission at the TESR has a g factor equal
to that of uncoated copper. The enhancement of the
intensity (measured by the linewidth times the ampli-
tude) of the plated sample TESR compared to the
unplated one is several hundreds for magnetic fields
parallel or perpendicular to the sample and a few
thousands when the FMR occurs at the same mag-
netic field as the TESR. This enhancement is of the
order of the square of that of one surface coated
samples. The phase of the enhanced TESR depends
on the difference in frequencies of the ferromagnetic
and conduction-electron resonances.!® The phase of
TESR changes with the magnetic field orientation by
somewhat less than 27 for both sides coated samples.
The linewidth is increased and this increase is about
twice that observed for one surface coated samples.
The broadening is inversely proportional to sample
thickness and gives usually the main contributicn tc
the linewidth. It is about 100 G per plated surface
for a 100-um thickness.
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FIG. 4. Transmitted ferromagnetic resonance (TFMR).
The sample is a 50-um-thick polycrystalline copper foil plat-
ed on both surfaces with thin Co-P layers. The static mag-
netic field is oriented parallel to the sample. At 2 K the
TFMR is much more intense than the TESR (which is not
visible with this amplification), at 51 K the TFMR (signal at
1 kG) has comparable intensity to the TESR at 3.2 kG.
Note the difference of the reference phase @ at the two
temperatures.
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FIG. 5. Variation of the amplitude of the TESR and the
TFMR vs temperature. The amplitudes are normalized to 1
at 1.5 K. Same sample and same magnetic field orientation
as for Fig. 4.

E. Transmitted FMR

While thick foils of copper (270 wm or thicker)
show at high temperatures only the TESR described
above, the spectrum of the 50-um thick sample con-
sists of two peaks. In addition to the TESR a strong
transmission peak occurs at the FMR field (Fig. 4).
We term this transmitted ferromagnetic resonance
(TFMR) but noting, however, that we shall attribute
it to a spin transmission by conduction electrons of
the paramagnetic metal (see Sec. IVC).

The linewidth of the TFMR is about as large as the
FMR of the Co-P layers. In spite of this, the
enhanced transmission can not be explained by a
modulation of the microwave leakage around the
sample at the FMR of the Co-P layers which at low
temperatures is typically three orders of magnitude
weaker than the observed signals.

For the 50-um-thick copper sample the TFMR sig-
nal is much more intense than the TESR at 2 K.

The TFMR amplitude decreases much faster with
temperature than the TESR (Fig. 5) and at 50 K they
are of comparable amplitude (Fig. 4). Together with
the amplitude the phase of the TFMR shifts also with
temperature; the same TFMR line shape is observed
at all temperatures if the reference phase is appropri-
ately adjusted. This phase change is not of instru-
mental origin since it does not occur for the TESR.

F. Low-temperature anisotropy of the TESR
in Co-P-plated copper

At low temperatures (<15 K) the TESR is super-
imposed on an intense oscillating spectrum described
in Sec. III G. However, the TESR amplitude is com-
parable or larger than that of the oscillations and so it
may be clearly observed. This is in contrast to the
nonenhanced case where the cyclotron background is
typically an order of magnitude stronger than the
TESR in pure metals.

The TESR of the 50-um-thick sample is not chang-
ing below 20 K. On the other hand, the thick sam-
ples (260, 295, 697 um) show a striking anisotropy
effect: the TESR amplitude decreases sharply when
the magnetic field is oriented within a few degrees
from parallel to the surface (Fig. 6). For the 295-
um-thick copper sample the amplitude of the TESR
at exactly parallel fields was 200 times smaller than
20 degrees off parallel (Fig. 7). The TESR of the
697-um-thick sample could not be detected at paral-
lel, however, at a few degrees off parallel it is visible.
The ratio of the amplitude of the center of the line to
the side minima (A4 /B ratio) decreases as the field
approaches parallel. The phase of the remaining sig-
nal at parallel is different from that at magnetic fields
tilted a few degrees off parallel, phase changes up to
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104°

Ho (kG)

FIG. 6. Anisotropy of the TESR for field oriented near to
parallel to the surface. Co-P-coated copper, thickness 697
wm. a=90° corresponds to H parallel to the sample sur-
face and pointing in the [100] direction. The disappearance
of the TESR (signal at 3.2 kG) for « = 90° is explained by
the anisotropy of the spin diffusion. Note the phase change
of the TESR indicating many-body effects. The low-field os-
cillations are transverse Larmor waves enhanced around the
FMR of the coating layers. The signal at about 200 G visi-
ble in all spectra is attributed to Ganthmaker size effect and
is not spin transmission.
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FIG. 7. Anisotropy of the TESR amplitude. « is the an-
gle between static field and sample normal. (O): T=4K;
(+): T=22K. The sample is a 295-um-thick Cu single
crystal both faces coated with Co-P. At T=4 K the ampli-
tude is strongly reduced when a=90°, i.e., H parallel to
sample surface.

about %n were observed (Fig. 6).

When increasing the temperature the intensity of
the TESR at parallel magnetic field increases while a
few degrees off parallel it slightly decreases. The an-
isotropy disappears between 15 and 20 K (Fig. 7).

G. Oscillating transmission of
coated samples at low temperatures

The thick coated samples show below 15 K for
nearly all magnetic field orientations a spectrum oscil-
lating over the whole magnetic field range available.
This type of spectrum is very different from the un-
coated sample spectrum. Even in those cases where
the uncoated sample spectra are periodic the periods
of coated and uncoated sample spectra are different
(Fig. 8). The amplitude of the oscillations increases
around the FMR and TESR fields. This is best seen
on the power spectrum where the transmitted field
amplitude is measured. The phase of the oscillations
varies around the FMR but not around the TESR.
The oscillation period is well defined and depends on
crystallographic and magnetic field orientation and is
inversely proportional to sample thickness (Fig. 9).

It is important to discriminate whether the oscilla-
tions appearing in Figs. 8 and 9 are due to a change
of amplitude of the transmitted field or whether they
are due to a linear rotation of phase ¢, (see Fig. 2)
of the transmitted signal with static magnetic field (of

—/\/\/\A/\/

Cu (CoP)

signal

2
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A . A A A 1
[v] 1 2 3 4 S 6 7

H, (kG)

FIG. 8. Transmission spectra of a Cu single crystal.
Upper trace: Enhanced spin transmission of sample both
faces coated with Co-P layers. Lower trace: Ganthmaker-
Kaner oscillations of the same crystal without coating. Sam-
ple thickness: 697 um, magnetic field oriented normal to
sample surface and parallel to the [100] direction. (Repro-
duced from Ref. 4.)
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FIG. 9. Larmor waves in a copper single crystal. Both
surfaces are coated with Co-P. The thickness is 295 um and
H, is perpendicular to the sample, in the [100] direction.
Insert: position of the field Hy for oscillation maximum as
a function of maxima number N. Full circle: geometry of
the present sample; open circle: geometry of the sample of
Fig. 8.

which only the projection on a reference rf field of
phase ¢ is measured). In order to test this we
changed the phase ¢ of the rf reference by A¢. The
oscillations observed are identical in amplitude but
shifted in magnetic field position. As the phase
change of the observed oscillations at a given static
field position is just the phase change A¢ of the rf
reference we conclude that the origin of the oscilla-
tions is a linear rotation of the transmitted magneti-
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FIG. 10. Normalized Larmor oscillation period
AHy,!/cosa vs magnetic field orientation with respect to
crystal orientation. The magnetic field is rotated in the
(100) plane. /: sample thickness; a: magnetic field orienta-
tion with respect to sample normal. The continuous curve is
calculated from the Halse data using the "tip" electron
model. A: /=273 um; ®: /=295 um; O: /=697 um,;
® O: surface normal in the [100] direction. A: surface
normal in the [110] direction. Cu single crystals, both sur-
faces coated with Co-P.
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FIG. 11. Larmor waves oscillations at tilted magnetic field
in CoP-plated copper single crystals. (a) sample thickness
697 um, o = 45° H, // [110], the oscillations are well de-
fined around the TESR at 3.2 kG. At low field the oscilla-
tions are more complicated. (b) thickness 260 um, a =
45°, Hy // [100].

zation with the magnetic field strength.

In the particular case of magnetic field oriented in
the [100] direction perpendicular to the sample (Cu 5
and Cu 6 of Table II) the period of the oscillations is
very well defined over the whole spectrum. In other
geometries the situation is more complicated, often
oscillations with different periods are superimposed.
The oscillations are well defined for several periods
around the TESR when the magnetic field is tilted
less than @ = 50°—60° from the sample normal.
This period was measured for the magnetic field ro-
tated in the (100) plane for two different crystal
orientations and different thicknesses. The oscilla-
tion period multiplied by //cosa (where /is the sam-
ple thickness) is shown on Fig. 10. Clearly the oscil-
lation period is inversely proportional to the sample
thickness and is shorther for magnetic fields more
tilted towards parallel. Near parallel some oscillations
with very short period are observed together with
other long period oscillations (Fig. 11).

The amplitude of the oscillations is comparable
with the amplitude of the ESR and in some
geometries it is difficult to separate them.

While the period is independent of temperature the
amplitude decreases strongly in the temperature re-
gion where the electronic mean free path becomes
short (15—20 K). The decrease of the oscillation am-
plitude is much faster than the decrease of the ESR
amplitude.

H. Nonoscillatory low-temperature transmission

In addition to the above described oscillatory
transmission a broad nonoscillating transmission is
also observed at low temperatures. The nonoscillato-
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FIG. 12. Superposition of oscillating (transverse) and
nonoscillating (longitudinal) Larmor waves. (a) Spectrum
taken with fixed reference phase. The dashed curve indi-
cates the nonoscillating component. (b) Power spectrum.
The reference phase is continuously rotated. Only the con-
tour of the spectrum is indicated. The full period of the
fixed phase spectrum AH(,, is equal to the magnetic field
change between two minima in the power spectrum as indi-
cated by the dotted lines.

ry transmission is peaked at the FMR field and is
best identified for thick samples and field orientations
of a=5° to 40° from the sample normal. A typical
spectrum showing the superimposed oscillatory and
nonoscillatory transmissions of the 697-um-thick
sample is shown on Fig. 12. At magnetic fields per-
pendicular to the sample nonoscillatory transmission
does not appear (within the range of 7 kG). The
power spectrum is smoothly varying in this case. For
a=10°, shown on Fig. 12, the nonoscillating
transmission is well defined and the power spectrum
is oscillatory with a distance between the minima
equal to a full period of the oscillations of the spec-
trum taken with fixed reference phase.

The nonoscillatory transmission is distinguished
from the TFMR in that the temperature dependence
of its amplitude follows closely that of the oscillations
and for a given static field no phase change is ob-
served with the variation of temperature. The TFMR
is strongest for parallel magnetic fields and for thin
samples. The thick samples show very little
transmission at parallel magnetic fields. Although
the distinction between the nonoscillatory transmis-
sion and the TFMR may seem to be somewhat arbi-
trary, especially for thin foils, we think, however,
that these reflect two very different mechanisms for
spin propagation.

I. Spin transmission in silver, gold, and tungsten

The transmission spectra of the 50-um-thick
polycrystalline silver foil both sides plated with Co-P
layers are in every respect similar to those of copper
of the same thickness. This is well represented by
the similar variation of the TFMR phase versus am-
plitude at high temperatures.

The TESR of gold could not be identified without
enhancement by ferromagnetic layers. The properties
of the enhaneed TESR? are similar to that in copper
and silver. The temperature dependence of the in-
trinsic linewidth is very strong, it varies from 200 to
2000 G between 4 and 20 K. Both the TFMR and
the TESR were observed in the 100-um-thick sample
at parallel static field, but only the TFMR is resolved
in the 25-um-thick one. The amplitude of the
TFMR is decreasing strongly with temperature but no
significant variation of its phase was observed
although it was detected up to 30 K. The TESR is
anisotropic around parallel fields in the thicker sam-
ples (100, 260, and 490 um) at low temperatures.
Both oscillatory and nonoscillatory enhanced
transmission were observed in these samples.?’

In the 400-um-thick tungsten single crystal no
TESR could be identified, on the other hand

(a) coated =9’
(b) uncoated

© o
coated =35 x 1/5
@ x=35° x1
uncoated
) J {
(o] 2 4 e Ho(llG)

FIG. 13. Transmission spectra of tungsten. Thickness
400 um, « is measured in the (170) plane from the [110]
direction normal to the sample. The oscillations of (a) and
(b) below 4 kG are similar and are due to cyclotron waves.
In (a) above 4 kG, where spin enhancement is large, Lar-
mor oscillations appear. At o = 35° (spectrum c), the
strong transmission around the FMR may be due to longitu-
dinal Larmor waves.
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TABLE III. Summary of observed features in the transmission spectra of Co-P-plated metals.

High temperature

Low temperature

Sample Isotropic Anisotropic Nonresonant
thickness (um) ESR TFMR? ESR® transmission®
Copper

50 + + - -
260 + - + +
295 + - + +
697 + - + +
Silver
50 + + - -
Gold
25 - + - -
100 + + + +
260 + - + +
490 + - + +
Tungsten
400 - - - +

2At H parallel to sample surface.
bOscillatory and nonoscillatory.
“Near H parallel to sample surface.

enhanced nonresonant transmission was found. The
transmission of coated samples is enhanced around
the FMR and the oscillations of coated and uncoated
samples have different periodicities as appears in Fig.
13.

We summarize the different phenomena observed
in the various metals in Table III.

IV. DISCUSSION

The transmission spectra of the ferromagnetic-
paramagnetic sandwiches gives rise to two important
questions: What is the mechanism of the excitation?
What are the excited modes?

A. Enhancement of spin transmission

The answer to the first question is not clear. Stray
radio-frequency fields around the ferromagnetic
layers can not explain the enhanced signals since a
very thin oxide layer between the ferromagnetic and
paramagnetic layers prevents the coupling from being
effective.!® We believe that the coupling has a more
microscopic origin and is a type of proximity effect
between nonequilibrium magnetizations.'>?® A de-
tailed phenomenological theory based on this as-
sumption has been presented by Silsbee, Janossy, and
Monod.!¢

According to this phenomenological theory the
nonequilibrium magnetization of the layer excited by
the microwave field incident on the sample gives rise

to a magnetization at the surface of the following
layer with a magnitude proportional to it. Experi-
ments show!>16 that in permalloy-copper sandwiches
the coupling may be described as a transmission of
some of the nonequilibrium magnetization between
the ferromagnetic and paramagnetic layers. During
the transmission through the interface the orientation
of the transmitted magnetization does not change and
the nonequilibrium magnetizations are parallel. The
coupling in Co-P copper sandwiches shows the same
characteristics as that of the permalloy-copper ones
and we conclude that in this case the nonequilibrium
magnetizations are also parallel at the interface.

The resulting transmission through a ferro-
magnetic-paramagnetic-ferromagnetic sandwich arises
in this model in the following way: the incident mi-
crowave field induces a nonequilibrium ferromagnetic
magnetization and — since the ferromagnetic layer is
much thinner than its skin depth — excites the
paramagnetic layer directly. However, the coupling
between the ferromagnetic and paramagnetic magneti-
zations!® gives rise to a paramagnetic magnetization
one to two orders of magnitude larger than the direct
excitation. The conduction electrons transmit the
magnetization through the paramagnetic layer which
is much thicker than its skin depth. At the second
interface the ferromagnetic layer is excited by the
coupling and emits an electromagnetic wave again
one to two orders of magnitude stronger than the
direct emission from the paramagnetic layer. As a
result the enhancement of the transmission in sam-
ples both sides coated is the square of that in samples
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one side coated with a ferromagnetic layer, and the
normal excitation in the skin depth, although
present, is negligible compared to the FMR coupled
one.

In the following we adopt this simple picture, but
noting, however, that it is only an approximation.
The coupling not only enhances the spin transmission
but gives rise to a spin cross relaxation of the con-
duction electrons of the paramagnetic metal.! 16
This leads to a broadening of the TESR but has little
effect on the nonresonant spin transmission which is
not affected by surface relaxation if the momentum
relaxation is diffuse at the surface.

B. Nature of the excited modes

The rf transmission through uncoated metals is
known to be due to the spin resonance and at low
temperatures to cyclotron waves.? The nonresonant
spin transmission is masked by the latter, the cou-
pling in the skin of the rf field to currents is much
stronger than to the conduction-electron magnetiza-
tion. Moreover, the typical wavelengths, and hence
the oscillation periods corresponding to the two
modes, are comparable.

On the other hand we believe that most of the ob-
served spectra of metals coated both sides with fer-
romagnetic layers arises from spin transmission. This
is supported by the following observations:

(a) The spectra of coated samples are qualitatively
different from uncoated ones. At low temperatures,
even when oscillations appear in both cases, the
periods are different.

(b) The intensity of the spectra of coated samples
increases at the FMR, where the spin excitation is
large, and around the TESR, where the penetration
depth is large.

(¢) The ferromagnetic layers do not change the ex-
citation of the cyclotron waves significantly. In some
cases where the spin enhancement is not particularly
strong (far from the ESR and FMR) the cyclotron
wave spectrum could be identified in both the plated
and unplated samples with the same intensity and
shape.

C. Isotropic spin-diffusion regime (w.7<<1)

In copper above 20 K the mean free path vp7 be-
comes shorter than the maximum cyclotron orbit ra-
dius vf/w, at 3 kG. In this temperature range both
w.7<1 and |w—wo|7< 1 are valid for the magnetic
fields used in the experiments and the only mode of
penetration of the conduction-electron magnetization
is by isotropic spin diffusion.

According to this we attribute the two high-
temperature transmission peaks observed in the 50-
wm-thick copper and silver foils (Fig. 4) to the same

mechanism: spin transmission in the diffusion re-
gime. The TESR peak corresponds to the long pene-
tration depth of the magnetization at the Larmor fre-
quency, the TFMR corresponds to the tail of the ESR
where the penetration depth is short but the excita-
tion is very strong. The temperature dependence of
the two peaks (Figs. 5 and 14) shows this clearly. As
the temperature is increased the lattice vibrations
shorten both the momentum and spin-relaxation
rates. The penetration depth of the TESR at 20 K,
Scff=vp(§1 T)'2, is about 100 wm (depending
somewhat on how the surface spin relaxation is taken
into account), and that of the TFMR in the parallel-
field geometry [(w—wq)/y =2 kG],

Stemr = vl 37/(w—wp) 12, is about 20 um. The
amplitude of the TESR does not change until

8er>1 (lis the sample thickness), the amplitude of
the TFMR begins to decrease at much lower tem-
peratures (Fig. 5) since drpmr </ already at 20 K.
The wave vector of the TESR at w = wy is real at all
temperatures and so the phase of the transmitted
field does not change with temperature. The wave
vector of the TFMR [expression (5)] has equal real
and imaginary parts and, as expected, not only the
amplitude but also the phase of the TFMR changes
with temperature. According to Eq. (5) the Néperian
logarithm of the relative TFMR amplitude should be
equal to the change of phase in rad. As appears in
Fig. 14 this is the case for copper and silver at high
temperatures (above 40 K for copper). At lower
temperatures the TFMR amplitude increases faster
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FIG. 14. Transmitted ferromagnetic resonance amplitude
vs phase of transmitted field at maximum transmission. Cu
and Ag thickness, 50 um; Au thickness, 25 um. Ampli-
tudes normalized to 1 at 1.5 K. The static magnetic field is
parallel to the sample. The straight line corresponds to the
diffusion model.
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than expected from the phase change. This devia-
tion, as discussed in Sec. IVF, is probably explained
by the breakdown of the diffusion model when
w,7<< 1 and |w—wy|7<< 1 do not hold any more.

D. TESR in the anisotropic diffusion
regime [w,7> 1, |o—wyl T1<< 1]

In pure metals at low temperatures and magnetic
fields of a few kG the condition w.7>> 1 is fulfilled
and the diffusion of electrons becomes anisotropic.
This effect was taken into account by Schultz et al.?
in the evaluation of the spin-wave spectra of alkali
metals, but we know of no direct experimental verifi-
cation on TESR. We explain the strong variation of
the amplitude of the TESR with magnetic field angle,
for fields nearly parallel to the surface (Sec. III F, Fig.
7) as a manifestation of the anisotropy of the spin
diffusion. This anisotropy leads, for H, parallel to
the surface, to a strong decrease of the spin penetra-
tion depth with temperature and to a geometrical ef-
fect due to the finite dimensions of the sample ex-
posed to the microwave field. We attempt to analyze
our data on the 295-um-thick (Co-P-coated) copper
sample by taking plausible values for the momentum
relaxation rate. We consider only the free-electron
model and neglect Fermi-liquid effects.’*

We assume the following data:

w.=5.0x10"0sec”! ,
vr=1.0x1.0% cm/sec ,
1=3%x10""secat22 K ;

=3%x10""0gsecat4K ,
and
T,=7.5%107° sec

independently of temperature below 22 K. The effect
of broadening of the line due to coupling at the
ferromagnetic-paramagnetic interface is important for
1/8¢¢< 1, while it may be omitted in a qualitative
analysis if [/8¢> 1.

With the above values the temperature and angular
variation of the TESR amplitude for H, oriented
close to parallel to the surface may be explained. For
H, paraliel to the surface the line shape is non-
Lorentzian at all temperatures thus //8.¢>1 and in-
terface broadening may be neglected. In this case
from expressions (4b) and (4c) the effective spin-
diffusion length is

Beir=(FvEr TV (1 + ) .

and inserting the above values: //8.5=1.4 at T =22
K and //8.;=3.8 at T=4 K. This explains part of
the strong reduction of the amplitude of the TESR as
the temperature is decreased.

The observed angular variation of the amplitude is
also in qualitative agreement with the model. At 22
K w.7=1.5 and only little angular variation is expect-
ed. The observed smooth variation (Fig. 7) may be
partly due to a change in the enhancement!® also. At
4 K a sharp decrease is expected for angles near to
a= 90° since w.7=15 and the diffusion coefficient
varies rapidly with angle [expressions (4b) and (4c)].
On the other hand at a =0° the spin transmission is
along the magnetic field and //8.;=0.25, thus a
Lorentzian line shape is observed.

A further complication of the analysis arises from a
geometrical effect noted by Pinkel and Schultz!® in
the TESR of high-purity alkali metals. At low tem-
peratures and parallel magnetic field the electrons
reaching the emitting surface diffuse along the static
field to distances comparable to the cavity d =4 mm
in that direction. At 4 K the magnetization spreads
beyond the edges of the cavity to about w7 / =4.5
mm and reduces the intensity of the observed TESR
by a factor of about 3. This shielding effect depends
strongly on the angle of magnetic field in the
geometry considered above and it becomes negligible
for a< 85° for the 295-um sample (Fig. 15) as the
geometrical "cutoff" angle determined by the ratio of
the thickness to the width of the sample is close to 4.5°.

The observation of a strong anisotropy in qualita-
tive agreement with the free-electron model, in the
TESR in copper (and gold) shows that Fermi-liquid
effects can not be very important in these metals.
Exchange interaction alone leads to an isotropic diffu-
sion of magnetization and thus tends to smooth the
anisotropy.

We note that the observed change of the line shape
and in particular the change of its phase with tem-
perature at parallel magnetic fields can not be ex-
plained by the anisotropic spin-diffusion model.
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FIG. 15. Geometrical "window" effect reducing the TESR
for H| parallel to sample surface. For w.7>>1 the spin dif-
fusion is anisotropic, electrons excited at the emit cavity sur-
face diffuse preferentially along H and before reaching the
emit cavity surface flow out of the window determined by
the cavities. The effect is important if H| is tilted less than
1/d from the surface.
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Since the spatial variation of the magnetization is
strongest in this geometry this is an indication of
many-body effects.>3° An analysis of the variation
of the phase shift with temperature and magnetic
field orientation shows that the first Landau ex-
change coefficient By is negative and 0.01<| Bol
<0.0S.

E. Transverse Larmor waves

We attribute the low-temperature oscillations of the
transmission spectra of coated samples (Sec. IIIG) to
transverse Larmor waves described in Sec. IID. As
discussed in that section the period of the oscillations
AH,, is determined by the velocity component along
the magnetic field, v}** and the g factor of electrons
at a sharp change in the velocity distribution

2ak VA

AH = ———cosa . 12)
gus !

In principle v}** can be evaluated from the variation
of the zero magnetic field phase ¢, of the oscillations
with the sample thickness. This phase is determined
by the time of flight of electrons across the sample
and is independent of the g factor. This method was
applied by Baraff and Phillips®' for the analog case of
cyclotron waves. However the experimental indeter-
minacy in ¢, is large and the present data would not
allow a determination of v** from ¢, with an accu-
racy better than 10%. On the other hand AH},, was
measured with an accuracy of a few percent and in
some orientations even better. Since the g-factor an-
isotropy of copper, obtained from an analysis of the
frequency dependence of the linewidth of the TESR
by Lubzens et al., is only a few percent, we take
the g factor to be equal to the mean value, i.e., that
determined by the ESR, gc,=2.033.2 We compare
on Fig. 10 the measured values of AH},//cosa to
2whvr/gcus calculated from the Fermi velocity data
of Halse.’? In cases where the oscillation period was
not unique in the whole magnetic field range (Fig.
11) we take the period of oscillations around the ESR
which is usually well defined. Most likely some oscil-
lations in tilted magnetic fields are related to interfer-
ences due to the cyclotron motion neglected in our
simple model. The cyclotron motion has the least ef-
fect on Larmor waves around the ESR where the
Larmor wavelength is relatively long compared to the
cyclotron orbit radius.

The theoretical period, as discussed in Ref. 10, is
in a very good agreement with the measured one in
the [100] direction. The agreement is somewhat less
good but still satisfactory for orientations up to 25°
tilted from the [100] direction towards the [110]
direction (Fig. 10). In this range the experimental
period is nearly constant, the calculated one varies
about 10% and it seems that the Larmor wavelength

is determined by "tip" electrons with a velocity com-
ponent along the magnetic field close to vr. Around
the [110] direction the measured oscillation period is
about half the calculated one showing that in this
direction the simple model, based on an undistorted
spherical Fermi surface, fails.

The temperature dependence of the spectrum
agrees with the predictions of the model. At the
lowest temperatures wr is most probably between 10
and 20 and as the condition |w—wg|7>1 is fulfilled in
nearly the whole magnetic field range, the harmonic
oscillations dominate the spectrum. As the tempera-
ture is increased the TESR is little changed but the
Larmor waves disappear rapidly since the penetration
depth is equal to the momentum mean free path,
which decreases more rapidly than the spin mean free
path.

Some important discrepancies between experiment
and theory remain to be explained. One of the most
disturbing facts is that the observed Larmor waves
appear to be always circularly polarized. The smooth
variation of the power spectrum for perpendicularly
oriented magnetic fields and the shift of the oscilla-
tions when the reference phase is changed, observed
for all orientations, shows this clearly. The theory
predicts a mainly circularly polarized wave only
around the peak of the ESR and a linearly or at least
ellipticaly polarized one otherwise, this discrepancy
was observed for cyclotron waves in copper also.'*

According to (Eq. 10) of Sec. II D the phase of the
oscillations is expected to be inverted when passing
through the TESR. Although Eq. (10) was obtained
from a model of spherical Fermi surface, on physical
grounds this is expected to remain approximately
valid whenever Larmor waves are the result of an in-
terference of waves with largely differing wave-
lengths. However, such an inversion of the phase
was not found at any crystallographic or magnetic
field orientation. We have no good explanation for
these discrepancies. We note, however, that Eq. (10)
is derived taking all electrons of the Fermi surface
into account. If only a smaller group of electrons is
retained, G, (Eq. 9) is modified towards single-
particle behavior where phase inversion [appearing in
the denominator of Eq. (10)] does not occur.

F. Spin transmission related to the orbital size effect

At low temperatures the TFMR observed in the
parallel field geometry in the 50-um-thick copper
sample is particularly strong (Fig. 4). The ratio of
the TFMR amplitude to the TESR amplitude is larger
by more than an order of magnitude than calculated
from the diffusion model (Fig. 14). [The TESR is
not decreased by the anisotropy of the diffusion since
the diameter of the maximum cyclotron orbits (at
Hy=3 kG) is of the order of the sample thickness.]
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The most probable explanation of the strong TFMR
is a spin transmission related to electrons with orbit
diameters larger than the sample thickness and which
cross the sample without scattering. The spread of
time of flight and therefore of the spin polarization of
nonscattered electrons is less than that of diffusing
ones for samples much thinner than a typical orbit di-
ameter. This explains the large amplitude of the
TFMR and the small variation of its phase at low
temperatures. The maximum orbit diameter at 800
G, a typical FMR field in the parallel geometry is 150
um which is indeed much larger than the sample
thickness, 50 um. In agreement with this model no
strong transmission is observed in the parallel
geometry for thick (=270 um) samples.

It may be that the lack of any phase change with
temperature of the TFMR of gold is explained by a
spin transmission related to the orbital size effect at
low temperatures while at higher temperatures by the
ESR being so broad that |w—wg| T < 1 even at the
FMR field (Fig. 14).

G. Longitudinal waves

We suggest that the nonoscillating part of the low-
temperature spectrum described in Sec. IIIH may be
a transmission of longitudinal waves. Such waves
were discussed by Wilson and Fredkin* theoretically.
As noted in Sec. IIE under the usual experimental
conditions, where the spin system is directly excited
by an external rf field, no longitudinal waves arise.
However, it follows from experiments described in
Ref. 16 that when the metal is excited via a fer-
romagnetic layer the excited paramagnetic magnetiza-
tion is parallel to the ferromagnetic nonequilibrium
magnetization. The rf ferromagnetic magnetization
near to the FMR is ellipticaly polarized in the plane
perpendicular to the equilibrium magnetization M, }’
Since the directions of M} and H, are not coincident
in general, the rf ferromagnetic magnetization and so
the rf paramagnetic magnetization M, coupled to it,
has a component parallel to the static field Hy (Fig.
16) M,'. In this interpretation the variation of the
amplitude and phase of the nonoscillatory transmis-
sion reflects the variation of the component of the rf
ferromagnetic magnetization parallel to the static
field. There is no longitudinal excitation when Hj is
parallel to the sample because then Hy and M}’ are
parallel, on the other hand, it is expected to be
strongest near perpendicular Hy where the angle
between Hy and Mf° is the largest. This is confirmed
by the experiments at magnetic field angles near per-
pendicular as long as the FMR occurs within the lim-
ited range of available field. Further tests are needed
to confirm the nature of these excitations but it is
our feeling that the present experimental evidences
make our conclusions very likely.

FERROMAGNET

PARAMAGNET

FIG. 16. Excitation of longitudinal waves in a
ferromagnetic-paramagnetic metal sandwich. Due to demag-
netizing fields the equilibrium ferromagnetic magnetization
Mfo is not parallel to the external static magnetic field H.
The excited ferromagnetic magnetization myg is perpendicular
to the equilibrium magnetization. The excited paramagnetic
magnetization m,, is parallel to m, and has components
longitudinal (m,') and transverse (mpl) to the static magnet-
ic field Hy.

H. Spin transmission in tungsten

The Larmor waves observed in tungsten are an ex-
ample to show that in sufficiently pure metals, where
the momentum mean free path is long, nonresonant
spin transmission always occurs. On the other hand
the failure to identify the ESR may be a consequence
of a strong g-factor anisotropy. This is to be expected
in a heavy metal with a relatively complicated band
structure like tungsten. A detailed analysis of the
nonoscillatory spin transmission of tungsten in terms
of longitudinal Larmor waves has been presented re-
cently by Janossy and Kollar.?

V. CONCLUSIONS

We have developed a model to show that in
paramagnetic metals an anomalous penetration of
conduction-electron magnetization occurs under the
same conditions as for the anomalous penetration of
currents. The model is in agreement with the main
findings of our experiments on paramagnetic metals
coated by ferromagnetic layers on both surfaces. In
these sandwich samples the spin transmission is
greatly enhanced and the dynamics of the
conduction-electron magnetization could be investi-
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gated not only under the usual resonance conditions
but at fields far from resonance also.

In the model we distinguish, somewhat arbitrarily,
between ballistic and diffusing electrons depending
on whether they have or have not lost their momen-
tum memory since the excitation at the surface. The
excited magnetization of the diffusing electrons gives
rise to the electron-spin resonance. At high tempera-
tures where the momentum mean free path is short
this is the only significant mode. At resonance the
wave vector is purely real, while off resonance it has
equal real and imaginary parts. This was demonstrat-
ed by the temperature dependence of the enhanced
transmission at resonance (TESR) and off resonance
(TFMR). At low temperature the diffusion is modi-
fied by the presence of a strong magnetic field result-
ing in an anisotropy of the penetration depth of the
ESR. This is reflected in a strong decrease of the
transmitted ESR of foils thicker than the reduced
penetration depth, 8./w.7 in the parallel static field
geometry. While the anisotropy of the TESR ampli-
tude is thus explained, the reason for the observed
change in the phase of the residual resonance is not
clear and involves Fermi-liquid effects on the spin
diffusion coefficient.

The ballistic electrons give rise to propagating
modes, Larmor waves, attenuated by the momentum
mean free path. These modes originate in the
coherency of the Larmor precession of electrons with
similar velocity components along the static magnetic
field. In the frequency range |w—wo|7> 1 the Lar-
mor waves represent the major component of the
nonequilibrium magnetization. The enhanced spin
transmission spectrum is dominated by oscillations

reflecting the variation of the Larmor wavelength
with magnetic field. The analysis of the Larmor
wave spectrum of copper with the static field oriented
around the [100] direction shows that in this case the
wavelength is determined by tip electrons with veloci-
ties parallel to the static field. In other geometries
the situation is more complicated and no analysis was
attempted. Finally we have suggested that due to the
particular geometry of the excitation via a ferromag-
netic layer longitudinal waves may also be excited, a
nonoscillating part of the transmission spectrum is at-
tributed to such waves.

Larmor waves have been observed in copper, gold,
and tungsten showing that it is a general pheno-
menon occurring at low temperatures in pure metals.
In the present model and in the analysis of the exper-
iments many rough approximations were assumed
and we feel that an extension of this work may be a
promising field of research.
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