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We report on an experimental study of the interfacial magnetic coupling in metallic bilayers consisting of an
alkali metal and a thin ferromagnetic film. The alkali metals used were either potassium or lithium, with the
ferromagnetic metal consisting of either iron or Permalloy. This study began as part of a larger project
consisting of a study of Larmor waves in potassium. Our observations will also be of interest to those studying
magnetic multilayers, in which the nature of the magnetic coupling between ferromagnetic and nonmagnetic
metals plays an important role. In this paper, we show how the degree of magnetic coupling in these bilayer
samples can be examined by studying the interaction of the ferromagnetic resonance of the ferromagnetic film
with the conduction-electron spin resonance~CESR! of the alkali-metal layer. These studies are carried out at
cryogenic temperatures~down to 1.1 K! using microwave reflection spectroscopy at 12 GHz. We have also
examined the temperature dependence of the magnetic resonances. Between 1.1 and 25 K, for both lithium and
potassium, an unexpectednarrowingof the CESR lines occurs with increasing temperature.

I. INTRODUCTION

This article reports the results of an experimental investi-
gation of the magnetic coupling between a paramagnetic al-
kali metal~potassium or lithium!, and a ferromagnetic metal
~iron or Permalloy!. The nature of interfacial magnetic cou-
pling is currently of considerable interest as indicated by the
large number of investigations underway of magnetic multi-
layers and their properties. This study grew out of a larger
project consisting of a detailed study of Larmor waves1 in
alkali metals at liquid-helium temperatures.

Larmor waves are microwave transmission signals carried
across thin plates of pure metal in the presence of a dc mag-
netic field by ballistic electrons, which are able to travel from
one surface of the sample to the other without scattering. The
signal results from the free Larmor precession of the electron
spins during the transit time across the sample. As compared
to spin waves, which are a collective-wave phenomenon in-
volving all the electrons on the Fermi surface, Larmor waves
are actually single-particle excitations and involve electrons
on small portions of the Fermi surface for which the phase of
the spin precession has some extremal property. Because of
the small number of electrons involved, Larmor waves are
generally too weak to be observed unless special techniques
are used to enhance the amplitude of the signal.

The enhancement technique has generally consisted of ap-
plying thin ferromagnetic layers to the surfaces of the
sample. It was noted by Janossy and Monod2 that the cou-
pling between an incident microwave field and the spin of a
conduction electron in a metal could be strongly enhanced by
the application of a thin ferromagnetic film. By applying
such ferromagnetic layers to both surfaces of a sample, it is
possible to enhance the Larmor-wave spectra by a factor of
several hundred to a few thousand,1 thus enabling their de-
tection. Using this technique, Larmor waves were discovered
in copper and gold by Janossy and Monod3 in 1976. For the
original observation, the ferromagnetic layers consisted of a
few hundred angstroms of either evaporated Permalloy or an
amorphous alloy of cobalt and phosphorus.4 In a more thor-

ough investigation of the coupling mechanism between the
ferromagnetic and paramagnetic metals, Silsbee, Janossy,
and Monod5 studied, by microwave transmission, the
conduction-electron spin resonance~CESR! of copper foils
onto which thin films of Permalloy, iron, or nickel had been
evaporated. For the analysis of their data, they developed a
phenomenological theory from the appropriate Bloch equa-
tions for the magnetization of the copper and ferromagnetic
films. The two media were coupled by the transport of mag-
netization across the interface by diffusion of electrons. The
theory quite well described a number of features in the ex-
perimental data and indicated that the coupling process takes
place predominantly through the following steps:~1!
within the ferromagnet the microwave magnetic field couples
to the large magnetization of the localizedd electrons,~2!
the s electrons in the ferromagnet are driven by thed elec-
trons through an exchange interaction, and~3! the itinerants
electrons diffuse across the interface carrying transverse
magnetization into the copper.

Relatively little has been published on the experimental
observations of Larmor waves in metals. The early studies
were done on either copper,1,3,5 gold,1,3 or tungsten1 at
X-band frequencies~;9 GHz!. More recently, we published6

a report on the study of Larmor waves in single-crystal cop-
per at a frequency of 80 GHz. In contrast to the earlier ob-
servations at 9 GHz, the higher-frequency study found a
Larmor-wave period, which was temperature dependent and,
at the lowest temperatures for certain orientations, an asym-
metry in amplitude with respect to the CESR signal. This
behavior was not in complete agreement with the Larmor-
wave theory of Montgomery and Walker,7 and it was sug-
gested that it might be because of a combination of many-
body effects and the detailed geometry of the Fermi surface
of copper. In an effort to find a metal whose Larmor-wave
signal would be easier to interpret, we initially selected po-
tassium. The conventional picture8 of potassium is that of a
metal with a spherically symmetric Fermi surface, having an
exchange interaction among the conduction electrons that
has been well characterized by a detailed study of its spin-
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wave spectrum.9 Potassium is generally considered to have
the simplest electronic structure of all metals and to be clos-
est to many of the models used by theorists in their calcula-
tions of various metallic properties.

In order to study the Larmor-wave spectra of potassium, it
was first necessary to develop a method for applying thin
ferromagnetic layers, which have good magnetic coupling to
the conduction electrons of the potassium. This is consider-
ably more difficult than for copper. The chemically reactive
potassium easily acquires an oxide layer, which can prevent
any magnetic coupling from taking place. After trying sev-
eral different techniques, suitable magnetic coupling was
achieved by depositing potassium and the ferromagnetic ma-
terial in rapid succession inside of a high-vacuum system.
Later, bilayers containing lithium were produced in a similar
manner in order to compare their characteristics with those
of the potassium bilayers. For the ferromagnetic film, we
have selected either iron or Permalloy~an alloy of mostly
nickel and iron!. In the study of Silsbee, Janossy, and
Monod,5 Permalloy generally gave stronger CESR signals in
transmission and considerably narrower ferromagnetic-
resonance~FMR! linewidths than either iron or nickel sepa-
rately. On the other hand, when a broader FMR line was
useful, e.g., in our transmission studies, we found that iron
works well. The properties of these bilayer samples are de-
scribed in the remainder of this article.

II. EXPERIMENTAL TECHNIQUE

A small stainless-steel UHV chamber was constructed in
which the alkali metal was deposited by evaporation and the
ferromagnetic film was deposited by either evaporation or
sputtering. The ferromagnetic metal was first deposited onto
a glass or quartz substrate followed, in quick succession, by
the alkali-metal evaporation directly on top of the ferromag-
netic metal. In this report, results were obtained using either
Permalloy films deposited by dc sputtering or iron films,
which were thermally evaporated. This necessitates a
vacuum system capable of combining the sputtering and
evaporation processes in rapid succession. The internal di-
mensions of the chamber are 8 in. in diameter3 8 in. in
length. These dimensions were chosen so that~1! the small
volume could be quickly pumped from sputtering conditions
~1021 Torr! to evaporation conditions~,1024 Torr!, and~2!
the chamber can be removed from the pumping system and
taken through an airlock into a dry box. To minimize oxida-
tion of the alkali metals, a dry box is used to first load the
alkali metals into an evaporation boat prior to making the
sample, and then, once again, in the assembly of the sample
after the depositions have taken place. Two gate valves con-
nected to the chamber allow it to be transported under
vacuum between the pumping system and the dry box. This
assures the worst environment that the sample is exposed to
is that of the dry box.

A Vacuum/Atmospheres dry-box system containing argon
gas is used. The atmosphere is continually circulated through
three different traps~including a hot titanium sponge at
900 °C!, which remove water vapor, oxygen, and nitrogen
and keep their concentration,1 ppm. A freshly exposed
potassium surface in the box will last at least 6 h before any
tarnish can be seen with the naked eye; lithium remains un-

tarnished for many days. During the sputtering process,
ultrahigh-purity argon gas from the dry box is used.

In order to achieve good magnetic coupling between the
alkali metals and the ferromagnetic film, it is necessary to
have a clean, nonoxidized interface. This requires the transi-
tion from the deposition of the ferromagnetic layer to the
alkali-metal deposition be short compared to the monolayer
formation time,10 tm :

tm54/~nj2vav!'1.8631026/P, ~1!

wheren is the number density of the gas,j is the molecular
diameter, andvav is the average molecular velocity. In the
second form of the equation, evaluated for air at room tem-
perature,P is the partial pressure in Torr of the reactive
component of the atmosphere, andtm is given in seconds.
The base pressure of the system is 1028 Torr. At either the
base pressure or during sputtering at 1021 Torr with 99.9999
at. % ultrahigh-purity argon gas,tm is at least tens of sec-
onds. On the other hand, during the evaporation of the alkali
metal or iron, the pressure rises to'1026 Torr, makingtm of
the order of several seconds, depending on what percentage
of the residual gas can react with the deposited metals. This
suggests that the change from the ferromagnetic-metal to the
alkali-metal deposition should be made within about 1 s or
less. This is easily done when both metals are evaporated, by
simply rotating the substrate from one deposition region to
the other, which is accomplished in a fraction of a second. To
satisfy this requirement in the case of the sputter deposition
of Permalloy, we have selected a turbomolecular pump with
a pumping speed of 150l /s. According to standard calcula-
tions of pumping rates,10 our combination of the turbomo-
lecular pump with large-diameter vacuum plumbing enables
the chamber pressure to be reduced from 1021 to 1024 Torr
in 1.3 s.

In the construction of the UHV chamber and pumping
system, copper gaskets and Conflat flanges are used every-
where with the exception of a single vitonO ring between
the chamber and its cover. The ungreased vitonO ring al-
lows for quick assembly and disassembly of the chamber
within the dry box. The glass substrate is mounted on a
water-cooled heat sink that can be rotated so that the sub-
strate can be positioned directly above either the Permalloy
sputtering-target–iron-evaporation source or the alkali-metal
evaporator. A stainless-steel or tantalum mask determines the
geometry of the deposited material. The alkali-metal evapo-
rator consists of a 0.005-in. thick tungsten or molybdenum
boat, heated by an ac current. A thermocouple, spot welded
to the boat, is used to monitor its temperature. For deposition
of Permalloy, simple dc sputtering is used instead of the
more complicated magnetron or rf sputtering. Typical sput-
tering conditions consisted of a pressure of 110 mTorr of
ultrahigh-purity argon gas, an applied voltage of 3000 V, a
sputtering current of 7 mA, with the substrate placed 2.6 cm
above the Permalloy target. The iron evaporator consists of a
thin plate of iron suspended a few mm above a pair of
thoriated-tungsten filaments. The emitted electron beam, ac-
celerated through a potential of;700 V, impacts the iron
plate from below, heating it to the evaporation temperature
~slightly below the melting temperature!.

The following sequence of steps was worked out, which
consistently produced samples having good magnetic cou-
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pling between the ferromagnetic material and the alkali
metal.

~1! The sample chamber is baked out at 100 °C for 24 h.
After cooling to room temperature, the pressure in the
chamber drops to about 731028 Torr.

~2! The chamber is removed from the pumping system and
transported under vacuum to the dry box, where the al-
kali metal is transferred from a storage ampoule to the
evaporation boat.

~3! The chamber is reattached to the pumping system,
pumped, and baked out at 100 °C for an additional 24 h.
After cooling to room temperature, the chamber pressure
is 2–331028 Torr.

~4! Cooling water is supplied to the substrate heat sink.
When sputtering is used, presputtering of the target is
carried out for 20 min to condition the target by remov-
ing any oxide layer present on the surface.

~5! The substrate is then rotated above the sputtering unit or
iron evaporator to begin the deposition of Permalloy or
iron. Both the Permalloy and iron were deposited at a
rate of 0.3–0.5 Å/s to give a total thickness of 200–400
Å in about 12 min.

~6! During the deposition of the ferromagnetic material, the
temperature of the alkali-metal evaporation boat is
slowly ramped above the melting temperature of the al-
kali metal. During the last 3 min of the deposition of the
ferromagnetic material, the temperature is brought up to
the evaporation temperature of the alkali metal. These
temperatures are approximately 250 °C and 320 °C for
the potassium and lithium, respectively.

~7! Within a 1-s period the following operations are carried
out: ~a! the substrate is rotated over the alkali-metal
evaporator and~b! when sputtering, the flow of argon
gas into the chamber is terminated and the gate valve to
the pumping system is fully opened, dropping the cham-
ber pressure to,1024 Torr.

~8! The alkali metals are evaporated at a rate of 0.1–0.2
mm/s to give a total thickness of about 10–200mm.

~9! The chamber is allowed to cool for 1 h. It is then taken
again into the dry box under vacuum, where the chamber
is opened, the sample is removed, coated with a thin
layer of vacuum grease, and placed into a microwave
cavity for studying the FMR of the ferromagnetic layer
and the CESR of the alkali metal.

The thicknesses of the deposited films were determined in
a variety of ways. For the ferromagnetic layer, the film was
deposited separately on a glass substrate, and three different
techniques were used at different times:~a! an analysis of
Rutherford back-scattering spectra,~b! a mechanical thick-
ness measurement with a diamond-stylus profilometer, and
~c! optical transmission measurements through the partially
transparent films. For the alkali metal, a micrometer was
used to measure the thickness of the deposited material me-

chanically on the mask surrounding the sample itself. For
two potassium samples, an even more accurate thickness de-
termination was made by recording the cyclotron-wave11

transmission spectra at the same time as the FMR and CESR
measurements were ongoing.

The magnetic-resonance data are taken using standard
techniques. The microwave reflection spectrometer operates
at a frequency of 12 GHz and employs magnetic-field modu-
lation with phase-sensitive detection so that the detected sig-
nal is proportional to the field derivative of the absorbed
power. The sample can be surrounded by a liquid-helium
bath and the temperature varied from 1.1 K to room tempera-
ture. The dc magnetic field, provided by a 12-in. Varian elec-
tromagnet, has a range of 0–13 kG and can be rotated in the
horizontal plane through an angle of 360°. The sample is
mounted in a TE101 rectangular cavity on a vertical side wall
so that the dc magnetic field can be rotated relative to the
plane of the sample.

This geometry allows one to vary the resonance field of
the FMR by changing the demagnetizing field12 and thereby
determine the effective magnetization 4pM of that film. The
resonance fieldsH 0

' andH 0
i , for orientations perpendicular

or parallel to the plane of the specimen, respectively, are
given by

v/g5H0
'24pM ~2!

and

~v/g!25H0
i
~H0

i
14pM !, ~3!

whereg is the gyromagnetic ratio of the magnetic moments.
For the perpendicular orientation, the resonance field is
shifted higher than the usual value ofH05v/g by the dc
demagnetizing field, 4pM . For the parallel orientation, the
resonance field is shifted lower thanv/g by an ac demagne-
tizing field. A measurement of the resonance fields for the
two orientations allows a determination from Eqs.~2! and~3!
of both 4pM andg of the ferromagnetic film.

III. OBSERVATIONS

A. Potassium bilayers

High-purity potassium metal obtained from Callery
Chemical Co. was used in the experiment. The potassium
was stored in glass ampoules under argon gas, and the am-
poules used have been in our possession for about 17 yr. We
tried using potassium purchased within the past 2 or 3 yr but
discovered that the newer material displayed no CESR or
spin-wave resonances that could be detected by either reflec-
tion or transmission microwave spectroscopy. The newer ma-
terial is presumably contaminated in some way, but we made
no additional efforts to determine the nature of the contami-
nant. The potassium that we used had bulk residual resis-
tance ratiosr~295 K!/r~1.1 K! of 3000–8000 and residual
CESR linewidths as narrow as 0.2 G in our best material at
1.1 K. Potassium evaporated directly on top of glass or
quartz substrates had a typical residual linewidth of 2 G, still
reasonably narrow for CESR studies and also narrower than
that observed when the potassium was deposited directly on
top of a ferromagnetic film.
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FMR measurements made on bulk material from the Per-
malloy sputtering target gave a value for 4pM of 7.2 kG at
room temperature and 8.0 kG at 77 K. For calibration pur-
poses, the Permalloy was first sputtered onto glass substrates
without a potassium overlayer. Typical thicknesses used in
the initial studies, as well as in the later bilayer samples,
were in the range of 200–400 Å, which is less than the
microwave skin depth. The films were checked visually for
uniformity and transparency. A typical value of 4pM' 6 kG
obtained for our Permalloy thin films, corresponds to a mag-
netization of about 70% of that of the bulk starting material
in the target. An analysis of thin films of iron of similar
thicknesses also reveal the same behavior, i.e., the effective
magnetizations are also about 70% of the bulk value of 21.5
kG.

Figure 1 shows typical FMR data for a Permalloy film as
the applied magnetic field is rotated from the parallel to the
perpendicular orientation. The anglef is measured between
the applied field and the direction normal to the plane of the
sample. The center of the FMR line can be varied over a
range of about 8 kG because of the changing demagnetizing
fields associated with different field orientations. The inset in
the figure displays the complete angular dependence of the
resonance field. The peak-to-peak linewidth is approximately
500 G and nearly independent of the anglef. For bilayer
samples containing Permalloy, the FMR linewidths vary be-
tween 200 and 450 G and are usually at least a factor of 20
times broader than the CESR linewidths observed in the po-
tassium overlayers. The dashed lines in the figure indicate
the position of the fixed potassium CESR signal~4.28 kG!,
as determined by itsg value9 of 2.000 07. As can be seen, the
FMR resonance field of the Permalloy can be swept through
the position of the potassium CESR by rotating the applied
field. The two resonances coincide at a critical angle, which
has a typical valuefcrit'30°. For a single potassium layer,
the CESR amplitude is independent off. On the other hand,
in a bilayer sample, if the spins of the conduction electrons
in the potassium are driven primarily by the magnetization of
the Permalloy, then the CESR amplitude should display a
considerable enhancement around the anglefcrit . This is
how we have monitored the degree of magnetic coupling in
the bilayer samples.

In contrast to the Permalloy films, the linewidth of iron
depends quite strongly on the direction of the applied mag-
netic field. The linewidth starts out at about 200–300 G for
the applied field parallel to the surface of the sample and
increases generally by a factor of 2 or 3 as the direction of
the applied magnetic field approaches the normal to the plane
of the sample. We were unable to track the behavior of the
iron FMR all the way to the perpendicular geometry, since
the maximum value of the applied magnetic field was insuf-
ficient to overcome the large internal demagnetizing fields of
the thin film. The two resonances~FMR of iron and the
CESR of potassium! coincide at a critical angle, which has a
typical valuefcrit'16°.

We have made and studied approximately 25 Permalloy-
potassium samples~15 studied via reflection and 10 by trans-
mission! and 10 iron-potassium samples~three studied via
reflection and seven by transmission!. The reflection studies
are reported here; the transmission studies will be reported
separately.13 The degree of magnetic coupling between the
ferromagnetic film and the potassium remained fairly strong
and constant from sample to sample when evaporated iron
was employed; considerable variation from sample to sample
occurred when sputtered Permalloy was used. In general, an
increased magnetic coupling resulted in both an enhanced
CESR signal strength and an increased broadening of the
CESR linewidth. The strongest CESR lines usually displayed
the maximum linewidths.

In Fig. 2 we display for a Permalloy-potassium specimen
a series of 100-G field sweeps, centered on the potassium
CESR, for four different values off nearfcrit . This sample
has moderate magnetic coupling with a relatively strong, but
narrow, CESR line, which is easily seen for all angles near
fcrit . The CESR is situated on a varying baseline, which is a
portion of the Permalloy FMR, whose overall amplitude is
about 20 times larger than that of the CESR. The CESR
linewidth is 4.0 G, while that of the FMR is 260 G. The
dashed-line segments are a smooth continuation of the FMR
baseline in the vicinity of the CESR signal. Two features of
the CESR are evident in Fig. 2:~a! the variation of ampli-

FIG. 1. Typical FMR data in Permalloy showing the effects of
the demagnetizing field for four different orientations of the applied
field. Inset: The resonance field vs the magnet-orientation anglef.

FIG. 2. Typical traces from a Permalloy-potassium sample with
moderate magnetic coupling showing the potassium CESR signal
superimposed on top of the Permalloy FMR.~a! f531.5°; rela-
tive gain54. ~b! f5fcrit530.0°; relative gain51. ~c! f529.0°;
relative gain54. ~d! f525.0°; relative gain510.
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tude with anglef ~note the different gains used for the sepa-
rate traces! and ~b! the variation in phase of the signal with
f. Plotted as a function of the anglef, the CESR amplitude
shows a relatively sharp, nearly symmetric peak centered at
fcrit . This is one clear indication that the CESR within the
potassium is being driven primarily by the magnetism of the
thin ferromagnetic film rather than the microwave fields di-
rectly. And, as discussed in detail in Sec. IV, the variation in
phase of the CESR signal with respect to the anglef pro-
vides further evidence that the Permalloy layer provides the
dominant driving mechanism of the conduction electrons in
the potassium.

We have also examined the temperature dependence of
the resonance signals over the range 1.1–25 K. The Permal-
loy FMR remains essentially constant over this limited tem-
perature range, whereas in a single potassium layer the
CESR is strongly temperature dependent, rapidly broadening
at higher temperatures because of an increased spin-flip scat-
tering rate induced by thermal phonons. For a Permalloy-
potassium bilayer, it is observed that the CESR enhancement
is strongly temperature dependent and rapidlydecreasesat
higher temperature. As an example of the temperature depen-
dence, we show in Fig. 3 a series of potassium CESR lines in
a bilayer sample for a fixed value off. Each trace is taken at
a constant temperature, which ranges from 5.9 to 24.9 K. For
the selected valuef522°, the CESR is superimposed on the
tail of the FMR, which is centered at a higher magnetic field
to the right of the figure. This magnetic-field orientation
gives sufficient enhancement so that the CESR is visible at
each temperature but also a baseline, which varies suffi-
ciently slowly that the CESR is not obscured. It is clear from
the figure that the amplitude of the signal decreases at higher
temperature. An indication of the linewidth, taken as the dis-
tance between the positive and negative lobes in this deriva-
tive spectrum, is indicated by the dashed curves in the figure.

As can be seen, the CESR linewidth actuallydecreaseswith
increasing temperature, in opposition to what occurs in a
single potassium layer. The narrowing between the lowest
and highest temperatures in Fig. 3 is almost a factor of 3.

For another perspective on the influence of temperature,
Fig. 4 shows the temperature dependence of the CESR line-
width for three different samples. The solid curve is for a
single potassium plate without a ferromagnetic surface layer,
whose CESR was monitored via transmission spectroscopy
with the field oriented parallel to the sample’s surface. The
residual linewidth of 2.2 G, seen at the lowest temperatures,
is caused by spin scattering from impurities in the sample.
The contribution to the linewidth from phonon scattering be-
comes evident for temperatures above 5 K. The difference
between the full curve plotted in Fig. 4 and the residual
linewidth, gives the phonon contribution alone~as would be
seen in an ideal sample without impurities!. This is the mini-
mum linewidth possible for any sample at a given tempera-
ture.

The other two samples in Fig. 4 are potassium-Permalloy
bilayers, which were observed by reflection spectroscopy
with the applied magnetic field oriented close tofcrit . Once
again, both of these samples show linewidths thatdecrease
with increasing temperature above 5 K. The sample indicated
with the triangular symbols has a residual linewidth of 15.2
G and a minimum linewidth of 8 G at 16 K. Forhigher
temperatures, the linewidth again broadens as the contribu-
tion from phonon scattering begins to play a role. The other
sample, indicated by the square symbols, has stronger mag-
netic coupling and also displays a considerably broader
CESR line. The line is so broad at the lowest temperatures
that it is undetectable; it becomes observable only after it
begins to narrow at the higher temperatures. For this sample,
the signal-to-noise ratio is sufficiently poor by the tempera-
ture where phonon broadening begins, that a linewidth mini-
mum is not clearly visible.

FIG. 3. Potassium CESR spectra taken from a Permalloy-
potassium sample having very strong magnetic coupling. The angle
f is held constant at 22° for a range of different temperatures. The
FMR linewidth is approximately 350 G. The dashed lines indicate
the narrowing of the CESR linewidth with temperature.

FIG. 4. Temperature dependence of the potassium CESR line-
width for three samples. Solid line: single potassium plate without a
ferromagnetic surface layer. Square symbols: Permalloy-potassium
sample with very strong magnetic coupling plotted forf522°. The
FMR linewidth is 350 G. Triangular symbols: Permalloy-potassium
sample with weaker magnetic coupling plotted forf534°. The
FMR linewidth is 230 G. The dashed lines in the figure serve only
as a guide for the eye.
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Samples made with iron instead of Permalloy show ex-
actly similar trends. The major differences are different de-
magnetizing fields, critical angles, and FMR linewidths.
Some of these differences are particularly useful for the mi-
crowave transmission studies, to be reported.13 Another ad-
vantage of iron is that the iron-potassium bilayers showed
strong interfacial coupling more consistently from sample to
sample.

B. Lithium bilayers

Lithium is an ideal choice for further study of the phe-
nomena described above, since it has a narrow, temperature-
independent CESR linewidth, in contrast to the linewidth of
pure potassium, which increases monotonically with tem-
perature. This characteristic of lithium results from a very
weak spin-orbit coupling, which does not couple the
conduction-electron spins to thermal phonons to any signifi-
cant extent. This allows us to investigate the CESR linewidth
in lithium bilayers over the whole temperature range 1.1–
300 K without the complications of phonon-induced spin-flip
scattering. We have studied only bilayers of iron and lithium,
and what we observe is exactly analogous to the properties
of Permalloy-potassium or iron-potassium bilayers, except
that the signals are generally larger and more easily moni-
tored. A total of 11 samples were observed~nine by reflection
and two by transmission!.

The interaction of the FMR and CESR for an Fe-Li bi-
layer sample can be directly seen in Fig. 5, for several dif-
ferent magnet angles. Clearly seen is the increasing resonant
field of the FMR as the magnetic field direction approaches
the normal of the sample. The lithium CESR is superimposed
on the FMR line at a fixed field. As the two lines cross, the
CESR phase changes and the amplitude increases. When the
two lines are exactly superimposed the CESR reaches a
maximum intensity. Beyond this point the phase continues
changing, while the amplitude of the CESR signal decays. A
careful analysis of this type of data shows that the total shift

in phase of the CESR is about 360° as the FMR moves from
one side of the CESR to the other.

In Fig. 6 we have plotted the ‘‘intensity’’ of the CESR as
a function of the anglef for an Fe-Li bilayer of thickness
83.8mm. The data were recorded at a temperature of 4.2 K.
For intensity we use a quantity that is proportional to the area
under thex 9 ~power-absorption! curve, a quantity that, for a
single layer, is proportional to the magnetic susceptibility of
the sample and independent of the spin-relaxation rate. Our
magnetic-resonance spectrometer uses magnetic-field modu-
lation, with Hmod!DHCESR!DHFMR, where DHCESR and
DHFMR are the linewidths of the CESR and FMR, respec-
tively. Under these conditions the peak amplitude of the
CESR signal is given by

peak amplitude5
C3 intensity3Hmod

DHCESR
2 , ~4!

whereC is a constant. Equation~4! is used to obtain a prop-
erly normalized intensity for plotting in Fig. 6 and also Fig.
8 below. It also provides a method for comparing different
samples with each other on a quantitative basis. In the cal-
culation of the intensity for Fig. 6 an allowance was also
made for the variation of signal phase with the anglef. As
can be seen from the figure, the intensity of the CESR is a
strong function off, showing a sharp, nearly symmetric
peak centered atfcrit . The overall width of the peak is a
function ofDHFMR and the rate at which the FMR resonance
field changes withf in the vicinity of fcrit .

Using data from the same sample above, the strong tem-
perature dependence of the CESR intensity is shown in Fig.
7. Here the intensity is shown at a fixed magnet angle
f515.6° as the temperature is varied. We observe that for
T,10 K there is little change in the intensity, but as the
temperature increases beyond 10 K we see a dramatic de-
crease. Between 20 and 40 K the decrease follows an ap-
proximate power law ofT24.

Additional data from the same sample is displayed in Fig.
8, where the CESR linewidth is given as a function of the
temperature. The linewidth increases from about 2 G at 70 K
to about 37 G at 10 K. At the lower temperatures the amount
of broadening is related to the thickness of the alkali-metal
layer, with thinner samples having larger linewidths. The re-
sidual low-temperature linewidth appears to be inversely

FIG. 5. Typical resonance data from an Fe-Li bilayer. The tem-
perature and gain are held constant for a series of traces taken with
different magnetic-field orientations. Each trace is labeled with the
anglef. The arrow shows the location of the fixed Li CESR signal.

FIG. 6. The lithium CESR intensity as a function of the anglef
for an Fe-Li sample at a temperature of 4.2 K.

53 2509MAGNETIC COUPLING ACROSS A FERROMAGNETIC- . . .



proportional to the specimen thickness. In all cases, as the
temperature increases, the linewidth decreases toward the
linewidth of a single layer of lithium. We have also made
several samples with iron on both sides of the lithium and
find that the linewidth is about twice as broad as one would
find for the same thickness of a bilayer. Two of these samples
were assembled by pressing two bilayer samples together
inside the dry box to form a sandwich structure. The clean
alkali-metal surfaces immediately bond to each other, form-
ing a single lithium layer with iron on both outside surfaces.
An added advantage of this method is that during the press-
ing, some lithium was squeezed out from the region where
the iron was deposited. This excess lithium was not magneti-
cally coupled to the iron and provided a very convenientg
marker. We have observed that theg value of the CESR line
was independent of both the temperature and the magnet
anglef. This is generally true for all bilayer samples inde-
pendent of whether they contain lithium or potassium.

A final observation is displayed in Fig. 9, which shows the
modulation of the FMR and CESR linewidths as a function

of the anglef as the FMR is swept through the CESR near
fcrit . This modulation is a result of the coupling that occurs
between the two resonances. The two linewidths oscillate up
and down approximately out of phase with each other, i.e., as
one is passing through a maximum, the other is passing
through~or near! a minimum. Similar behavior occurs with
all of the other types of bilayer samples we have studied. We
have been very careful to assure ourselves that the modula-
tion of the FMR linewidth isnot an artifact caused by the
simple superposition of the two resonance lines on top of
each other. The modulation is relatively small on the FMR,
being typically 3–6 %. On the CESR the modulation is
more, typically 15–25 %. In calculating the angular depen-
dence of the CESR intensity in Fig. 6, we have used the
average CESR linewidth in Eq.~4! in order not to introduce
complicating fine structure into the figure. The theory of Sils-
bee, Janossy, and Monod5 neglects the back reaction of thes
electrons on thed electrons in the ferromagnetic film. As
seen from the FMR linewidth nearfcrit , this is not strictly
valid, but in view of the relatively small modulation of the
FMR line, it appears to be a reasonably good approximation.

IV. DISCUSSION

We have given a description of our sample-fabrication
technique and shown how the degree of magnetic coupling in
this class of samples can be monitored by studying the inter-
action between the FMR and CESR signals. We have gone
into considerable detail in Sec. II, as it is important that all
nine steps of the sample-fabrication procedure outlined there
be carried out in order to achieve a high degree of magnetic
coupling. Relaxation of any of the steps in this procedure
results in reduced magnetic coupling within the final sample.

We have not attempted to make a detailed comparison of
our experimental data with the theory of Silsbee, Janossy,
and Monod5 because those theoretical calculations have been
derived for microwave transmission measurements, whereas
our observations have been carried out using reflection spec-
troscopy. The two techniques generate signals having both
different amplitudes and line shapes. Furthermore, transmis-

FIG. 7. Temperature dependence of the lithium CESR intensity
at f515.6° for the same sample plotted in Fig. 6.

FIG. 8. Temperature dependence of the lithium CESR linewidth
at f515.6° for the same sample plotted in Fig. 6.

FIG. 9. Modulation of the FMR and CESR linewidths in the
vicinity of fcrit for an Fe-Li specimen 3.4831022 cm thick mea-
sured at a temperature of 4.2 K. The solid lines serve only as a
guide for the eye. The experimental error for the FMR linewidth is
smaller than the size of the symbols used.
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sion measurements have a distinct advantage in that the FMR
and CESR signals can be totally separated from each other
~in the absence of accidental microwave leakage around the
sample!. This makes it possible to carry out very precise
measurements of the CESR line shape and its phase. On the
other hand, with reflection measurements the FMR and
CESR are necessarily superimposed on each other. The FMR
always dominates in amplitude and linewidth, providing a
variable baseline on which the CESR is situated. For certain
ranges of the anglef, especially for the broader CESR lines,
the exact baseline becomes somewhat ambiguous, leading to
considerable uncertainties in both the CESR line shape and
its phase.

It is possible, however, to compare a few features of the
theory with the experimental data. The theory was derived
under a number of simplifying assumptions:~1! the applied
field is normal to the surface of the sample,~2! its magnitude
is .4pM , ~3! the skin depth in the paramagnetic metal is
classical,~4! there is no direct spin relaxation at the interface,
and ~5! the thickness of the paramagnetic metal is less than
the spin-diffusion distance~or spin depth! ds . The spin depth
ds corresponds to the rms-average distance a conduction
electron diffuses in a spin lifetime. Not all of the conditions
above are necessarily satisfied in our samples; nevertheless,
the model calculation includes the effects of most of the
physical processes going on within a bilayer sample and al-
lows us to look for a few expected features within the data.

One of the most prominent characteristics of our data,
clearly seen in Figs. 2 and 5, is the change of phase of the
CESR signal as the magnetic field direction is rotated
through the anglefcrit . This phase change is proof that the
conduction electrons are being driven primarily by the mag-
netization of the ferromagnetic film rather than the micro-
wave fields directly. According to both the theory and experi-
mental data on Permalloy-Cu of Silsbee, Janossy, and Monod
@see, for example, Fig. 3~a! of Ref. 5#, the CESR phase
changes by 180° as the center of the FMR is swept from the
low-field to the high-field side of the CESR. The reason for
this follows. As is well known for a resonant system, the
phase of the response of the system with respect to the driv-
ing force changes continuously as one sweeps through the
resonance. When the frequency of the driving forcev!v0,
i.e., the natural frequency of the system, the system responds
in phase to the driving force~but with a small amplitude!.
Whenv5v0 at resonance, the response of the system lags
the driving force by 90° in phase~achieving its maximum
amplitude!, and, whenv@v0, the system lags by 180° in
phase~again with a small amplitude!. In this same way, the
phase of the precessing ferromagnetic spins, with respect to
the driving microwave fields, changes by 180° as one sweeps
from the high-field tail of the FMR line, through the center
of the resonance, out to the low-field tail of that line. Be-
causeDHCESR!DHFMR, when the two resonances are in
close proximity~f is nearfcrit!, only a small fraction of the
FMR line is sampled while sweeping through the complete
CESR resonance. Over this limited field range, the phase of
the ferromagnetic spins remains essentially constant relative
to the microwave fields. However, this phase can be varied
through 180°, depending on which portion of the FMR line is
superimposed on top of the CESR. In this manner, the phase
of the CESR signal observed by Silsbee, Janossy, and

Monod5 changes by 180° as the complete FMR line is swept
past the fixed CESR line by a rotation of the applied mag-
netic field.

As noted earlier, however, in our data we observe a total
change of approximately 360° in the CESR signal as the
FMR line is swept through it. This difference is because of
the different ways in which the data are obtained for the two
experiments. For the transmission measurements of Silsbee
Janossy, and Monod on copper,5 the microwave fields are
incident on the side consisting of the ferromagnetic layer.
Then, as described earlier, the microwaves drive the ferro-
magnetic layer, which, in turn, drives the spins of the con-
duction electrons of the copper. The detected copper CESR
signal is then radiated from the uncoated surface into the free
space on the opposite side of the sample. In this way, the
ferromagnetic layer is used once, at one surface of the speci-
men, to couple the input power to the itinerant spins. For our
reflection measurement, the ferromagnetic layer is effec-
tively used twice: first, to couple the microwave power to the
itinerant spins, and second, to enhance the detection of the
induced CESR moment. This is equivalent to what would
occur in transmission for ferromagnetic layers deposited on
both surfaces of a specimen. Since for reflection the FMR
enhancement is used twice, one would expect that the en-
hancement factor appropriate for transmission should be
squared, resulting in a phase shift of 360° over the tuning
range of the FMR, rather than 180°. Indeed, careful measure-
ments of the CESR phase, out onto the extreme wings of the
FMR, where both signals are very weak, show an overall
variation close to 360°.

Another prediction of the theory of Silsbee, Janossy, and
Monod5 can be obtained from Eq.~28! in Ref. 5, which gives
for the linewidth of the CESR signal

DH5
2

gp
F 1T2 1

G8

xpL
G , ~5!

where the parameters describing the conduction electrons of
the paramagnetic component~potassium or lithium! of the
bilayer sample aregp , the gyromagnetic ratio;T2, the bulk
spin-spin relaxation time; andxp , the Pauli paramagnetic
susceptibility. The quantityL is the thickness of the alkali-
metal layer, andG8 is a phenomenological parameter describ-
ing the rate of transport of transverse magnetization across
the interface between the two metals.~The parameterG8
takes into account the back reaction of thes electrons in the
alkali metal on thes electrons in the ferromagnet.! The first
term on the right-hand-side of Eq.~5! represents the contri-
bution to the CESR linewidth from bulk scattering events
such as from impurities and thermal phonons. The second
term represents an additional linewidth broadening caused by
the interfacial magnetic coupling. According to the equation
this additional broadening should be inversely proportional
to the thickness of the paramagnetic layer. In Fig. 10 we
show a plot for several lithium bilayers of the CESR line-
width minus the bulk linewidth~0.6 G! versus 1/L, the re-
ciprocal of the thickness. The linewidths plotted are the re-
sidual, low-temperature linewidths of each sample. Also
plotted in this figure are two trilayer samples having ferro-
magnetic layers on both surfaces. As can be seen from the
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figure, the data do fit quite well to a linear relationship. The
straight line represents a least-squares linear fit to the data
from the bilayer samples. The scatter from the linear relation
can be readily interpreted as caused by~1! variations of the
parameterG8 among the individual samples, i.e., variations
in the degree of interfacial magnetic coupling because each
individual sample is fabricated under slightly different con-
ditions, ~2! uncertainties in identifying the exact baseline for
each CESR trace, and~3! uncertainties in the thickness de-
termination. The theory was derived assuming that the alkali-
metal thicknessL!ds , a condition that is satisfied for the
samples plotted in Fig. 10~see Table I below!. Under this
condition the conduction electrons are able to diffuse back
and forth several times across the sample within a spin life-
time via a random-walk process. Accordingly, a given elec-
tron is thus equally likely to be found anywhere within the
volume of the sample, including the ferromagnetic layer. As
the thickness of the paramagnetic layer is reduced, the total
time the electron spends in contact with the ferromagnetic
layer should thus increase as 1/L. The effective coupling
between the localizedd electrons and itinerants electrons
will then increase as 1/L as well. This is reflected in Eq.~28!
of Ref. 5 in both the 1/L dependence of the transmission-
signal amplitude as well as the 1/L dependence in the line-
broadening term@Eq. ~5! above#. For the trilayer samples,
the linewidth is essentially doubled from what would be seen
for a bilayer sample of the same thickness. For this reason
we have plotted~DH2DHbulk!/2 for the two trilayer samples
on Fig. 10, and, as can be seen, they also lie reasonably close
to the straight line on the figure. Presumably, whenL!ds
and ferromagnetic layers are present on both surfaces, the
conduction electrons of the alkali metal will encounter the
interfaces at twice the bilayer rate, thereby doubling the cou-
pling of these electrons to thed electrons at the surfaces.

To the extent that we can neglect interfacial relaxation of
the spins, Eq.~5! can be used to estimate the magnetization-
transport parameterG8 from the CESR linewidth. The Pauli
susceptibility of the alkali metalxp is needed for the calcu-
lation, and this is listed in Table I for potassium and lithium.
Also listed in the table for these metals are typical values of

several other parameters, which will be used later in the dis-
cussion. We have calculatedG8 for two Permalloy-K samples
with moderate to strong coupling. For these samples we have
taken 2/gpT252.2 G ~the linewidth observed in a single
layer of evaporated potassium!. We have also calculated the
average value ofG8 for five Fe-Li samples by using the slope
of the linear fit to the data in Fig. 10. The calculated values
of G8 are listed in Table II. The first entry in the table corre-
sponds to the Permalloy-K sample having the strongest cou-
pling that we produced. For that sample the CESR linewidth
at 1.1 K was so broad that it could not be accurately mea-
sured. For this reason, the calculation was carried out at 5.9
K, where the linewidth~and apparent coupling strength! are
less.

From the parameterG8 we can estimate the interfacial
transmission coefficientt for the conduction electrons at the
boundary between the two metals. Calculations of the coef-
ficient t have been considered by Menard and Walker14 as
well as by Silsbee, Janossy, and Monod.5 Making the as-
sumption thatG8'G, where the parameterG neglects the
back reaction of thes electrons in the paramagnetic metal on
the s electrons in the ferromagnetic metal, Silsbee, Janossy,
and Monod5 obtain their Eq.~46!:

G8'G5
vFxpt

4

1

12 1
2 ~ tp1t f !

, ~6!

wherevF is the Fermi velocity, andtp and t f are the trans-
mission coefficients for the conduction electrons approach-
ing the interface from the side of the paramagnetic metal or
the ferromagnetic metal, respectively. The product (vFxpt)
in Eq. ~6! is the same for either metal, as can be shown by
detailed balance arguments. Making the same assumption as
Silsbee, Janossy, and Monod5 that tp5t f5t and using the
values ofvF listed in Table I, we obtain, fort, the quantities
listed in the last column of Table II. As can be seen, there is
not a large variation in the values ofG8 or t between the
Permalloy-K and the Fe-Li specimens. For comparison pur-
poses, we have also listed the parameters obtained by Silsbee
Janossy, and Monod5 for their best Permalloy-copper inter-

TABLE I. Typical parameters atT51.1 K for the potassium and
lithium used for this study.

Parameters Potassium Lithium

Effective mass ratiom* /m0 1.21a 2.20b

Fermi velocityvF ~107 cm/s! 7.1 5.9
Pauli susceptibilityxP
~1026 cgs volume units!

0.91c 2.3d

Residual resistance ratio 5000 700
Scattering timet ~10211 s! 23 1.2
Mean free pathL ~1023 cm! 17 0.77
CESR linewidthDH ~G! 2.0 0.60
Spin lifetimeT2 ~1028 s! 5.7 19
Spin depthds ~1022 cm! 21 7.2

aReference 30.
bReference 31.
cReference 9.
dReference 23.

FIG. 10. The residual lithium CESR linewidth minus the bulk
linewidth vs the reciprocal of the thickness of the lithium layer.
Square symbols: Fe-Li bilayers with the full linewidth plotted. Dia-
mond symbols: Fe-Li trilayers~sandwich samples! with half the
linewidth plotted. Straight line: least-squares linear fit to the bilayer
data.
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face. In this case, the measurement was carried out in the
~20–30!-K temperature range and appears to indicate a
somewhat stronger coupling than obtained in our alkali-
metal specimens. It should be emphasized that all of these
numbers are rather crude estimates, since several approxima-
tions and assumptions were used in their derivation. The
numbers are more likely to be upper limits onG8 andt, as we
have neglected any interfacial relaxation that would contrib-
ute to a portion of the CESR linewidth broadening.

The temperature dependencies of the CESR intensity and
linewidth displayed in Figs. 3, 4, 7, and 8 are quite remark-
able. The linewidth behavior is opposite to that normally
encountered in most materials. The only apparent way to
include this temperature dependence in the theoretical model
of Silsbee, Janossy, and Monod5 is to makeG8 a function of
the temperature. There is, however, no clear reason whyG8
~or the transmission coefficientt! should depend on the tem-
perature.

To look for the origins of this temperature dependence, it
is useful to consider the various parameters, which charac-
terize the potassium or lithium used in this study. In Table I
we have listed typical values of several parameters, either
measured or calculated at 1.1 K. Some of the numbers were
obtained from CESR and electrical conductivity measure-
ments carried out on relatively thick films of each metal pre-
pared by evaporation in the UHV chamber. In our computa-
tion of the quantities in Table I, we have used effective-mass
ratios for the conduction electrons obtained from de Haas–
van Alphen measurements of potassium and from electronic-
specific-heat measurements of lithium. The spin depth is
given by ds5[(2/3)vFLT2]

1/2, where L is the electronic
mean free path. The alkali-metal thicknessL in a typical
bilayer sample is about 131022 cm. Thus, at our lowest
temperature the alkali metal is thin compared tods in both
potassium and lithium. For lithium,L!L, and electron trans-
port in the alkali-metal takes place by diffusion. For potas-
sium, L.L, and electron transport in the alkali metal is
mostly ballistic. In the thin ferromagnetic film, electron
transport is most likely ballistic in iron and diffusive in Per-
malloy. As the temperature is raised, thermal phonons reduce
the electron mean free path relatively quickly, and electron
transport in potassium becomes diffusive by a temperature of
a few kelvins. In pure potassium, thermal phonons also con-
tribute to increased spin scattering, and the CESR linewidth
broadens. In lithium, thermal phonons make a negligible
contribution to the spin-scattering rate. Thus, with increased
temperature,ds will decrease in both metals, albeit more
quickly in potassium, where bothL andT2 are reduced by
phonon scattering.

One might at first be tempted to argue that the decrease in
linewidth at elevated temperature is caused by a reduction in

the mean free path or spin depth. Perhaps the transition from
ballistic to diffusive transport in the alkali metal or the tran-
sition from ds@L to ds,L results in reduced contact be-
tween the conduction electrons in the alkali metal and the
ferromagnetic film. A careful consideration, however, indi-
cates that this is probably not the case. Fords@L, the con-
duction electrons are able to travel several times back and
forth across the sample in a spin lifetime. Therefore, the
transverse magnetization induced in these electrons at or near
resonance is distributed uniformly throughout the volume of
the sample. The fraction of the time that a given electron will
be found within the ferromagnetic layer, or the rate at which
a given electron encounters the interface between the two
metals, is not a function of the mean free path but depends
only on the relative thicknesses of the two layers. Indepen-
dent of whether the transport across the sample is ballistic or
diffusive, the electron flux encountering the interface will be
the same. An analogy is the motion of molecules in an ideal
gas. The pressure exerted on the surface of the container by
the gas inside is given by the ideal-gas lawPV5nRTand is
proportional to the molecular flux striking the surface. The
flux and pressure remain the same whether the container is
thin compared to the mean free path~ballistic trajectories! or
thick compared to the mean free path~diffusive motion of
the molecules!. Likewise, in our samples a transition from
L@L to L!L should not effect the total electron flux at the
interface nor the rate at which the individual electrons en-
counter the ferromagnetic film.15At still higher temperatures,
when ds,L for our bilayer samples, only those electrons
within about one spin depth of the ferromagnetic layer can
repetitively encounter the interface during the spin lifetime
and thus respond strongly under resonant conditions; how-
ever, the electron flux at the interface must still be the same
as at lower temperature. Therefore, the individual electrons
within one spin depth of the interface must continue to inter-
act with the ferromagnetic metal at the same rate experienced
at lower temperatures whends@L. From these arguments it
would appear that the degree of contact between the ferro-
magnetic film and the resonant electrons in the alkali metal is
not a function of temperature, mean free path, or spin depth.

In an effort to see if the low-temperature linewidth broad-
ening is correlated with any other physical parameters of the
alkali metal, we have also measured the temperature depen-
dence of the electrical resistivity of one of the metals. We
selected lithium, sinceT2 is temperature independent andL
andds depend only on the collision timet. A lithium layer
1.431022 cm in thickness~comparable to that of a typical
bilayer specimen! was evaporated onto a glass substrate in
the same manner normally used for the fabrication of a bi-
layer. This thickness was much larger than the residual mean
free path, so that electrical resistivity values would be those

TABLE II. Determination of the degree of magnetic-coupling from Eqs.~5! and ~6!.

Specimen Temperature~K! DH ~G! L ~1022 cm! G8 ~cm/s! t

Permalloy-K~strong coupling! 5.9 37 1.68 4.7 0.22
Permalloy-K~moderate coupling! 1.1 15 1.97 2.0 0.11
Fe-Li ~five samples! 1.1 ~Slope from Fig. 9! 5.3 0.14
Permalloy-Cu~strong coupling!
~data of Silsbee, Janossy, and Monod!

20–30 268 0.70 20 0.34
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of bulk material. The resistivity was measured with the van
der Pauw technique16 using four electrical contacts to the
specimen, keeping the total power dissipation,1027 W and
making corrections for thermal emf’s. The residual resistivity
ratioR~295 K!/R~1.1 K! was 700. In Fig. 11 we compare the
temperature dependencies of the electrical resistivity of bulk
lithium and the CESR linewidth of two Fe-Li specimens. In
Fig. 11~a! a bilayer thickness of 6.131023 cm was chosen so
that the CESR temperature dependence could be accurately
measured at lower temperatures; in Fig. 11~b! a thickness of
1.231023 cm allows one to monitor the temperature depen-
dence in a higher-temperature regime. In the figure, we have
plotted the electrical conductivity of the lithium, i.e., the re-
ciprocal of the resistivity, normalized to the CESR linewidth
at temperatures of 4.2 K and 200 K for parts~a! and ~b!,
respectively. As can be seen, the linewidth and conductivity
plots overlap each other almost exactly. For the thicker
sample, both quantities become temperature independent be-
low 6 K and decrease at the same rate for higher tempera-
tures; for the thinner sample, both quantities have about the
same temperature dependence between 100 K and room tem-
perature. This implies that the temperature-dependent part of
the CESR linewidth of the alkali metal is directly propor-
tional to the electronic scattering timet of that metal. It
should be noted from the numbers in Table I and the fact that
the spin depth in lithium is proportional to the square root of
the electrical conductivity, thatds is always significantly
larger thanL over the full temperature range shown for the

two samples in Fig. 11. Consequently, the temperature de-
pendence of the linewidth cannot be attributed to a change of
regime fromL!ds to L.ds .

It is worthwhile looking at other resonant systems whose
linewidths have displayed the same temperature characteris-
tics as we have observed in the CESR to see if there may be
some correlation between our system and one of these oth-
ers. One such system is that of local magnetic moments in a
metallic host, an example of which is the dilute copper-
chromium alloys studied by Monod and Schultz17 using
transmission electron spin resonance. In such a system, with
sufficiently strong coupling between the local moment and
the conduction electrons of the metallic host, a single reso-
nant line results whose characteristics depend primarily on
x r5xd/xs , i.e., the ratio of the impurity static susceptibility
to that of the conduction-electron susceptibility. Althoughxs
is temperature independent,xd generally follows a Curie-
Weiss law, giving the same temperature dependence toxr .
Wheneverxr!1, the properties of the conduction electron
system will dominate the resonance signal; however, when
xr.1, as may happen at low temperatures, the intrinsic prop-
erties of the local moments will dominate the resonance. In
the Cu-Cr alloys a clear narrowing of the linewidth occurs as
the temperature is increased from 1 to 25 K. This occurs as
xr becomes smaller, and the contribution of 1/Tdl to the line-
width decreases. 1/Tdl is the spin relaxation rate of the local-
ized moments directly to the lattice.

Is it possible that at the interfaces of our samples some of
the Ni and/or Fe diffuses into the alkali metal, producing
localized moments that dominate the observed resonance and
its temperature dependence? Neither Fe nor Ni are known to
have any significant solubility in solid Li or K.18 Probably
the strongest argument against this possibility is the fact that
there is no temperature dependence to the measuredg val-
ues. When local moments are intentionally introduced, theg
value also becomes temperature dependent, varying from
that of the pure local moment at low temperature~when
xr@1! to that of the pure metallic host at higher temperatures
~whenxr!1!. In all of our bilayer samples the CESR signals
consistently give theg value of the pure metal, and no tem-
perature dependence has ever been detected. Furthermore,
the observed temperature dependence of the CESR linewidth
follows very closely that of the electrical conductivity and is
not consistent with a Curie-Weiss law that one would expect
for local moments.

In addition to preparing samples with a homogeneous dis-
tribution of local moments, one can also implant magnetic
ions locally at the surface of a metallic sample. Such im-
planted specimens were fabricated and studied by Monod
et al.19 and Hurdequint20 and were considered theoretically
by Walker.21 This class of samples also displays a strong
temperature dependence to the CESRg value and linewidth,
with DH initially narrowing upon warming from low tem-
peratures. This comes about once again primarily because of
a Curie-Weiss-like temperature dependence to the suscepti-
bility of the implanted ions. Although this type of sample is
closer to what we would expect to find in our own samples if
the Fe or Ni are diffusing into the alkali metal, the line-
narrowing process can again be dismissed with the same ar-
guments used for a homogeneous distribution of local mo-
ments.

FIG. 11. Comparison of the temperature dependencies of the
CESR linewidth in Fe-Li bilayers and the electrical conductivity of
bulk lithium. The thicknesses of the bilayer specimens are~a!
L56.131023 cm and~b! L51.231023 cm.
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Another case in which a similar temperature dependence
for a CESR linewidth has been observed was reported by
Magno and Pifer.22 They studied the CESR of metallic bilay-
ers such as Li-Cu and Li-Mn over the temperature range
50–300 K. Their data~Figs. 5–8! display a monotonic de-
crease inDH with higher temperature, with a total variation
up to a factor of 5 over the indicated temperature range. A
theoretical analysis is carried out in which Maxwell’s equa-
tions plus a diffusion-modified Bloch equation are solved
simultaneously for each metal, utilizing suitable boundary
conditions at the common interface and outside surfaces of
the sample. In order to fit the data to the theory, they con-
clude that the transmission coefficient for an electron to cross
the interface without spin scattering is very small and that
the temperature dependence of the CESR linewidth is caused
by the temperature dependence of the coefficiente, which
gives the probability of reflection at the interface with spin
relaxation. They do not present any mechanisms that would
contribute to the temperature dependence ofe. However,
they do display a very interesting result in the top trace of
Fig. 10 in their paper. This is a theoretical calculation of the
temperature dependence ofDH in which all the reflection
and transmission coefficients at the interface are held con-
stant. Nevertheless, the linewidth decreases considerably at
higher temperatures, much as we see in our samples. The
curve is a result of numerical computations, and it is not
possible to see analytically within the article what the nar-
rowing mechanism is.

Analytical calculations by Hurdequint20 for the CESR-
transmission signal in bilayer samples, under conditions of
strong coupling and both layers thin compared tods , predict
a single resonance line whoseg value and linewidth are
weighted averages of the values in the two individual metals,
with the weighting factor being the product of the Pauli sus-
ceptibility and the thickness of each individual layer. Under
these conditions one would expect a Cu-Li specimen to dis-
play a monotonically increasing linewidth with higher tem-
perature because of the increased spin-relaxation rate of the
copper. This prediction is not in agreement with the experi-
mental data of Magno and Pifer22 nor some of their theoreti-
cal plots, such as the one mentioned in their Fig. 10. CESR
in bilayer samples was also studied by Vier, Tolleth, and
Schultz23 in their determination of the Pauli spin susceptibil-
ity of Li, Cu, and Ag. Their theoretical treatment gives es-
sentially the same results for theg value and linewidth as
obtained by Hurdequint. Their experimental measurements
are carried out at the three temperatures 5, 10, and 15 K;
however, they do not indicate what the temperature depen-
dence of the linewidths was over this limited range. Thus, it
is not clear if others have seen the same temperature depen-
dence of CESR linewidths in bilayer samples as reported by
Magno and Pifer.22 It is also not clear what physical mecha-
nism produces the temperature dependence displayed in Fig.
10 of their paper.

Yet another system that can exhibit linewidth narrowing
with increasing temperature is a pure metal havingg anisot-
ropy on the Fermi surface. In this case, the introduction of
thermal phonons at higher temperature will scatter the elec-
trons more rapidly between regions of the Fermi surface hav-
ing differentg values, resulting in motional narrowing of the
resonance line. Eventually, at high enough temperatures,

phonon-induced spin-lattice relaxation will cause the line to
broaden once again as the temperature rises. The frequency
and temperature dependence of the CESR signals in both
pure aluminum24 and copper25,26appear to indicate the pres-
ence ofg anisotropy and motional narrowing in these metals.
This is especially evident from the higher-frequency mea-
surements. However, the lithium and potassium used in our
bilayer samples have never previously given any indication
of g anisotropy. The conduction electrons in lithium experi-
ence a very weak spin-orbit coupling, and CESR lines as
narrow as 30 mG have been observed in highly purified ma-
terial. Clearly,g anisotropy is negligible in lithium. Potas-
sium, having a highly spherical Fermi surface and CESR
linewidths less than 1 G inpure material should also have a
negligible g anisotropy. On the other hand, the Fe, which
was used in some of the ferromagnetic films, very likely has
significantg anisotropy on its Fermi surface. Is it possible
that the width of the CESR signal is caused primarily byg
anisotropy within the Fe, and that momentum scattering, pri-
marily within the alkali metal, is the mechanism that allows
the electrons to experience a differentg-value each time they
return to the Fe layer? Could this give a mechanism by
which the CESR linewidth might follow the temperature de-
pendence of the electrical conductivity of the alkali metal? If
this were the case, one might again expect a temperature
dependence to the observedg value. Both Cu and Al have
temperature-dependentg values, which can be interpreted in
terms of a model by Fredkin and Freedman,27,28which con-
tains bothg anisotropy and an exchange coupling between
the conduction electrons themselves. This temperature de-
pendence is stronger at higher frequencies. We, however, see
no temperature dependence in either our reflection measure-
ments at 12 GHz or in our transmission measurements on
trilayer specimens at 80 GHz.13 Furthermore, from our ear-
lier discussion, we donot expect the rate of return of the
conduction electrons from the alkali metal back into the fer-
romagnetic metal to depend uponL or ds . Thus, this mecha-
nism does not appear to provide the observed temperature
dependence or to be the source of the low-temperature line
broadening.

A final possibility that we have considered is the spin
scattering of conduction electrons within the ferromagnetic
film by thermally excited magnons~spin waves!. This
electron-magnon scattering has been considered by Turov,29

and it can make a significant contribution to the FMR line-
width in metallic ferromagnets. The most likely process is
one which is associated with the simultaneous spin flip and
momentum scattering of a conduction electron along with
the creation or absorption of a magnon. This process has a
total change of spin angular momentum ofDS50. Its tem-
perature dependence is proportional toT1/2 and, therefore,
cannot explain our data. Another, less likely scattering event
hasDS56\ and a temperature dependence proportional to
T21/2. This involves the momentum scattering of the conduc-
tion electron and the creation or absorption of a magnon.
However, the spin of the conduction electron is unchanged in
the event, and, therefore, this mechanism cannot contribute
to the CESR linewidth. Other higher-order processes will
have other temperature dependencies, but it seems unlikely
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that they can dominate the first-order process, which has the
wrong temperature dependence. Thus, this mechanism also
appears to be ruled out.

In summary, from the various resonant systems we have
considered, we cannot identify one that clearly provides the
physical mechanism for the temperature dependence of the
linewidth in our specimens. Three systems~the bilayers of
Magno and Pifer,22 those withg anisotropy, and those with
ferromagnetic magnon scattering! do not produce a large en-
hancement of the resonance intensity at low temperature
such as the one we observe. The temperature dependence of
our data thus remains unexplained. A theoretical attempt to
understand the source of this temperature dependence would
be welcomed.

V. CONCLUSION

Fabrication techniques have been developed and reported
that allow one to make magnetically coupled metallic bilayer
samples consisting of a ferromagnetic metal and an alkali
metal. A study of the interaction between the FMR of the

ferromagnetic metal and the CESR of the alkali metal pro-
vides a probe for measuring the degree of magnetic coupling
between the two metals. A novel feature of the data reported
here is the narrowing of the CESR line with increasing tem-
perature. Further theoretical efforts are needed to understand
the temperature dependence of the CESR linewidth and in-
tensity in the low-temperature regime.
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