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Ferromagnetic resonance (FMR) can reveal important information on the size and shape of the fer-
romagnetic particles which are dispersed in granular giant magnetoresistive (GMR) materials. We have
investigated the FMR spectra of three different types of granular GMR material, each with different
properties: (1) melt-spun ribbons of FesCo,sCug, and Co,,Cuyg, (2) thin films of Co,,Cugy produced by
pulsed laser deposition, and (3) a granular multilayer film of [Cu(50 A)/Fe(10 A)]X50. We interpret the
linewidth of these materials in as simple a manner as possible, as a “powder pattern” of noninteracting
ferromagnetic particles. The linewidth of the melt-spun ribbons is caused by a completely random distri-
bution of crystalline anisotropy axes. The linewidth of these samples is strongly dependent upon the an-
nealing temperature: the linewidth of the as-spun sample is 2.5 kOe (appropriate for single-domain par-
ticles) while the linewidth of a melt-spun sample annealed at 900°C for 15 min is 4.5 kOe (appropriate
for larger, multidomain particles). The linewidth of the granular multilayer is attributed to a restricted
distribution of shape anisotropies, as expected from a discontinuous multilayer, and is only 0.98 kOe
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when the applied magnetic field is in the plane of the film.

I. INTRODUCTION

Granular metals, consisting of precipitates of a secon-
dary metal in a matrix of the surrounding primary metal,
have been a subject of lasting interest to both physicists
and metallurgists. Granular materials are formed by ad-
mixing two otherwise immiscible metals, either by eva-
porating the vapors onto a cold substrate, or by rapid
quenching the molten alloy onto a cold, rotating wheel.
This process results in a metastable solid solution which
forms larger and larger clusters of the secondary metal as
the metallic admixture is annealed.

Examples of magnetic binary systems whose phase dia-
grams display immiscible behavior are Cu-Fe, Cu-Co,
and Ag-Co. These materials first drew interest due to
their Kondo-effect properties, later from their spin-glass
characteristics, and quite recently from the discovery of
their “giant magnetoresistance” by Xiao, Jiang, and
Chien' and Berkowitz et al.? The magnetoresistances of
these materials are remarkably large; properly prepared
sputtered films of Ag-Co can exhibit a change in resistivi-
ty of more than 50% in an applied magnetic field of 8
kOe.

In this paper we are concerned with the observation of
ferromagnetic resonance (FMR) in two very similar
melt-spun materials which display the giant magne-
toresistance (GMR) effect: FesCo;sCugy and Co,;Cuyg,.
The FMR spectra of Cu,4Fes, is also briefly considered,
as is the spectrum of pulsed-laser-deposited Co,,Cugy.
We interpret these spectra, in as simple a manner as pos-
sible, as a “powder pattern” of noninteracting, spherical
ferromagnetic precipitates, each of which resonates in an
effective magnetic field composed of the applied field, the
average dipolar field, and the randomly oriented magnetic
anisotropy field. The FMR spectrum of granular solids
prepared by heat treatment of multilayered samples
(granular multilayers) is also considered.

As the annealing temperature of granular alloys is
raised, the sizes of the individual magnetic particles in-
crease as smaller particles coalesce and magnetic material
precipitates out of solution. Ultimately, the particles will
exceed the critical size for a single-magnetic-domain par-
ticle. The ferromagnetic resonance spectrum obtained
from a collection of noninteracting multidomain particles
will differ from a single-domain powder pattern. We
have observed this transition when the Cu-Co or Cu-Co-
Fe samples are annealed at about 500°C for 15 min, at
which point many of the particle diameters will grow
beyond the 200 A critical diameter for single-domain par-
ticles.

II. GTANT MAGNETORESISTANCE

In this paper we are concerned with the interpretation
of ferromagnetic resonance spectra of GMR samples
which have been frozen into metastable states by either
melt-spinning or pulsed-laser deposition. The giant mag-
netoresistance phenomenon is the motivating force
behind this study, and we present our GMR results at
this point. Various other properties of these alloys—
structure, magnetization, Mossbauer effect—have been
reported elsewhere.’

In Fig. 1 we display the room-temperature magne-
toresistance expressed as the percent change of resistance
upon application of a 50-kOe magnetic field as a function
of the annealing temperature for melt-spun FesCo;sCug,.
Melt-spun Co,;,Cug, and pulsed-laser deposited (PLD)
Co,,Cuy, the other two materials in which we have in-
vestigated ferromagnetic resonance, behave in a similar
fashion. The annealing period for each sample is 15 min.
A peak in the magnetoresistance as a function of anneal
temperature is observed when the samples are annealed
at about 500°C for our two melt-spun alloys, and about
400 °C for our PLD sample.
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FIG. 1. Magnetoresistance ratio 8p/p, expressed in percent,
vs annealing temperature for melt-spun Fe;CosCug. Data are
obtained at 4.2, 77, and 300 K.

The peak in the GMR upon annealing is generally at-
tributed to the growth of the size of the ferromagnetic
particles, as the smaller particles agglomerate into larger
ones in these inhomogeneous, metastable alloys. The as-
spun or as-deposited samples have ferromagnetic clusters
which are either too small to be magnetic or are too close
together to constitute an inhomogeneous alloy. The sam-
ples which are annealed at high temperatures have large
particles which are too far apart to interact. It is there-
fore not unreasonable to expect that a maximum percent
magnetoresistance can be achieved at some intermediate
annealing temperature.

The reader may wonder why magnetoresistances of
only a few percent are characterized as “giant.” The
term GMR is not merely a descriptive term but is also a
technical term. It refers to a magnetoresistance which de-
creases with increasing magnetic field, does not depend
on the direction of the applied magnetic field, and satu-
rates with the magnetization (excluding superparamagne-
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tism). The samples considered here satisfy all these cri-
teria.

III. SCANNING ELECTRON MICROSCOPY

In order to visualize the structure of these samples, we
display some of our scanning electron microscope photo-
graphs. Micrographs of FesCo,sCug, annealed at 500 and
at 800°C are reproduced in Fig. 2. The spun ribbon was
viewed edge-on, with a magnification of 5000X. As
determined by the diffraction pattern, the dark spots are
images of the magnetic particles, while the light back-
ground is the Cu matrix. The top edge is the side of the
ribbon which cooled in contact with the rotating hearth.
The opposite side, with larger particles, is at the air inter-
face, which cools at a slower rate. The thickness of the
ribbon is 18 pm.

The distribution of particle sizes in the 500 °C sample is
very inhomogeneous, and the smallest particles are much
smaller than those in the 800°C sample. The average
particle size of the 800°C sample in Fig. 2 is approxi-
mately 2000 A, and the size distribution is more homo-
geneous. Very small particles are present, but not visible
in these photographs. Variable-temperature magnetiza-
tion measurements using a superconducting quantum in-
terference device (SQUID) magnetometer reveal that a
fraction of the particles in samples which have been an-
nealed at lower temperatures have very small diameters.
Indeed, some particles are so small that their magnetiza-
tion cannot be completely saturated in 50 kOe at 4.2 K.
An estimate of the radius of the superparamagnetic parti-
cles in the unannealed sample has been obtained from
magnetization measurements, and is given in Sec. IX.

IV. FERROMAGNETIC RESONANCE

Electron-spin resonance in ferromagnetic materials
(FMR) differs greatly from electron-spin resonance in

FIG. 2. Scanning electron micrograph of
melt-spun FesCo;sCug, obtained for annealing
temperatures of 500 and 800 °C.
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nonmagnetic materials (ESR) because of the presence of
large demagnetizing and anisotropy fields in ferromag-
nets. In the ESR case, the condition for resonance which
relates the applied field H, and the microwave frequency
of the experiment f is given by

f=vH,, (1)

where y is the gyromagnetic ratio of the electron spins,
and has the value 2.8 GHz/kOe for a free spin.

The situation is quite different when the sample is a fer-
romagnet. In that case, the electron-spin experiences not
only the applied magnetic field but the demagnetizing
field, Hp=D-M, and the magnetic anisotropy field,
H ,=2K /M. Other fields, such as the surface anisotropy
field and a magnetostrictively induced field, may also be
present. In the case of FMR, these additional fields are
sizeable, unlike ESR, and are of the same order of magni-
tude as the applied field.

As Kittel* first showed, the condition for resonance de-
pends on the shape of the sample because of the demag-
netizing field. In the present experiment the samples are
either thin foils ~ 1 mil thick and several square millime-
ters in area, or thin films ~10000 A thick. For these
samples, the external field can be placed in the plane of
the sample (parallel resonance) or can be placed out of
the plane and perpendicular to it (perpendicular reso-
nance). The Kittel equations for parallel and perpendicu-
lar resonance are, respectively,

f/y=H"*H+47M 4)'"? , (2a)
f/y=H—4nM . (2b)

When the sample is a foil consisting of spherical in-
clusions of magnetic material, as is the present case, it is
intuitively reasonable to use the average magnetization
for M. This question will be examined in more detail in
Sec. XI of this paper.

Although Co and Cu are very nearly immiscible, a
metastable solid solution of the two elements can be made
by rapid quenching. We have produced thin melt-spun
ribbons of FesCo,sCug, and Co,;Cug, by rapid quenching
of the melt on a cold, rotating hearth which produces a
1-mil-thick ribbon suitable for magnetic, transport and
FMR studies. We have also produced thin films of
Co,,Cug, by a pulsed-laser deposition (PLD) technique,
in which the ablated plume of the target is deposited onto
a glass substrate. The samples were then annealed under
flowing hydrogen gas for 15 min at 200, 300, 400, 500,
650, 800, and 900°C. Magnetoresistance, magnetization,
x-ray, extended x-ray-absorption fine-structure, and FMR
measurements were made for many of the samples.
Mgdssbauer-effect measurements were also performed on
the FesCo,sCug, samples. A granular multilayer sample
has also been investigated. Some of these results have
been reported elsewhere. 3

This paper is primarily concerned with the FMR inves-
tigations, and with the relationship of these FMR results
to understanding the giant magnetoresistance
phenomenon in granular alloys. The experiments were
performed at both x-band and g-band frequencies, using

100-kHz field modulation, and recording the absorptive
derivative lineshape. The large linewidth of the granular
material rendered the 35-GHz spectra more informative
than the 10-GHz spectra.

V. FCSCO 1 scuso

Room-temperature FMR spectra were obtained at 9.5
and 35 GHz wusing two commercial electron-
paramagnetic-resonance spectrometers. Spectra were ob-
tained at down to 6 K, but little of interest occurred as a
function of temperature. In Fig. 3 we display the 35-
GHz room-temperature FMR spectra of melt-quenched
FeCo,sCug, Each sample consisted of a few square mil-
limeters of 1-mil-thick ribbon and was mounted to the
wall of the microwave cavity so that the microwave mag-
netic field was parallel to the plane of the sample. In this
geometry, the applicable Kittel equation for the value of
the magnetic field necessary for resonance is given by Eq.
(2a), where M is the magnetization per unit volume
averaged over the sample. For FesCo,sCugy, 4mM 4 can
be approximated by (1)4mM;=3.6 kOe (using 4mM,=18
kOe as the value of the magnetization of the alloy,
Fe;Co,s). Taking f/y=11.7 kOe at 35 GHz, corre-
sponding to g=2.2, we obtain for the resonance field,
H=9.97 kOe. This value agrees well with the field given
by the zero crossings of the absorption derivative line
shapes in Fig. 3.

The “empty” 35-GHz cavity contains several internal
resonances which can distort the line shape of the sam-
ples we are interested in. This background is shown at
the bottom of Fig. 3. It reflects itself in the line shape of
each resonance, and must be subtracted off to obtain an
accurate spectrum. This procedure will be explained
below.

A better value for 4mM 4 can be obtained by using the
measured value of the magnetization of the sample at the
specified field and temperature. We have obtained these
values using SQUID magnetometry, and the magnetiza-
tion curve of FesCo;;Cug, annealed at 500°C for 15 min
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FIG. 3. Room-temperature 35-GHz FMR spectra of melt-
spun FesCo,5Cug as a function of annealing temperature.
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FIG. 4. SQUID magnetization curves of melt-spun granular
Fes¢Co,sCuyq, annealed at 500°C, measured at sample tempera-
tures of 300, 60, and 5 K.

is shown in Fig. 4 for temperatures of 300, 77, and 5 K.
Using the measured value of 47M at 300 K and 10 kOe
shown in this figure, we obtain a value for the resonance
field of Hy=10.05 kOe, in agreement with the estimate.
FMR spectra of FesCo,sCug, taken in the perpendicular
mode using Eq. (2b) are in good agreement with this
value.

As an aside, we note that Fig. 4 shows that the magne-
tization does not saturate in the usual manner. At 4.2 K,
in addition to the saturable component, a second non-
saturable component to the magnetization is evident.
This component can be caused by the Co and Fe atoms
which still remain in solid solution in the Cu matrix, or
which form microscopic segments of y-phase material
called Guinier-Preston zones. In addition to augmenting
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the magnetization curve, this second phase affects the
Mossbauer spectra, the x-ray spectra, and the shape of
the magnetoresistance curve, making some fits to
Langevin functions misleading. The FMR line shape is
altered by the presence of this second phase, but it is not
a dominant effect. The 300-K magnetization curve in
Fig. 4 appears to saturate normally, but this is true only
because, at room temperature, the paramagnetic phase
becomes more pronounced at even higher fields than
those shown.

The salient feature of Fig. 3 is the increase of the reso-
nance linewidth as a function of increasing annealing
time. The resonance linewidth, measured by the
magnetic-field difference between the absorption deriva-
tive minimum and maximum, grows from 2.5 kOe for the
as-spun ribbon to 4.5 kOe for the sample annealed at
900°C for 15 min. The measured linewidth, determined
by the field differences between the absorption derivative
maximum and minimum, are noted on the spectra.

There will be some looseness to how we define the
linewidth, e.g., as the half-width at half height or as the
field between the extremes of the absorption derivative.
The actual line shape is a convolution of the powder pat-
tern, the intrinsic linewidth broadening function, and the
distribution function of particle sizes and shapes. We
have, therefore, not drawn close distinctions when they
would be unwarranted.

As noted above, these spectra are marred by an ex-
traneous background, marked ‘“empty -cavity,” and
shown at the bottom of Fig. 3. In Fig. 5, the sum of a
Lorentzian-derivative line shape

fH)=(H—H,)/[(H—Hy)?*+(H, ,,?,

(where H, is the resonance field and H,,, is the half-
width) and the background signal are shown. The digi-
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tized data are shown by the crosses, and the best fit to the
data is shown by a solid line. This procedure shows that
the structure seen in the raw spectra is primarily caused
by the extraneous background, and that the true line
shape can be characterized by H, and H, ,, whose values
are also displayed in Fig. 5. The spectra for Fe;Co,sCug,
are in the first row of this figure. As was also evident in
the spectra of Fig. 3, the linewidth increases monotoni-
cally with annealing temperature. We attribute this to
the formation of multidomain particles.

V1. MULTI- AND SINGLE-DOMAIN LINEWIDTHS

, Since the Co (Co-Fe) precipitates are of the order of 45
A in the as-spun sample (Sec. IX), and grow by accretion
as the annealing temperature is increased, their magnetic
state will pass from small single-domain particles to that
of larger multidomains. The critical diameter for a
single-domain particle* is about 200 A.

The crystalline and magnetic axes of these magnetic
particles have no relationship to one another. Rather,
they grow at random orientations, like a powder. The re-
sulting FMR spectrum is termed a “powder pattern.”
Powder-pattern spectra of ferromagnetic particles have
been intensively studied by Griscom® and co-workers.
For single-domain particles Griscom and co-workers find
that the linewidth

(AH)sp=(5/3)(2K /M) , (3)

where K is the magnetic anisotropy energy of the parti-
cles and M is their magnetization. For a sample consist-
ing of somewhat larger particles which have only a few
domain walls, Griscom and co-workers show

(AH)=0.7(47M /3) , 4)

where (AH)yp is the multidomain linewidth. For pure
face-centered-cubic cobalt, 2K/M=1.2 kOe and
47M=17.9 kOe yielding theoretical linewidths of ~2.0
and ~4.5 kOe for single-domain and multidomain
linewidths, respectively, compared to the experimental
values of 2.5 and 3.8 kOe obtained from Figs. 3 or 5.

VIIL. COzoC“so

The FMR spectra of melt-spun and PLD (Co,;Cuy, are
shown in Figs. 6 and 7, respectively. The resonances
were obtained at 35 GHz with both the microwave mag-
netic field and the applied dc magnetic field in the sample
plane. Although the melt-spun and PLD samples were
prepared by different techniques, both samples exhibit a
monotonic change from single-domain to multidomain
behavior. A distribution of particle sizes persists at
high-temperature anneals; we assume that at a 900 °C an-
neal is sufficient to convert nearly all the particles to mul-
tidomain size.

The FMR spectra of both Co,,Cug, samples are also
similar to those of Fe;Co;sCug;. Due to the presence of
Fe, the annealing behavior of Fe;Co,;sCug, is somewhat
more complex than that of Co,,Cug, when examined by
x-ray diffraction. On annealing Fe;Co,sCug, the larger
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FIG. 6. Room-temperature FMR spectra of melt-spun
CuygCoy plotted as a function of annealing temperature.

magnetic precipitates are found to have the bcc structure,
while the smaller precipitates have the fcc structure of
the host Cu matrix.® Despite these differences, the FMR
spectra of Co,,Cug, are quite similar in their behavior
upon annealing to that of Fe;Co,sCug,, both becoming in-
creasingly multidomain at high-temperature anneals.
Moreover, the dependence of the GMR on annealing
temperature is quite similar in both materials: each has a
maximum at an annealing temperature near 500 °C. Both
the FMR and the GMR dependences on annealing tem-
perature are assumed to originate in the growth of the
magnetic particles.

In Fig. 5 we display the digitized FMR line shape of
the Cug,Co,, melt-spun ribbons (which are also shown
undigitized in Fig. 6) for the as-spun, and 900 °C samples
in the second column. We have found, by the method of
least squares, the best fit to a Lorentzian derivative line
shape plus the background. For the as-spun and the
900°C sample, a simple Lorentzian derivative gave an
adequate fit with H,,,=1.8 and 4.4 kOe, respectively.
Differences between the linewidths noted on Fig. 3 and

|
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FIG. 7. Room-temperature FMR spectra of CugCoy
pulsed-laser deposited (PLD) thin films annealed at various tem-
peratures.
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Fig. 5 are primarily due to different definitions of
linewidth, and are not significant.

Figure 7 displays the 35-GHz FMR spectra of
Cug,Co,o PLD films which have been annealed at various
temperatures; and the third column of Fig. 5 fits some of
these to a Lorentzian derivative. Deviations from a sim-
ple Lorentzian are primarily due to extraneous back-
ground resonances.

VIIL. Fe 30C|l70

Not every composition will show the single-domain to
multidomain transition with annealing. Melt-quenched
ribbons of Fe;;Cu,, showed a 35-GHz line centered
around 9.0 kOe with a linewidth of 4.3 GHz, a width typ-
ical of multidomain behavior. This spectrum remained
independent of annealing temperatures from the as-spun
sample to the sample annealed at 900°C for 15 min.
Presumably, samples with 30% Fe are beyond the per-
colation threshold, and will not display single-domain
magnetic behavior.

IX. DISCUSSION

Earlier, Rodbell® investigated the ferromagnetic reso-
nance of the precipitated cobalt-rich phase in a 2% Co-
Cu single crystal of Cu, as well as a thin film of Co eva-
porated onto a MgO single-crystal substrate. In both
cases the fcc cobalt phase is stabilized by the host lattice.
This sample had been heat treated to produce particles of
average radius 150 A. Since Rodbell used a single crys-
tal, he did not observe a powder pattern caused by the
random distribution of anisotropy axes, but could exam-
ine the magnetocrystalline anisotropy directly by deter-
mining the orientation dependence of the dc magnetic
field required for resonance.

Rodbell found that the magnetocrystalline anisotropy
field 2K /M for the pure Co film was 1.2 kOe, while the
anisotropy field for precipitate particles in Cu-Co was 1.7
kOe. The surrounding Cu matrix stabilizes the fcc
phases and increases the magnetocrystalline anisotropy.
Our estimate of the single-domain linewidth expression
for granular alloys, Eq. (3), may be altered by this surface
anisotropy effect. Moreover, we can anticipate that the
anisotropy of the individual ferromagnetic particles are
actually size dependent.

The properties of granular FesCo,sCug, are somewhat
different from those of Co,,Cug,. We have reported else-
where? that, with the addition of 25% iron to cobalt, the
bce nature of pure Co,sFe,s reasserts itself. Small parti-
cles of FesCo,sCug, are forced into registry with fcc Cu
matrix by surface tension. As the particle size grows
with annealing, the precipitates in Fe;Co,sCug, undergo a
phase transition into the bcc phase. Therefore, our esti-
mates of the magnetic parameters in Fe;Co,sCugy may
have to be altered somewhat by these additional complex-
ities.

Since most of the particles are single-domain at anneals
below 500 °C, we now ask whether the presence of super-
paramagnetic particles can alter the FMR line shape.
These are particles sufficiently small that thermal agita-

tion alters their magnetic orientation. We can character-
ize such particles by a thermally activated magnetic re-
laxation time 7

r=fo 'exp(CV /kT) , (5)

where the “attempt frequency” f,=10° sec™!, ¥ is the
volume of the particle, and C is the magnetoanisotropic
energy density with C =K, /4 for spherical cubic parti-
cles. In order for FMR to be sensitive to superparamag-
netic fluctuations, the magnetic particle must change its
orientation within the “measuring time.” The measuring
time for FMR is determined by the 10-GHz microwave
frequency and is equal to 1079 sec. The relaxation time
is no greater than 10~ sec, and easily exceeds this limit
for any temperature and volume of interest. Thus, super-
paramagnetism is not expected to affect FMR measure-
ments. But GMR is affected by the absence of saturation.

We next enquire whether superparamagnetism can
affect magnetoresistive measurements. For GMR ma-
terials, the measuring time is 7, the time for a conduc-
tion electron to flip its spin. 7 is quoted to be of the or-
der of nanoseconds,’ a time much less than that of the su-
perparamagnetic fluctuations. Magnetoresistance and
resonance are thus both unaffected by the onset of super-
paramagnetism.

We have measured the zero-field-cooled magnetic sus-
ceptibility of an unannealed, as-spun sample of
FesCo,5Cug, as a function of temperature.® A maximum
occurs at T, =15 K. This maximum occurs when the
measuring time, ~ 100 sec, equals the superparamagnetic
relaxation time. Using Eq. (5), with K;=4.6X 10%, we
obtain r,=45 A as an estimate for the radius of the mag-
netic particles in the as-spun sample.

In Fig. 8 we plot the linewidth H,,, as a function of
annealing temperature for FesCo;5Cugg, Co,0Cugy (melt-
spun), and Co,,Cug, (PLD). The straight line merely in-
dicates the trend. We assume that the as-spun and the
as-deposited samples are primarily single domain, and the
samples annealed at 900°C are primarily multidomain.
At intermediate anneals, the line shape can be approxi-
mated by a linear combination of the single-domain and
multidomain line shapes.
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FIG. 8. FMR linewidth as a function of annealing tempera-
ture for melt-spun FesCo,sCug, (squares), melt-spun CugyCo,y
(circles), and PLD CugyCo,, (triangles). The straight line is in-
cluded to show the trend.
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Finally, we discuss how the FMR measurements can
aid in the interpretation of “giant” magnetoresistance in
granular materials. We have already noted that magne-
toresistance of Co-Cu has a maximum with respect to an-
nealing temperature around a temperature of 500°C.
This is, coincidentally, the temperature at which FMR
shows the formation of multidomain particles in our sam-
ples. Since the critical diameter for such particles is 200
A, we can estimate that the average size of the particles
are about 200 A in our samples at the GMR maximum.

X. GRANULAR MULTILAYERS

We have investigated the ferromagnetic resonance
properties of a Cu/Fe multilayer, [Cu(50 A)/Fe(10
A)]X50, on kapton. The sample was made by Zhang
and Tejada of the University of Barcelona and was
prepared by thermal evaporation in a high-vacuum sys-
tem. Due, in part, to the low miscibility of Fe and in Cu,
this process can produce samples with small granular
particles of Fe imbedded in the Cu matrix, instead of the
usual layered structures, even when the sample undergoes
no post-anneal. Tejada and Zhang® observed a peak in
the zero-field-cooled magnetization of this sample at
“blocking temperature” Tz =150 K, a telltale sign of the
existence of small, superparamagnetic particles. Never-
theless, this sample still retains a multilayer structure, as
determined by x-ray analysis. This accounts for our use
of the name “granular multilayer,” since these samples
share attributes of both phases.

A similar process of manufacture was recently used by
IBM to produce their discontinuous (granular)
NigyFe,o/Ag multilayer films which currently hold the
record for the largest sensitivity in any giant magne-
toresistive (GMR) structure.’ Although our Cu/Fe has
only modest GMR our study of granular multilayers
should provide insights into the magnetic structure of
Nig Fe,)o/Ag.

The 4.2-K magnetoresistance of the Fe/Cu granular
multilayer is plotted as a function of external applied
magnetic field in Fig. 9, along with the 4.2-K magnetic
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FIG. 9. Magnetization and ma, netoresistance vs magnetic
field at 4.2 K for Cu(50 A)/Fe(10 A). An easily saturable fer-

romagnetic component and a hard to saturate paramagnetic
component are evident.

moment of the sample, obtained with a SQUID magne-
tometer. The magnetoresistance is large, decreases
monotonically with field, and is independent of the field
direction.

At 4.2 K and 60 kOe, the fractional change of resis-
tance Ap/p=—15%, but neither the magnetoresistance
nor the magnetic moment is completely saturated yet.
Very similar behavior is observed in the melt-spun and
GMR samples. This failure to saturate is not due to ordi-
nary magnetic hardness, or even by ordinary super-
paramagnetism, but is caused by the existence of a
paramagnetic component, most likely Fe singlets, dimers
or trimers dissolved within the Cu matrix, which coexist
with the Fe precipitates. Mdssbauer-effect results® pro-
vide substantiation for the existence of a paramagnetic
fraction. The paramagnetic fraction decreases as the
sample is annealed at elevated temperatures, and the size
of the magnetic particles increases.

XI. FERROMAGNETIC RESONANCE AGAIN

We have obtained the ferromagnetic resonance spec-
trum of the Cu/Fe granular multilayer sample at 9.55
GHz with the magnetic field both parallel and perpendic-
ular to the film plane. The spectra depend hardly at all
on temperature, and the room-temperature parallel and
perpendicular absorption-derivative spectra are shown in
Fig. 10. The parallel resonance is centered at 1.43 kOe
and has a linewidth AH|=0.975 kOe, while the perpen-
dicular resonance is centered at 7.87 kOe with a
linewidth AH |, =1.95 kOe. Using the Kittel equations for
the Cu/Fe sample, we obtain g=2.18 and 4mM=4.87
kOe. The low value of magnetization results from the
low value of the iron filling factor, =20%. As before, we
use the average value of the magnetization in the Kittel
equations for some granular or precipitated films. Our
derived values are in agreement with this conclusion, and
this result will be further justified below.

The smaller linewidths of the granular multilayer com-
pared to films and ribbons of granular Co,,Cug, and
FesCo,sCugy—especially  that of the  parallel
resonance—shows that the layer formation has restricted
the spread in particle orientations, constraining it to be a
less-than-random distribution. We shall present some
ideas on this matter, which also serve to explain why
AH, is so much larger than AH .

The underlying multilayer structure can distort the
shape of the iron precipitates by (a) inducing uniaxial dis-
tortions in what, otherwise, would be a sphere, or (b) pro-
duce a collection of pancakelike magnetic particles
aligned along the layers. These alternatives are the two
extremes, neither of which may prevail in practice. The
high-sensitivity NiFe-Ag granular multilayers produced
by the IBM group’ belong to group (b).

We now assume that the sample is a collection of near-
ly flat islandlike particles—a discontinuous multilayer.
(Assuming that the particles are spheroids aligned paral-
lel to the layer direction will not alter our quantitative
conclusions, and can be treated in the same manner.)
Each particle is characterized with a demagnetization
tensor N > and the thin film is characterized with a ten-
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FIG. 10. 9.55-GHz FMR
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sor N,. Netzelmann'® has proposed that the effective
magnetostatic energy density F be approximated as

Fy=1(1—f)M-N M + X /)M-N M , (6)

where f is the volumetric filling factor of magnetic parti-
cles and M is the particle magnetization. Except for the
constraint imposed by Eq. (2), each particle is assumed to
process independently during FMR. Netzelmann'® and
Yu, Harrell, and Doyle11 have used this approach to
determine particle orientation distributions from FMR
spectra in magnetic tapes.

The generalized Kittel equation, applicable to an ellip-
soid with demagnetizing factors designated by N,, N,
and N,, is

f/')/:{[H0+(Ny_Nz )MO].[HO+(NX _Nz)Mo]}l/z >
(7

where the z axis is always in the direction of the applied
field H,, and the y and x axes are perpendicular to z.
Choosing diagonal values N ,=4m(1—2¢,e,e) and
N ,=4w(1,0,0), appropriate to an ellipsoidal particle and
a thin film, respectively, we obtain the following values
for the Kittel demagnetizing factors, for parallel and per-
pendicular resonance (see Table I).

TABLE 1. Values for the Kittel demagnetizing factors for
parallel and perpendicular resonance.

Effective
demagnetizing Perpendicular Parallel
factor resonance resonance
N, 4 f +4m(1— f)(1—2¢) 4m(1—fe
N, 4m(1—f)e 4rf +4m(1—f)(1—2¢)
N, 4m(1— f)e 47(1— f)e

10.4 1.7 13.0

We now assume that the FMR linewidth is primarily
caused by a flat distribution of particle ellipticity parame-
ters, €, which vary between €¢=0 and e=¢,. Using Eq.
(2), the perpendicular resonance linewidth is given by
AH ,=47M,e(1—f), from which we obtain the value
€,=0.12 from the experimental value of the perpendicu-
lar linewidth, AH,=1.95 kOe. The Netzelman-Kittel
equation yields AH | =0.65 kOe for the value of the paral-
lel resonance linewidth, (compared to the experimental
value of 0.97 kOe), and shows why the parallel resonance
linewidth differs than from the perpendicular resonance
linewidth.

Using nearly spherical particles with a distribution of
ellipsoidal distortions, instead of pancake-shaped parti-
cles, yields the same quantitative conclusions. However,
using nearly spherical particles results in a larger
discrepancy in the ratio of the two linewidths than using
nearly flat particles. However, from FMR linewidths
alone, we are hesitant to draw too many conclusions.
Other® granular multilayer systems are found to have flat,
islandlike precipitates. We conclude that our sample
probably consists of a collection of flat ellipsoids. Each
ellipsoid has a unique ellipticity parameter €, and they
are distributed fairly evenly between the value e=0 and
£=0.12.

Netzelman’s formula can be used to confirm that the
effective value of magnetization to be used in Kittel’s
equations [Eq. (2)] for a granular thin film composed of
magnetic spherical particles immersed in a nonmagnetic
matrix is the average magnetization. For spherical parti-
cles imbedded in a thin film, setting the diagonal values
N,=4m(4,4,5) and N,=4(1,0,0), we obtain from Egs.
(6) and (7), M 4=fM. Here, f is the volume percentage
of the precipitate and M is the magnetization of the parti-
cles. Similar conclusions are reached in work on fer-
romagnetic resonance of implanted spherical particles of
metallic a iron in fused silica.® It is there termed the in-
dependent particle approximation, but the works of
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Netzelmann'® and Yu, Harrell, and Doyle11 indicate its
validity for higher concentrations of magnetic particles
than this name would imply.

In summary, we have investigated the linewidth mech-
anisms of some melt-spun, vapor-deposited, and

annealed-multilayer granular materials. We conclude
that both the size and the shape of these particles have a
pronounced effect on the linewidth. These same
parameters—size and shape—also determine the magni-
tude of the giant magnetoresistance.
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FIG. 2. Scanning electron micrograph of
melt-spun FesCo,sCug, obtained for annealing
temperatures of 500 and 800°C.
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