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Abstract—The microwave phenomena that occur in magnetic multilayer (CoFe)/Cu nanostructures, which
have a giant magnetoresistance, are studied. The transmission of waves through a nanostructure is used to
investigate the microwave giant magnetoresistance effect. The changes in the transmission coefficient at fre-
quencies of 29—38 GHz are found to exceed the relative magnetoresistance, which distinguishes the system
under study from the nanostructures studied earlier. Ferromagnetic and spin-wave resonances are used to
study the angular dependences of the microwave absorption spectra of a multilayer (CoFe/Cu),, nanostruc-
ture. The following parameters are determined: the critical angle that determines the boundaries of the ranges
of excitation of uniform and nonuniform spin modes, the type of boundary conditions describing the pinning
of spins on the outer nanostructure surfaces, and the surface anisotropy and exchange interaction constants.
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1. INTRODUCTION

Antiferromagnets and artificial structures with
antiferromagnetic ordering have specific magnetic
properties and, hence, are of deep interest. The works
performed under the guidance of A.S. Borovik-Roma-
nov (see, e.g., [1, 2]) are important for understanding
the dynamic magnetic properties of antiferromagnets.
He studied the antiferromagnetic resonance and spin
waves in antiferromagnets and found that the spin
waves in antiferromagnets obey a linear dispersion
law; in addition, he comprehensively investigated the
parametric excitation of spin waves. Among the artifi-
cial structures with antiferromagnetic ordering, the
metallic nanostructures consisting of ferromagnetic
and nonferromagnetic metal layers are of particular
interest. In these nanostructures, ferromagnetic metal
layers are coupled by exchange interaction and the
magnetization in each layer is antiparallel to the mag-
netization in the neighboring layer. These nanostruc-
tures have the giant magnetoresistance (GMR) effect
[3, 4], which is caused by the spin-dependent electron
scattering by a ferromagnetic layer boundary. The
interlayer exchange interaction has an oscillating char-
acter depending on the nonferromagnetic layer
(spacer) thickness. The GMR effect was observed in
such nanostructures at microwave frequencies
(WLGMR) [5]. The authors of [6, 7] proposed and sub-
stantiated a method of microwave passage through a

nanostructure as a convenient method to study
UWGMR. The state of the art in this field of research was
comprehensively described in review [8]. In the
microwave passage method, a nanostructure sample is
placed in the cross section of a rectangular waveguide
and the modulus of transmission coefficient as a func-
tion of the magnetic field is measured. As was proved
in [6, 7], the relative change in the transmission coef-
ficient is equal to the relative magnetoresistance far
from ferromagnetic resonance conditions.

The UGMR effect has an important practical
application in recording—reading devices and mag-
netic sensors. For these purposes, nanostructures
must have the magnetoresistance as high as possible
and the saturation field as low as possible. These prop-
erties can be achieved in CoFe/Cu nanostructures,
which have the record value of LGMR [9]. The ferro-
magnetic layer in these nanostructures consists of a
CoFe alloy.

Ferromagnetic resonance (FMR) and spin-wave
resonance (SWR) methods are known to be reliable
instruments for determining the following fundamen-
tal parameters of magnetic materials: effective magne-
tization M4, exchange interaction constant 4 inside a
layer, spin-wave stiffness 1M, and surface anisotropy
constant K. In turn, the angular dependences of the
resonance fields for both the perpendicular and paral-
lel orientations of dc magnetic field H with respect to
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Fig. 1. (Color online) (a) Composite structure of superlattice sample 2. (b) Tunneling microscope image of the surface relief of

sample 2.

the surface of a thin film can be used to obtain infor-
mation on the presence and contribution of anisotropy
of various types, namely, crystalline magnetic anisot-
ropy, magnetoelastic, and surface anisotropy [10—13].

An analysis of microwave absorption spectra in thin
films has to take into account the following factors:
boundary conditions [14—17], the ferromagnetic film
thickness [18], the composition [19—22], and the
structural parameters (thickness, number of layers)
[23, 24] of a multilayer film. The rules of numbering
the standing spin modes detected in a microwave
spectrum were described in detail in [18, 23, 25—28].

Using these factors for analyzing microwave
absorption spectra, we were able to reveal a number of
main characteristics of the magnetic dynamics of
CoFe/Cu nanostructures by _GMR, FMR, and SWR
techniques. As objects of inquiry, we chose
[CogsFe,,/Cu], superlattices, where the nonmagnetic
layer (hereafter, spacer) thickness in one sublattice
corresponds to the first maximum of the oscillating
dependence of magnetoresistance and that in the
other sublattice, to the second maximum. These sam-
ples have strongly different saturation fields and mag-
netoresistances. In addition, we also studied the three-
layer CoggFe,/Cu/CogFe,, structure. Microwave
transmission measurements were carried out in the
frequency range 29—38 GHz, and measurements by a
resonance spectrometer were carried out at 9.2 GHz.
In the next section, we describe the technique of
nanostructure preparation and the experimental tech-
nique used in this work. The results of studying the
WGMR effect and, then, FMR and SWR are then pre-
sented.

2. EXPERIMENTAL

[CogsFe ,/Cu] nanostructures were prepared by
magnetron sputtering on an MPS-4000-C6 (Ulvac)
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setup [29, 30]. Sputtering was performed on Corning
glass substrates of thickness d; = 0.2 mm at room
temperature and a deposition rate of 6.7 nm/min
(Cu) and 2.8 nm/min (CoggFe,,). The argon pressure
was 0.1 Pa and magnetron evaporator power was
100 W. Superlattice samples with the compositions
Ta(5)/PyCr(5)/[CogsFe 5(1.5)/Cu(0.95)],,/Ta(5)
(sample 1) and Ta(5)/PyCr(5)/[CogFey(1.3)/
Cu(2.05)]g/CogsFe5(1.3)/PyCr(3) (sample 2) were
prepared. The numbers in the parentheses indicate the
layer thickness in nanometers. The Cu spacer thick-
ness was chosen so that the first sample corresponded
to the first GMR maximum and the second sample, to
the second maximum. The number of layer pairs (#)
was 8 in the first sample and 24 in the second sample.
The composite buffer layer Ta(5)/PyCr(5) was used in
the first and second samples. Symbol PyCr indicates a
permalloy—chromium (NigyFey))sCry alloy. The
composite structure of sample 2 is shown in Fig. 1a,
and a tunneling microscope image of the sample sur-
face is shown in Fig. 1b.

The structures of the samples were analyzed using
a DRON_3M diffractometer, CoK|, radiation, and an
Si monochromator. The X-ray diffraction patterns of
the samples contain the (111) peak of the fcc lattice of
Cu and the CoggFe,, alloy and oscillations around this
peak, which points to high perfection of the layered
structure of the samples. An analysis of these data
demonstrates that both superlattices have an fcc struc-
ture and the axial {111) texture normal to the layer
plane.

In addition, we prepared the nanostructure
Ta(5.0)/CogsFe,(3.5)/Cu(2.0)/CogsFe 5(3.5)/Ta(5.0)
(sample 3), which contained two ferromagnetic
CoggFe, layers and a Cu spacer.

The electrical resistances of the samples were mea-
sured by the dc four-probe method at room tempera-
Vol. 131
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ture. The magnetic field and the current were perpen-
dicular to each other and directed in the sample layer
plane. The relative magnetoresistance was calculated
as r= [(R(H) — R(0)/R(0)] x 100%, where R(H) is the
electrical resistance in field H and R(0) is the zero-
field resistance. Figure 2 shows the results of magne-
toresistance measurements. Sample 1 has the maxi-
mum magnetoresistance (about —44%; see Fig. 2a).
The saturation field of this sample determined from
the magnetoresistance is about 7.5 kOe. Note that
sample 1 exhibits approximately antiparallel ordering
of the magnetic moments of neighboring ferromag-
netic layers in the absence of an external magnetic
field. Sample 2 also has a relatively high magnetization
and its saturation is reached in a significantly lower
field (about 0.2 kOe). The magnetoresistance of sam-
ple 1 is negative and its hysteresis is weak. The magne-
toresistance of sample 2, the spacer thickness of which
corresponds to the second magnetoresistance maxi-
mum, has segments with both negative and positive
values and has not hysteresis. Note that the magnetic
state in sample 2 with a weak interlayer exchange inter-
action in a field H = 0 is not homogeneous. It is deter-
mined by the balance between the energies of local
magnetic anisotropy and interlayer exchange interac-
tion and by the presence of structural and magnetic
heterogeneities and depends on the history of mag-
netic state preparation. Figure 2c shows the magneto-
resistance dependence of sample 3, which exhibits the
maximum hysteresis. When the magnetic field
decreases from the saturation field to zero, near-ferro-
magnetic magnetic ordering is retained in this sample.
This means that the energy of the weak interlayer anti-
ferromagnetic exchange interaction is too low to
change the magnetic state at H = 0. The influence of
this interaction on magnetic ordering is strongest in
the fields that are equal to the coercive force (£ H,), at
which the mobility of domain walls is highest and they
move most intensely. Figure 2d shows the magnetiza-
tion reversal curve of sample 3. Field |H| = 80 = 3 Oe
is seen to coincide with the maxima in the magnetore-
sistance curve (Fig. 2¢). Note that the maximum mag-
netoresistance of this sample (9.5%) is significantly
higher than the typical values of nanostructures of this
type (“three-layer” nanostructures).

The passage of electromagnetic waves was studied
by the technique described in [31] in the millimeter
frequency range 26—38 GHz. A superlattice sample
was placed in the cross section of a rectangular wave-
guide (see Fig. 3a). The relative change in the modulus
of transmission coefficient d, = |[D(H) -—
|D(0)[1/]D(0)|, where |D(H)| is the modulus of trans-
mission coefficient in field A, was measured. A mag-
netic field was applied in the superlattice plane parallel
to the narrow side of the waveguide, so that dc mag-
netic field vector H was perpendicular to the ac mag-
netic field vectorofawave h_, H 1L h_.
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Microwave spectra of the films were recorded on
the equipment of KRTsKP FITs KNTs SO RAN
(ELEXSYS E580, Bruker, Germany). The microwave
spectra were measured in the X range (resonator
pumping frequency was f = 9.2 GHz) at room tem-
perature, and a sample was placed in the antinode of
the ac magnetic field of a cavity h_. The measurements
were carried out when the direction of dc magnetic
field H was changed in both the film plane (in angle
¢y and the plane parallel to the normal to the film
(in angle 0,; Fig. 3b).

3. RESULTS OF MEASURING THE
MICROWAVE GIANT MAGNETORESISTANCE
EFFECT AND DISCUSSION

All three samples demonstrate a microwave giant
magnetoresistance. Sample 1 exhibits a negative
change in the transmission coefficient and a saturation
field of 7.3—7.5 kOe, which corresponds to the satura-
tion field of the magnetoresistance curve (see Fig. 4a).
The hysteresis of the changes in the transmission coef-
ficient in this sample does not exceed the measure-
ment error; therefore, the curves in Fig. 4a are only
plotted for positive magnetic fields. The measure-
ments were performed at several frequencies, and the
measured curves are seen to be similar to each other.
The curves measured at frequencies of 35 and 38 GHz
are slightly different: apart from HWGMR, they exhibit
FMR-induced resonance changes. The changes in the
saturation are 48—53% depending on the frequency,
which is comparable with the maximum magnetore-
sistance (44%) and is slightly higher. Therefore,
UWGMR and GMR are approximately equal to each
other. The results of measuring the microwave trans-
mission in sample 2 are shown in Fig. 4b. Saturation is
reached in fields of 0.2—0.25 kOe, which is close to the
saturation of the magnetoresistance dependence
shown in Fig. 2b. The change in the transmission
coefficient at saturation is 24—26%, and the change in
the magnetoresistance is about 21%. Figure 4c shows
the field dependence of sample 2 recorded at a fre-
quency f = 26 GHz and a changed field direction in
order to illustrate the microwave transmission hyster-
esis. The difference between the curves shown in Figs.
2b and 4c consists in the fact that the positive changes
in the magnetoresistance reach 2% and the analogous
changes at microwaves do not exceed 0.5%. The field
range chosen in Fig. 4b to demonstrate the uGMR
effect cannot be used to show FMR-induced changes.
On the whole, we can conclude that the one-to-one
correspondence between GMR and WGMR in the
[Coy ssFeq 1,/Cul, superlattices, which have the high-
est magnetoresistance, is only approximate and agrees
with the results in [9]. Here, we supplement the data in
[9] with the results obtained at various frequencies and
focus on the differences between GMR and uGMR.

The transmission coefficient can be calculated in
the simplest manner in the continuous medium
Vol. 131
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Fig. 2. GMR effect in (a) superlattice sample 1 with a spacer thickness of 0.95 nm, (b) superlattice sample 2 with a spacer thickness
of 2.2 nm, (c) three-layer nanostructure sample 3 with a spacer thickness of 2.0 nm, and (d) hysteresis loop of sample 3.

approximation, where a metallic multilayer structure
is replaced by a homogeneous plate of the same thick-
ness with an effective electrical conductivity and mag-
netic susceptibility. In this approximation, we can
write the transmission coefficient of an electromag-
netic wave D as follows [7]:

_ 2Z, (1)
27, coshk,d + Zsinhk,d’

where k,, = (1 + i)/ is the wavenumber in a conduct-
ing medium under normal skin effect conditions, 9 is
the skin layer thickness, and d is the nanostructure
metal thickness (i.e., the total thickness of all metallic
layers). The impedance of a well-conducting nano-
structure Z,, is lower than the impedance of the wave-
guide Z, |Z,| < Z. We consider Eq. (1) for the limiting
case d < 0, which takes place at millimeter waves.
Then, the transmission coefficient is

D= _ 22 . 2
Z sinh k,,d
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For the typical nanostructure thicknesses (from
several to a few hundred nanometers), the inequality
k,d < 1 is fulfilled and the one-to-one correspon-
dence between the changes in transmission coefficient
D and GMR at a direct current, i.e.,

d,=r (3)
takes place.

Equality (3) was repeatedly corroborated in the
experiments performed on both nanostructures with
continuous layers and layered cluster nanostructures
[6, 7, 32—35]. It is fulfilled for the Fe/Cr, Co/Cu, and
AgPt/Co superlattices and spin valves [36]. According
to Eq. (3), d, is frequency independent if the fre-
quency dispersion of conductivity is absent. However,
some experimental data demonstrate the absence of
the one-to-one correspondence between H{GMR and
GMR. Equality (3) is not fulfilled in granular systems
[37] and metallic superlattices in the infrared fre-
quency range [38, 39]. In all cases of deviation from
equality (3), the experimentally detected high-fre-
Vol. 131
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quency WGMR effect was lower than static GMR,
d,, <r. The frequency dependence of AGMR was com-
prehensively analyzed in [40, 41]. Deviations from
equality (3) in the centimeter and millimeter wave-
length ranges were shown to occur in the following two
cases: (i) for a very small nanostructure thickness d
and (ii) for the effective conductivity that is signifi-
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cantly lower than the typical electrical conductivity of
metals. In both cases, the first term in the denomina-
tor of Eq. (1) cannot be neglected; therefore, corre-
spondence (3) is not fulfilled toward a lower value of
UWGMR. In this regard, the results obtained in this
work differ from those published earlier. For the
(CogssFeg 12)/Cu system, we found d,, > r.
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‘We now consider the results obtained for the three-
layer system (sample 3). Figure 5 shows the depen-
dences measured at a frequency f = 29 GHz, and
Fig. 5a depicts the dependence obtained in the field
range from —8 to +8 kOe. puGMR-induced changes
are detected at the fields lower than 0.5 kOe, and a
minimum caused by wave absorption under FMR
conditions is observed in higher fields near =6 kOe.
Figure 5b shows the dependence measured in the field
range from —0.5 to +0.5 kOe; it illustrates the AGMR
effect on a larger scale. A qualitative correspondence
between GMR in Fig. 2¢c and pGMR in Fig. 5b is
obvious. The dependence in Fig. 5b also has a hyster-
esis, and the changes in the microwave transmission
coefficient are maximal at the fields inducing changes
in the magnetoresistance. However, the microwave
effect is approximately 30% higher than GMR. The
data obtained for the samples under study for compar-
ing GMR and {GMR are given in Table 1.

The detected differences between the static and
microwave effects can be caused by the approximate
character of Eq. (1) described above. The second
cause of these differences can be the transition from
Eq. (1) to Eq. (3), which is rigorously valid for the case
r < 1. This second cause seems to be possible for the
[CoggsFep1o/Cul, superlattices with record GMR,
since they are characterized by » < 1. However, this
cause is improper for the three-layer nanostructure

Table 1. Comparison of GMR and uGMR

with a lower magnetoresistance (» < 1). Therefore, the
entire set of results can be explained by the first cause,
namely, the insufficiency of the effective parameter
approximation used to derive Eq. (1).

4. EXCITATION OF EXCHANGE SPIN WAVES
IN THIN FERROMAGNETIC FILMS

The type of spin exchange waves—the uniform pre-
cession of a magnetization vector experimentally
observed during FMR or the standing waves detected
by SWR—depends on boundary conditions. The type
of pinning is determined by the average magnetic
moment at a surface and the magnetization distribu-
tion over the film thickness [42]. On the assumption
that, in the general case, surface spins are differently
(asymmetrically) pinned in different surfaces of a film,
the exchange boundary conditions are as follows [18,

25, 26]:
(al‘ ¥ Bfmj ~0,
az z=d/2

]
< z=—d/2

where m is the complex amplitude of variable magne-

4

tization; BIS and [3§ are the parameters of pinning of
surface spins on different film surfaces, which are

. . Maximum change in
Spacer thickness, Maximum ..
Sample no. Type of sample . the transmission
nm magnetoresistance, % . .
coefficient, %
1 Superlattice 0.95 —44 —48...—53
2 Superlattice 2.05 22 —24...-26
3 Three-layer nanostructure 2.0 +9.3 +12.7
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 131 No. 1 2020



MICROWAVE GIANT MAGNETORESISTANCE AND FERROMAGNETIC

related to the surface anisotropy constant as 5 =
K/A; and d is the film thickness, i.e., the total thick-
ness of metallic nanostructure layers in our case.

The pinning parameter of surface spins B and sur-
face anisotropy constant K can be both positive and
negative. At K¢ > 0 (easy axis of surface anisotropy is
normal to the film surface), only harmonic SWR
modes with real values of wavevector k are excited. At
K <0 (hard axis of surface anisotropy is normal to the
film surface), a hyperbolic nonpropagating exchange
spin wave (surface mode) with an imaginary wavevec-
tor is detected apart from harmonic oscillations in an
SWR spectrum. The version where two surface modes
are detected in an SWR spectrum, which corresponds
to the conditions K, < 0 and K, < 0, is also possible.
At Ky = 0, a homogeneous ac magnetic field h_(h. L
H) only excites a uniform magnetization oscillation
m, L M (FMR), since all other possible m(z) oscilla-
tions are characterized by a zero dipole moment. In
the case of symmetric boundary conditions with Kg=
oo, the allowed values of k are k = mn/d, where n is the
trigonometric mode number taking values of 1, 3, 5,
7,... [14].

The resonance field of a uniform mode H, at an
arbitrary direction of an external magnetic field can be

numerically found by solving the set of equations [12,
13, 43]

v [oee (96V]”
P = M sin© Wa_(p2 - [898@] ’

E _9E _,
dp 00
E =—-MH][sin0sin 6, cos(¢ — @) 5)

+cos0OcosB,]+ %[sin4 0 sin2(2(p) + sin2(29)]

+1£62sin2(26)sin2 0sin’(2¢)

+[2nM* + K, |cos’ 0 + K, sin” 0sin’(¢ — @,),

where ®, is the resonance frequency; y = 1.758 X
107 Hz/Oe is the gyromagnetic ratio; E is the total
energy of the magnetic system with allowance for the
Landau—Lifshitz equation for the motion of magneti-
zation M specified by polar (0) and azimuth (@)
angles; 0, and @ are the polar and azimuth angles of
external magnetizing field H, respectively; K, and K,
are the first and second cubic anisotropy constants,
respectively; K, is the perpendicular uniaxial anisot-
ropy constant; and K|, is the uniaxial anisotropy con-
stant in the plane operating at angle @,.

The angular dependence of the nonuniform mag-
netization eigenmodes (standing exchange spin waves)
excited by a homogeneous ac magnetic field h_(h. L
H) at frequency o is described as follows [44]:
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2 2
(@j = [H sin @, + 4nM sin 6 + 2Ak” G Gj
Y M

2
X(H sinQ, + 2’;; sin 6) (6)

2 2
+(HCOS@H—4TCMCOSG+2/;; cosej ,

where A is the intralayer exchange interaction con-
stant. A more complex case of magnetic superlattices,
where both bilinear and biquadratic interlayer
exchange interactions were taken into account, was
considered in [45].

5. RESULTS OF MEASURING FMR AND SWR
AND DISCUSSION

FMR and SWR were experimentally studied on
sample 2 (Ta(5)/PyCr(5)/[CogsFe5(1.3)/Cu(2.05)]s/
CoggsFe»(1.3)/PyCr(3) superlattice). The total thick-
ness of metallic layers of this superlattice was 26.8 nm.
The absorption spectra in the angular range 20°—90°
are shown in Fig. 6 and the spectra in the range 0°—10°
are shown in Fig. 7.

Each resonance curve in the angular range 20°—
90° is identified as the excitation of a uniform mode
(k= 0). The experimental resonance fields in this
angle 0, range agree well with the curve calculated by
solving set (5) (see Fig. 8). Using the dispersion
expression for a magnetically isotropic infinite thin
disk [46], we find the effective magnetization (M 4 =
1000 G) provided 8 = 6, = 90°.

The microwave absorption curves measured in the
angular range 0°—10°, which have a complex shape
(Fig. 7), were decomposed into components using a
differentiated Lorentz function, the choice of which
took into account the absence of contribution of the
electric component (because of the cavity design and
the sample sizes). Figure 7b shows an example of the
performed decomposition.

The modes detected in the microwave spectrum in
the angular range 15° < 0, < —15° were identified as
two surface waves (easy plane boundary conditions at
—Kg # —K,) and a standing exchange spin wave
(n=1). An important factor for interpreting the
absorption spectra was the mode intensity, which
depended on the sample thickness and the magnitude
and sign of surface anisotropy constant [17]. When
studying the dependence of the ratio of the intensities
of the first bulk mode (/;) to the surface mode (/) on
the film thickness, the authors of [18] found that
I¢> I, in films thinner than 100 nm and the predomi-
nance of /g over /; manifested itself most strongly
when a dc magnetic field deviated from the normal to
the film.
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Fig. 6. (Color online) Experimental spectra measured in
the angular range 20°—90° (superscript of resonance field
indicates angle 6 ).

The dependence of the type of mode (uniform or
nonuniform) on angle 6, was detected even in the first
decade after the discovery of SWR [44]. The authors
of [44] revealed the angular dependence of resonance
fields on angle 6, (Eq. (6)) and determined the condi-
tions under which the critical angle of transition of
nonuniform modes into a uniform mode (0 ..;.) can
be found. Using Eq. (6), M= 1000 G, and the con-
ditions described in [44], we calculated 0 0, Which
was 15° £ 2° in the field magnetization angle 6 range
from 0° to 25°. The angle at which the shape of an
experimental microwave spectrum becomes compos-
ite coincides with 04 . (Fig. 8).
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The maxima of the surface mode intensities corre-
spond to 4° and 6° [47], which is caused by the devia-
tion of the axis of the uniaxial anisotropy field from
the normal to the film by about 5° [48, 49]. The devi-
ation of the axis of the uniaxial anisotropy field can be
caused by the (111) axial texture.

The presence of surface modes in a spectrum

makes it possible to determine the surface anisotropy
constant. At K < 0, it is calculated by the formula

_ | MzA Ez v
{22 o

under symmetric boundary conditions, Kgcan be esti-
mated from the expression [50]

WnAAH, [I,
s =2BAZS [ ()
2 2AH\ I

where AH, is the linewidth of the nth bulk standing
spin wave and AHj is the linewidth of the surface
mode.

The simultaneous solution of Egs. (7) and (8)
allows us to estimate A, |K,|, and |K,| (where S1 and
52 are the first and second surface modes, respec-
tively) at 0.2 x 107 erg/cm, 0.24 erg/cm?, and
0.54 erg/cm?, respectively. The numerical value of the
exchange interaction constant coincides with the data
in [51], the authors of which revealed the influence of
the ratio of the magnetic and nonmagnetic layer thick-
nesses on A.

24

|:(HS _Hl)_

6. CONCLUSIONS

We studied the microwave passage and the ferro-
magnetic and spin-wave resonances in superlattices

1, arb. units
0.2

0.1

—0.1

—0.2

—03 — 1 1 1 1 |
2.5 11 14

|
17
H, kOe

Fig. 7. (Color online) (a) Experimental spectra recorded in the range from 15° to 0°. (b) Example of the decomposition of the
experimental spectrum recorded at 8 = 6° into Lorentz functions. The numerals in (b) indicate (7) the first standing bulk spin

mode and (2, 3) surface modes.
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Fig. 8. Angular dependences of the positions of the reso-
nance fields. Numerals indicate (/) fitting curve, (2) angu-
lar dependence of uniform mode, (3) angular dependence
of the first standing bulk spin mode, and (4, 5) angular
dependences of surface modes.

and a three-layer CoFe/Cu nanostructure. In the fre-
quency range 26—38 GHz, the changes in the coeffi-
cient of microwave transmission through CoFe/Cu
nanostructures were found to exceed the relative
changes in the static magnetoresistance, in contrast to
the types of metallic nanostructures studied earlier.
This difference is related to the approximation, in
which a multilayer nanostructure is replaced by a
homogeneous metallic plate the thickness of which is
equal to the total thickness of the metallic layers in the
nanostructure. An effective conductivity, which
includes GMR and effective magnetic susceptibility, is
attributed to the plate. For a superlattice with the
spacer thickness corresponding to the first GMR max-
imum, the changes in the microwave transmission
coefficient were found to have a giant value, a negative
sign, and a very weak hysteresis. For a superlattice with
the spacer thickness corresponding to the second
GMR maximum, the changes in the microwave trans-
mission coefficient have a high value and both positive
and negative signs. The field dependence of the coef-
ficient exhibits a hysteresis. The changes in the coeffi-
cient of the three-layer nanostructure reach 12.7% and
significantly exceed the static GMR.

The investigation of the dynamic characteristics of
the CoFe/Cu multilayer nanostructure demonstrates
a uniform distribution of the magnetic parameters over
the total sample thickness. The microwave absorption
spectra of the nanostructure and their angular depen-
dences allowed us to find the type of boundary condi-
tions (easy plane on either side of pinning standing spin
waves irrespective of the angle of a dc magnetic field), to
estimate the surface anisotropy constants (Ky =

—0.24 erg/cm?, K, = —0.54 erg/cm?), to detect a devi-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

147

ation of the axis of the uniaxial anisotropy field from
the normal to the film, and to find its angular value
(approximately 5°).

The formation of nonuniform spin waves for the
perpendicular orientation of a film in a dc field
allowed us to determine the intralayer exchange inter-
action constant (0.2 X 10~% erg/cm). We also found the
angle 0, ranges in which uniform and nonuniform
spin waves are excited.
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