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Abstract—Angular dependences of the microwave absorption spectra of a (CoFe/Cu)y multilayer film have
been studied by the ferromagnetic and spin-wave resonance techniques. The critical angle 6, indicating the
ranges of excitation of uniform and nonuniform spin modes, type of the boundary conditions, and surface
anisotropy and exchange coupling constants have been established. It is shown that the accuracy of identifi-
cation of individual modes in the spectra plays a key role in the analysis of the detected curves.
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1. INTRODUCTION

The ferromagnetic resonance (FMR) and spin-
wave (SWR) resonance techniques are well known to
be reliable tools for determining the fundamental
parameters of magnetic materials, including effective
magnetization M., exchange coupling constant 4 in
the wave vector range of k = (1—20) x 10° cm~!, spin-
wave stiffness 1, and surface anisotropy constant Kj.
The objects of study can be materials of different
classes, e.g., thin ferromagnetic films [1—5], powder
systems [6, 7], diluted magnetic semiconductors [8,
9], ferromagnetic metal—dielectric nanocomposites
[10—12], and biological and chemical ferrihydride
nanoparticles [13, 14]. Angular dependences of the
resonance fields at both the perpendicular and parallel
orientation of dc magnetic field H relative to the thin
film plane provide information on the presence and
value of the contributions of different anisotropies
(magnetocrystalline, magnetoelastic, and surface) [8,
15—17].

The accuracy of determination of the above-men-
tioned magnetic parameters depends, to a great extent,
on the accuracy of determination of the FMR field
and correctness of identification of modes detected in
the nonuniform FMR. In particular, the analysis of
microwave absorption spectra of thin films must take
into account a number of parameters, including the
boundary conditions [18—21] and ferromagnetic film
thickness [22], which affects the ratio between the
intensities of the surface and standing spin wave
modes, and, in the case of multilayer films, their com-
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position [23—26], which determines the distribution of
a magnetic parameter over the film thickness, and
structural parameters (thickness and number of lay-
ers) [3, 27]. The rules of numbering the standing spin
modes detected in the SWR spectrum were described
in detail in [3, 22, 28—31].

Taking into account the above-mentioned factors
in the analysis of the detected microwave absorption
spectra, we established the main magnetic character-
istics of the [CoFe/Cu] superlattice in the form of a
thin (~30 nm) film using the FMR and SWR tech-
niques.

2. EXPERIMENTAL

A multilayer film in the form of a
[(CoggsFeg12)/Culy superlattice containing a non-
magnetic spacer with a thickness of 7, = 2.05 nm was
synthesized by magnetron sputtering on an MPS-
4000-C6 facility and represented a planar nanostruc-
ture with the composition shown in Fig. 1a. The sub-
strate used was Corning glass and the nonmagnetic Cu
layer thickness was chosen to implement the second
antiferromagnetic maximum of the exchange coupling
of the CoFe layers through the Cu layer in the film
system.

The structural measurements performed on a
DRON-3M diffractometer in CoK, radiation showed
that the superlattice has a perfect layer structure with
an fcc lattice and the (111) axial texture with the axis
along the layer plane normal.
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Fig. 1. (a) Composite structure of the sample and (b) experimental geometry.

The microwave spectra of the films were obtained
on a Bruker ELEXSYS E580 spectrometer (Germany)
at the Center for Collective Use of the Krasnoyarsk
Scientific Center, Siberian Branch, Russian Academy
of Sciences. The microwave spectra were measured at
room temperature in the X range at a resonator pump
frequency of f = 9.2 GHz; the sample was placed in
the antinode of ac magnetic field 4_ of the cavity. The
measurements were performed in the dc magnetic

field A directed in the film plane (angle ¢,) and in the
plane parallel to the film normal (angle 6,) (Fig. 1b).

3. EXCITATION OF THE EXCHANGE SPIN
WAVES IN THIN FERROMAGNETIC FILMS

The spin (magnetization) waves can have, depend-
ing on the boundary conditions, two types of distribu-
tion over the thin ferromagnetic film thickness. The
first type is the uniform precession of the magnetiza-
tion vector observed experimentally at the FMR and
the second type is the standing exchange spin waves
detected by the SWR technique.

The general expression for the FMR frequency m,
in the spherical coordinate system [16, 17, 32] in terms
of the total energy £ of a magnetic system can be pre-
sented, according to the Landau—Lifshitz equation for
the motion of magnetization M specified by the polar
(8) and azimuthal (¢) angles, in the form

>T1/2
_ Y |QEJPE _(JE
W) =——|"——S—~ , (D
Msin®| 96 dp~ 0009
where vy = 1.758 x 107 Hz/Oe is the gyromagnetic
ratio.

In this case, the equilibrium position of the magne-
tization vector is determined by the relation

and the free energy density is
E = -MH]sin(0)sin(0,)cos(@ — @y)

+ cos(0)cos(0,)]

+ %[sin“(e) sin’(29) + sin*(20)] (3)
K, . » .2 )
+ Esm (20)sin”(0) sin”(2¢)

+ [271:M2 + K,,]cosz(e) + K, sinz(e) sin2(¢ - 0),

where 6, and @ are the polar and azimuth angles of
the external dc magnetic bias H, K, and K are the first
and second cubic anisotropy constants, K, is the per-
pendicular uniaxial anisotropy constant, and K|, is the
constant of the in-plane uniaxial anisotropy acting at
angle @,.

Solving numerically the system of equations (1),
(2), and (3), we can find the resonance field H, of the
uniform mode for an arbitrary external magnetic field
direction. The limiting cases for a magnetically isotro-
pic sample in the form of an infinitely thin disk
obtained by Kittel in [33] are

%= (Hy-4nMy) (at 0=8, =0°),
Y

4

2
(%j - HO(HO + 47T’Meff) (at e = 6H = 900)’
Y

where M, is the effective magnetization.

The angular dependence of the nonuniform self-
oscillations of the magnetization (standing exchange
spin waves) excited by uniform ac magnetic field A
(h L H) with frequency o is expressed as [34]

2 2
a—E=8—E=O 2) (%j :(Hsin9H+4nMsin9+2Ak sinej
o0p 00 0% M
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where A is the exchange coupling constant and & is the
wave vector parallel to the film normal, which is deter-
mined by the exchange boundary conditions on the
film surfaces.

The action of a dc magnetic field in the plane coin-
ciding with the film surface normal (6 = 0, = 0°)
reduces Eq. (5) to the dependence of the resonance field
positions on the wave vector described by Kittel [18]:

H, =2 anM,, — 2442, (6)
Y M

A decisive factor in the excitation of standing spin
waves is the boundary conditions. Assuming that the
surface spins are generally pinned differently on differ-
ent film surfaces, we can present the exchange bound-
ary conditions as [22, 28, 29]

j =0, (7)
z=—L/2

om | oS j _ (E)m S
—+[Bm =0, |=—-0B,m
( az Bl z=L/2 aZ ?

where m is the complex amplitude of the variable mag-

netization; Bf and |3§ are the parameters of surface
spin pinning on different film surfaces, which are

related to the surface anisotropy constant as 3% = &;

and L is the film thickness.

The surface spin pinning parameter 3 and, conse-
quently, the surface anisotropy constant K can take
both positive and negative values. At K¢ > 0 (the easy
axis of the surface anisotropy is normal to the film sur-
face), only the harmonic SWR modes with real values
of the wave vector k are excited. At K¢ < 0 (the hard
axis of the surface anisotropy is normal to the film sur-
face), along with the harmonic oscillations, a hyper-
bolic nonpropagating exchange spin wave (surface
mode) with an imaginary wave vector is detected in
the SWR spectrum. At Ky = 0, a uniform ac magnetic
field 4_(k L H) only excites the uniform magnetization
oscillationm, L M (FMR), since all the other possible

m(z) oscillations have a zero dipole moment.
According to [18], at the symmetric boundary con-
ditions with Ky = oo, the allowed values are k = M,

where # is the number of a trigonometric mode, which
takesvaluesof'1, 3, 5, 7, .... The form of the SWR spec-
trum at the antisymmetric boundary conditions, when
the easy-axis pinning type is implemented on one sur-
face and the hard-axis type, on the other surface, is
determined by the ratio of K, + K. The first possible
variant is |Kg| = |K|, when the detected spectrum
includes one surface mode in fields stronger than the
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field of the main trigonometric maximum and no even
modes [35]. In the second variant, the |Kg,| and |K|
values are essentially different [36]. In the third vari-
ant, the sum K, + K, [37] is slightly different from
zero, which leads to the absence of an even mode with
n =2 in the spectrum. In addition, two surface modes
can be detected in the SWR spectrum, which corre-
sponds to the conditions K, < 0 and K, < 0. This pin-
ning type is determined by the average magnetic
moment on the surface and magnetization distribution
over the film thickness [38].

4. RESULTS AND DISCUSSION

The form of the experimental microwave absorp-
tion spectra at angles from 20° to 90° is shown in Fig. 2
and, at angles from 0 to 10°, in Figs. 3 and 4.

Each resonance curve in the angular range from
20° to 90° is identified by us as a result of the excitation
of a uniform mode (k = 0). The experimental reso-
nance fields obtained in this range of angles 6, coin-
cide with a fairly high accuracy with the theoretical
curve calculated by solving system of equations (1)—
(3) (Fig. 5). At 6 =0,=90°, Eq. (4) yields a value of
M= 1000 G.

The complex microwave absorption curves in the
angular range from 0 to 10° (Figs. 3 and 4) were
decomposed into components using the differentiated
Lorentz function, which was chosen with regard to the
zero electric component contribution caused by the
resonator design and sample size. An example of the
decomposition is presented in Fig. 4b.

The modes observed in the microwave spectrum in
the angle range of 15° < 6, < —15° are identified by us
as two surface (the easy plane boundary conditions at
—Kg # —K,) and a standing exchange spin wave
(n=1). The dependence of the mode type (uniform or
nonuniform) on the angle 0, was observed as early as
in the first decade after the discovery of the SWR phe-
nomenon [34]. Wigen et al. [34] not only determined
the angular dependence of the resonance fields on the
angle 6, (Eq. (5)), but also established the conditions
under which the critical angle 0, of the transition
from the nonuniform to uniform mode can be found.
Using Eq. (5), a value of M 4= 1000 G, and the con-
ditions described in [34], we calculated the 0y,
value, which was found to be 15° £ 2° in the range of
the field magnetization angle 0 from 0° to 25°. The
angle at which the experimental curve of the micro-
wave spectrum becomes composite coincides with
0 eridie (Fig. 5).

A factor important for the interpretation of the
spectra was the intensity of selected modes. The inten-
sity of the nonuniform spin modes depends on the
sample thickness and the value and sign of the surface
anisotropy constant [21]. The behavior of the angular
dependence is determined by the deviation of the uni-
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Fig. 2. Experimental spectra in the range from 20° to 90° (the resonance field superscript marks the value of angle 0 ).

axial anisotropy field from the film normal [39, 40].
The study of the dependence between the intensity /;
of the first bulk mode and the intensity /g of the sur-

Intensity, arb. units

Fig. 3. Field distribution of the experimental spectra in the
angular range from 10° to —10°.
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face mode on the film thickness [22] showed that, in
films with a thickness of smaller than 100 nm, we have
I¢> I, and the dominance of /g over I, starts manifest-
ing especially strong when the dc magnetic field devi-
ates from the film normal. The significance of the
contribution of the film thickness to the mode inten-
sity distribution in the SWR spectrum can be demon-
strated by the example of study [41], the authors of
which indicated the highest intensity peak in the SWR
spectrum of an ultrathin (50-nm) FePt film as a uni-
form resonance mode and the lower-intensity peak, as
the first bulk standing mode. Based on the identifica-
tion, they determined the spin-wave stiffness 1, which
appeared to be overestimated. The estimated K at the
identification of the spectrum as the excitation of the
surface and first bulk modes agrees well with the
results of [42], where the authors determined the Ky
value using the Néel model.

The film under study has a total magnetic layer
thickness of ~30 nm; therefore, the inequality /g > I,
should be valid, which was taken into account when
identifying the processed spectra. The decomposition
of the experimental spectra into constituent modes
allowed us to obtain the dependence of the mode
intensities on the angle 6, (Fig. 6).

As was mentioned above, the form of the angular
dependence of the intensity, as was theoretically estab-
lished in [39] and experimentally confirmed in [40], is
Vol. 62
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Fig. 4. (a) Separate experimental spectra in the range from 15° to 0°. (b) Example of decomposition of the experimental spectrum

into Lorentzians at 6 = 6°.

determined by the angle of deviation of the anisotropy
field from the film normal.

The maximum intensity of the surface modes
(Fig. 6) corresponds to 4° and 6°; therefore, there is
the deviation of the normal anisotropy field from the
normal by an angle of ~5°. The assumption about the
deviation of the surface anisotropy axis is grounded on
several facts. First, this is the absence of uniaxial
anisotropy in the film plane, which is confirmed by
the dependences of the resonance fields on the angle
¢y at 0= 90°. Second, this is the form of the angular
dependence of the intensity /, of the uniform mode,
which gradually increases upon variation in the angle
0, from 20° to 90°. A similar change in the /,(0y)
occurs when the angle of the uniaxial perpendicular
anisotropy coincides with the film normal and the
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Fig. 5. Angular dependence of the resonance field posi-
tions.
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angle of deviation of the surface anisotropy field from
0, = 0° is small. A possible reason for the deviation of
the surface anisotropy field axis may be the formed
(111) axial texture.

The presence of surface modes in the spectrum makes
it possible to determine the surface anisotropy con-
stant, which, at K< 0, is calculated using the formula

M 24 (mf]]”
-] o

and, at the symmetric boundary conditions K, can be
estimated as [43]
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modes.
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where AH, is the linewidth of the nth bulk standing
spin mode and AHy is the surface mode linewidth.

The joint solution of Egs. (8) and (9) allows us to
estimate the quantities 4, |K,|, and |K,|, where S1 and
S2 are the first and second surface modes, as ~0.2 X
10~® erg/cm, ~0.24 erg/cm?, and ~0.54 erg/cm?,
respectively. The numerical value of the exchange
coupling constant is consistent with the data from
[44], where the authors established the effect of the
ratio between the thicknesses of the magnetic and
nonmagnetic layers on the A4 value.

5. CONCLUSIONS

The investigations of the dynamic characteristics of
the [CoFe/Culy multilayer film showed the possibil-
ity of using the FMR and SWR techniques for deter-
mining the fundamental magnetic parameters and
identifying the structural features. The detected
microwave absorption spectra and their angular depen-
dences made it possible to establish the type of bound-
ary conditions (the easy plane on both surfaces of the
standing spin wave pinning) and estimate the surface
anisotropy field constants as K, = —0.24 erg/cm? and
K, =—0.54 erg/cm?, the presence of a deviation of the
surface anisotropy field from the film normal, and the
angle of this deviation (~5°).

The implementation of the nonuniform spin waves
at the perpendicular orientation of the film in a dc
magnetic field allowed us to determine the exchange
coupling constant to be ~0.2 x 107° erg/cm. The
ranges of the angle 0, corresponding to the excitation
of the uniform and nonuniform modes of spin waves
were established.
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