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Abstract—This paper presents the results of measuring the main parameters of the ferromagnetic and spin-
wave resonance spectra (resonant field, linewidth, and intensity) of single-layer permalloy films at various
angles in the out-of-plane orientation. The effect of the type of surface conditions on the angular dependence
of the intensity ratio of adjacent modes is studied. A correspondence is established between the angle of the
applied constant magnetic field with respect to the normal to the film and the change in the oscillation type
from uniform to nonuniform. The revealed features of the angular dependences of the resonant field and the
intensity of the spectral peak can be successfully used in the identification of microwave spectra. The funda-
mental magnetic parameters (effective magnetization, exchange interaction constant, surface anisotropy
constant, and perpendicular anisotropy field) were determined.
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INTRODUCTION
Ferromagnetic (FMR) and spin-wave (SWR) reso-

nances are dynamic methods for studying magnetic
systems when determining the main magnetic param-
eters: the effective magnetization Meff, the magnetic
anisotropy constant, the exchange interaction con-
stant A, and surface anisotropy constant KS. The mor-
phology of objects and classes of substances to which
these techniques can be applied is very wide: thin fer-
romagnetic films [1–6], powder systems [7, 8], dilute
magnetic semiconductors [9–11], and ferromagnetic
metal–dielectric nanocomposites (granular alloys)
[12, 13], as well as ferrihydride nanoparticles of chem-
ical and biological origin [14, 15]. The advantages of
FMR and SWR are the ease of measurements and the
possibility of obtaining magnetostructural data on the
objects under study [5, 16–18]. The reliability of the
parameter determination depends on the accuracy of
mode identification in the recorded microwave spec-
trum: their resonant field Hres, linewidths , and
intensity I.

The interpretation of the peak in the microwave
spectrum also determines the form of the dispersion
relation ω0 ~ Hres (where ω0 is the resonant frequency
and Hres is the resonant field) and the need to take into
account certain anisotropic or morphological (  =

4π) contributions in it. Unsuccessful attempts to
describe the first recorded FMR spectrum [19, 20] by
the dispersion relation ωL = γHres (where ωL is the Lar-
mor frequency) are of interest in this case. The funda-
mental results of the theoretical description of FMR
experiments for two orientations of an external field
relative to the basis of the sample were obtained by
Kittel [21, 22], where, in addition to the internal mag-
netic field H0 of the sample, demagnetizing fields of
form anisotropy are taken into account. More data on
the contribution of various sources of anisotropy in
FMR measurements can be obtained both by chang-
ing the orientation of the sample relative to the direc-
tion of an external magnetic field and by a complete
frequency-field analysis.

New challenges arose in determining the condi-
tions for the excitation of nonuniform magnetization
modes in a thin ferromagnetic film in the form of
exchange standing spin waves and their theoretical
description [23, 24]. The main results of this stage in
the development of the SWR and FMR methods are
the range of film thicknesses (100–500 nm) in which
the conditions for the excitation of coherent spin
waves occur, the imposition of additional (exchange)
boundary conditions on the film surface [24–26], and
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the form of the dependence of the resonant fields on
the mode number (Hn ~ n2).

The relevance of this work is determined by the
need to accurately determine the magnetic parameters
of ultrathin magnetic structures (the thickness of the
magnetic region smaller than 100 nm), which are used
in low-dimensional devices. When using such struc-
tures, two main factors should be taken into account:
the equivalence of the surface and bulk effects and the
magnetization reorientation rate. The damping of the
magnetization precession with respect to the equilib-
rium state can be determined from the FMR line
width. The surface mode detected under certain con-
ditions in the SWR spectrum makes it possible to
determine the magnitude and sign of the surface
anisotropy constant. We note that the microwave
spectra of ultrathin films have some specific features
ignoring of which will lead to errors in the verification
of individual spectral peaks and, as a result, to incor-
rect estimates of the magnetic parameters of the film.

The aim of this work was to establish the specific
features of the angular dependences of the parameters
of the microwave curve (Hres, ΔH, I) in order to use
them in identifying the modes of the recorded spectra.

1. MATERIALS AND METHODS
Single-layer Fe20Ni80 films with a thickness of 70 and

140 nm, designated as Py_70 and Py_140, were obtained
by thermal evaporation in a vacuum (10–6 mm Hg) on
glass substrates. The choice of thickness took the ratio
between the film thickness and the effective exchange
radius into account, which, for the sample material, is
≈100 nm.

The absorption spectra were measured using the
equipment of Krasnoyarsk Regional Center of
Research Equipment of the Federal Research Center
Krasnoyarsk Science Center SB RAS, (spectrometer
ELEXSYS E580, Bruker, Germany) in the X-band
(resonator pump frequency f = 9.48 GHz) with trans-
verse cavity pumping. The sample was placed in the
antinode of the alternating magnetic field h~ of the
cavity. The microwave absorption curves were decom-
posed using the differentiated Lorentz function. The
measurements were performed by changing the direc-
tion of the constant magnetic field in the angle θH and
in the angle ϕH (Fig. 1e). The saturation magnetiza-
tion MS was measured with a Lake Shore VSM 8604
vibrating magnetometer.

The uniform precession of the magnetization vec-
tor, as experimentally observed under FMR, arises in
the absence of pinning of surface spins. The limiting
cases for a magneto-isotropic sample in the form of an
infinitely thin disk were obtained by Kittel [22]:

(1)
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where γ = 1.758 × 107 Hz/Oe is the gyromagnetic ratio
and θH and ϕH are the polar and azimuthal angles of
the external constant bias field H0. We note that Meff
includes, in contrast to the saturation magnetization,
various internal effects (internal stresses, pores, inho-
mogeneities, etc.).

The FMR frequency in the spherical coordinate
system [27–29] can be expressed via the total energy E
of the magnetic system, taking into account the Lan-
dau–Lifshitz equation for the motion of the magneti-
zation M in the polar (θ) and azimuthal (ϕ) angles, as

(2)

The equilibrium position of the magnetization vec-
tor and the free energy density [28] are determined by
the following relations:

(3)

(4)

where K1 and K2 are the first and second cubic anisot-
ropy constants, Kn is the constant of perpendicular
uniaxial anisotropy, Ku is the uniaxial anisotropy con-
stant in the plane, and ϕ0 is the angle that characterizes
the direction of the uniaxial anisotropy field in the
plane.

By solving the system of equations (2)–(4) numer-
ically, one can find the resonant field H0 of the uni-
form mode for arbitrary ϕH and given values of the per-
pendicular anisotropy field (2Kn/MS) and the in-plane
anisotropy field (2Ku/MS).

A nonuniform magnetization distribution over the
film thickness in the form of standing exchange spin
waves, recorded by the SWR method, is possible if the
surface spins are rigidly fixed [24]. The position of the
resonant fields of the excited modes under the action
of a constant magnetic field and θH = 0° is described
by the expression

(5)

where ηeff = 2A/MS is the spin-wave stiffness, related
to the exchange interaction constant A, and k = πn/d
is the wavevector, depending on the mode number n
and the film thickness d.
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Fig. 1. The experimental microwave spectra for Fe20Ni80 single-layer films with a thicknesses of (a, b) 70 and (c, d) 140 nm at
(a, c) θH = 90° and (b, d) θH = 0°. (d) Schematic geometry of the experiment (e). Intensity ratio of (e) the first and second modes
and (f) the first and surface modes at θH near 0°. (Insets) Resonant fields vs. squared mode number.
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The position of the resonant fields during the
recording of the SWR spectrum when θH = 90°
[16, 30] is determined as

(6)

Regardless of the geometry of the SWR experiment
(θH = 90° or θH = 0°), the effective exchange stiffness
in the field coordinates is calculated by the formula

(7)
The realization of some type of magnetization

oscillations is determined by the boundary conditions
on the film surface [31]. The boundary conditions can
be estimated quantitatively and qualitatively from the
magnitude and sign of the surface anisotropy constant
KS [26, 32, 33]. If KS > 0 (the easy axis of surface
anisotropy is normal to the film surface), then only
harmonic SWR modes with real values of the wavevec-
tor k are excited. When KS < 0 (the hard axis of surface
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anisotropy is normal to the film surface), then a
hyperbolic nonpropagating exchange spin wave (sur-
face mode) with an imaginary wavevector is also
detected in the SWR spectrum. If KS = 0, then a uni-
form alternating magnetic field h~ excites only a uni-
form magnetization oscillation (FMR) with k = 0.
According to [24], in the case of symmetric boundary
conditions with KS = ∞, the admissible values are k =
πn/d, where n = 1, 3, 5, 7, … .

Possible types of absorption spectra were consid-
ered in detail in [17]. We note that the surface mode
recorded in the SWR spectrum makes it possible to
determine the value of KS:

(8)

The excited standing exchange spin waves recorded
in the SWR spectrum in the form of individual peaks
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with  make it possible to determine the exchange
interaction constant A:

(9)

It should be noted that the value of A at θH = 0° is

the same as at θH = 90°.

The angular dependence of the natural nonuni-
form oscillations of magnetization (standing exchange
spin waves) excited under the action of a uniform
alternating magnetic field h with a frequency ω is
determined by the expression [34]

(10)

The authors of [34] established the uniformity of
the angular dependences for the quantity KS and the

function  They found that at θH crit, when

 = 0, a transition occurs from one type of

boundary conditions to another. In the first case, 0° <
θH < θH crit, there is pinning on the film surfaces and

nonuniform modes with k = πn/d (SWR) are observed
in the microwave spectrum. In the second case,
θH crit < θH < 90°, there is no magnetization pinning on

the film surface and an external magnetic field induces
uniform oscillations with k = 0 (FMR).

2. RESULTS AND DISCUSSION

The angular dependences were measured both in
the plane, when the direction of the applied magnetic
field varies in the film plane in the angle ϕH, and out

of the plane with fixed ϕH and varied θH (Fig. 1e). The

polar diagrams of the resonant field of the uniform
mode for Py_70, as well as the first and third nonuni-
form modes of the magnetization oscillations for
Py_140 at the in-plane orientation, demonstrate the
absence of a preferred anisotropy axis in the sample
plane.

Examples of experimental microwave spectra in
out-of-plane geometry are shown in Fig. 1.

The microwave spectrum of a single-layer FeNi
film with a thickness of 70 nm in the range 9° ≤ θH ≤
90° demonstrates the excitation of a single peak
(Fig. 1a), which we identify as a uniform precession
mode with k = 0. At the same time, in the longitudinal
geometry of the experiment, for Py_140, we detected
nonuniform precession modes in the form of standing
exchange spin waves (Fig. 1c). The absence of a sur-
face mode in the SWR spectrum in the form of an
additional peak in fields greater than the field of the
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main maximum indicates easy axis pinning on each
surface of the film. The spectra of Py_140 retain a sim-
ilar structure and, consequently, similar conditions for
pinning on the film surfaces up to θH = 9°. The micro-

wave spectra of each of the two films (Figs. 1b and 1d)
in the perpendicular geometry of the experiment
(θH = 0°) demonstrate several well-defined peaks

caused by the excitation of exchange standing spin
waves. The spectrum of Py_140, in addition to stand-
ing waves, contains a damped surface mode in fields
greater than the first bulk mode, which indicates that
the easy plane boundary conditions occur on one of
the film surfaces.

The positions of the resonant fields Hn of nonuni-

form modes in the SWR spectra of the samples are
described by linear dependences on the squared mode
number, irrespective of the experiment geometry
(Fig. 1e). The assumption that the SWR spectrum is
recorded over the entire range of angles θH for Py_140

is confirmed by the fairly close values of the effective
exchange stiffness (in field units (7)) of 27 ± 1.5 and
24 ± 1.5 Oe at 0° and 90°, respectively.

The identification of individual peaks near θH =

90° was carried out taking the intensity ratio of the
neighboring peaks as a function of the angle θH into

account. First, it is worth noting the predominance of
the intensity of the surface mode IS over the intensity

of the first exchange mode I1 for Py_140 [26, 32, 33].

Second, the intensity ratio of two bulk modes must
depend on the angle weakly, while the intensity ratio of
the surface and first bulk modes critically depends on
the angle (Figs. 1f and 1g). The change of the relation
IS > I1 to IS < I1 is due to a gradual decrease in the con-

tribution of the boundary conditions to the formation
of magnetization waves over the film thickness upon
deviation from θH = 0°.

Third, the functional dependences of the intensity
ratios of the nearest modes on the angle differ depend-
ing on their distribution over the film (Figs. 1f and 1g).

The ratio I1/IS increases linearly with an increase in

the angle between an external field and the normal to
the film plane (Fig. 1g), and I1/I2 exhibits extremum

points at θH = 0° and θH = θH crit (Fig. 1f), where θH crit

is the critical angle at which the oscillation mode
changes from uniform to nonuniform.

The angular dependences of the parameters of the
first standing mode or the uniform peak of the films
under study are shown in Fig. 2. Changes in the type
of oscillations from uniform (FMR) to nonuniform
(SWR) for the Py_70 sample were detected simultane-
ously according to two features: the structure of the
recorded spectrum (appearance of additional peaks in
the range of angles –8° ≤ θH ≤ 8°) and a change in the

angular dependence of the intensity of the largest
recorded peak at θH = 8° (Fig. 2c). It should by noted

that the transition from some pinning conditions to
others at finite values of the surface pinning constant,
23  No. 11  2022



1088 VAZHENINA et al.

Fig. 2. The angular dependences of (a, b) Hres, (c, d) I, and (e, f) ΔH for (a, c, e) Py_70 and (b, d, f) Py_140 films. (Insets) Angular
dependences of the surface mode.
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which is observed for Py_140, is also accompanied by

a change in the angular dependence of the intensity of

the first standing exchange mode. Comparison of the

angular dependences of the intensities of the first bulk

modes of Py_70 and Py_140 in the range of angles

‒8° ≤ θH ≤ 8° reveals the effect of the easy-plane

boundary conditions on the intensity of the first bulk

mode. The absence of surface peaks in the microwave

spectrum of the Py_70 film is indicative of the easy-

axis boundary conditions on both surfaces, and the

intensity of the first bulk mode reaches a maximum at

θH = 0°. The easy-plane surface anisotropy occurs on

one of the surfaces of the Py_140 film with a perpen-

dicular geometry of the experiment, and the most
PHYSICS OF METAL
intense peak at θH = 0° is due to the surface wave;

extrema of the first bulk mode are observed at θH = 3°
and θH = –3° (Fig. 2).

The angular dependences of the linewidth should
be estimated taking the ratio (ω/γ)/4πMS into account

[35, 36]. The authors of [35] studied the resonant
curves calculated from (2)–(4) at different fixed fre-
quencies of the cavity and noted that, in the case of
(ω/γ)/4πMS ~ 0.1 and at θH in the range 2°–10°, a false

increase in ΔH is observed. This effect is due to the
shape anisotropy. Taking the fact into account that the
ratio (ω/γ)/4πMS for our systems is close to 0.1, we

believe that the “physical” absorption linewidth ΔH
for both Py_70 and Py_140 does not depend on θH
S AND METALLOGRAPHY  Vol. 123  No. 11  2022



CHARACTERISTICS OF ANGULAR DEPENDENCES OF PARAMETERS 1089

Table 1. The magnetic parameters

Sample Meff, G
A × 10–6, 

erg/cm

KS, 

erg/cm2

Py_70 812 ± 20 0.23 ± 0.02 –

Py_140 θH = 0° 750 ± 15 0.26 ± 0.02 0.024

θH = 90° 0.16 ± 0.02 –
and, when estimating ΔH for calculating the relaxation
parameter, the boundary values of the angular range
should be used. The value of physical ΔH at θH equal

to 0° and 90° is ~30 Oe for Py_70 and ~40 Oe for
Py_140. At the same time, the shape of the ΔH(θH)

curve is of qualitative interest and allows one to deter-
mine the critical angles θH from the extremum points.

Taking the perpendicular anisotropy field in
expressions (2)–(4) equal to –100 Oe, we calculated
the fitting curve for the Py_70 sample, which coin-
cides quite accurately with the positions of the experi-
mental resonant fields of the uniform mode (the rela-
tive error in the field magnitude is within 5%)
(Fig. 2a). The value of MS used in the calculation of

the fitting curve was 820 ± 20 G and was measured on
a vibrating magnetometer.

The values of Hres, , and I made it possible to

determine the exchange interaction constant A, the
surface anisotropy constant KS, and the effective mag-

netization Meff (Table 1).

The angular dependence of the peak intensity
(Figs. 2c and 2d) makes it possible to estimate the crit-
ical angle θH at which either the oscillation type

changes from uniform to nonuniform (θH ≈ 8° for

Py_70) or the boundary conditions for the pinning
(θH ≈ 8° for Py_140) change.

CONCLUSIONS

The angular dependence of the intensity of the
detected peak of the microwave curve allows one to
accurately determine the type of oscillation: uniform
or nonuniform (surface or bulk standing mode). The
intensity ratio of two adjacent peaks in the case of a
slight difference in the magnitude of their resonant
fields can be used to identify surface (hyperbolic) and
bulk (trigonometric) nonuniform magnetization
oscillations. In the first case, when comparing the
intensities of two adjacent bulk modes, no change in
the sign of the ratio occurs: the mode with a smaller
wavenumber k in the range of angles at which nonuni-
form oscillations occur has a higher intensity and the
ratio Ik/Ik + 1 is greater than unity. In the second case,

when comparing the intensities of the surface mode
and the first bulk standing mode, a reversal of sign of
the ratio is observed: IS > I1 changes to IS < I1 after

ΔH
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
some critical angle θH crit. It is also worth noting the

linear dependence of I1/IS on the angle θH.

It has been found that the angle θH crit at which the

oscillation type changes from uniform to nonuniform
corresponds to an extremum (minimum) point of the
angular dependence of the intensity. The shape of the
dependence I(θH) ref lects the type of the surface con-

ditions at the film boundaries. The intensity of the first
standing exchange mode, when the pinning on each
surface of the film is easy-axis, gradually increases in
the range of angles from θH crit to 0° (or decreases in the

range of angles from 0° to θH crit) and is characterized

by a maximum value at θH = 0°. The dependence I(θH)

where at least on one surface of the film, easy-plane
pinning occurs, has a minimum of I1 at θH = 0° and the

maximum of I1 located symmetrically with respect to

θH = 0°.

Thus, the angular dependences of the resonant
field, intensity, and linewidth, along with the structure
of the microwave spectra, reflect both the change in
the oscillation type from uniform to nonuniform and
the type of surface pinning. The characteristics of the
angular dependences of the parameters of the detected
peaks of the microwave spectrum contribute to the
accurate verification of the spectra and, as a result, the
correct determination of both bulk and surface param-
eters of a magnetic system.
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