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With the rapid development of telecommunication technologies and highly integrated electronic devices,
researchers show great interest in nanocrystalline soft magnetic thin films with unique characteristics for
microwave applications. An important direction of the current research in this field is the study of high-
frequency magnetization dynamics that directly depends on the damping processes in a magnetic medium.
This paper reports on the effect of sharp broadening and shift of the ferromagnetic resonance (FMR) line
revealed experimentally in a 40-nm-thick nanocrystalline permalloy (Fe,oNigg) thin film at a frequency of
about 5 GHz. The effect arises only in films with crystallite size exceeding some critical value D. The
micromagnetic simulation demonstrates that exchange and dipolar interactions between randomly or-
iented crystallites form in the film a quasiperiodic magnetic structure with a characteristic wavelength in
the range from 36 nm to 3.3 um. An analysis of the two-magnon scattering model and simulation results
shows that the formed magnetic structure provides the energy transfer from uniform magnetization os-
cillations (uniform FMR) to spin waves, which results in an additional energy dissipation channel and,
consequently, sharp FMR line broadening. A theoretical estimate of the critical crystallite size D, based on
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this model yields a value of ~14.3 nm for 40-nm-thick Fe,gNigg films.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The rapid development of telecommunication and information
technologies poses new, increasingly more complicated challenges
for the developers and designers of modern microelectronic devices.
With the explosive growth of mobile data traffic and the amount of
processed data, the relevance of mastering higher operating fre-
quencies of the microwave range is dramatically increasing. At the
same time, current trends in the development of electronic devices
focus on miniaturization and integration. Magnetic materials are one
of the main components of most microwave devices. Compared with
ferrites traditionally used in microwave technology [1], nanocrys-
talline soft magnetic materials such as alloys of FeCuNbSiB [2],

* Corresponding author at: Siberian Federal University, 79 Svobodny pr.,
Krasnoyarsk 660041, Russia.
= Corresponding author.
E-mail addresses: aizotov@sfu-kras.ru (A.V. 1zotov),
psolovev@iph.krasn.ru (P.N. Solovev).

https://doi.org/10.1016/j.jallcom.2021.163416
0925-8388/© 2021 Elsevier B.V. All rights reserved.

FeBNbCu [3], FeZrB (Cu) [4], FeCo [5], and FeNi [6] have larger sa-
turation magnetization, higher magnetic permeability, and lower
eddy current losses, making them more appealing for microwave
applications.

Thin nanocrystalline soft magnetic films and multilayer struc-
tures attract special interest due to their prospects in modern
technological applications [7]. On the one hand, such structures can
be effectively used in devices compatible with planar technology. On
the other hand, the use of nanocrystalline thin-film magnetic
structures instead of bulk materials allows to substantially increase
the magnetic permeability of the medium and shift its operating
frequency range towards higher frequencies [8,9]. Acher’s constraint
on the microwave permeability and the FMR frequency of magnetic
composites demonstrates a clear advantage of thin-film magnetic
materials in comparison with their bulk counterparts [9,10]. Ad-
ditionally, thin-film structures make it possible to choose the com-
position of a nanocrystalline alloy more flexibly and apply different
synthesis technologies [11].
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From the viewpoint of microwave applications, the ferromag-
netic resonance linewidth is one of the most (if not the most) im-
portant parameters that directly characterize damping in magnetic
medium [12]. First of all, the FMR linewidth of any magnetic material
depends on its intrinsic damping parameter. At the same time, there
are additional extrinsic mechanisms of magnetization relaxation,
among which the two-magnon scattering processes give a dominant
contribution to the microwave power absorption and FMR line
broadening of thin magnetic films [13]. These processes are caused
by the damping of spin waves (magnons) when they interact with
nonuniform internal magnetic fields arising in a magnetic material
due to various reasons. In particular, the effect of the random local
anisotropy on the two-magnon scattering processes of polycrystal-
line thin films has been studied in Ref. [14,15], and the effect of
randomly distributed roughnesses on the surface of the film has
been addressed in Ref. [16,17]. Also, the possibility of controlling the
magnetic damping in films by introducing artificial magnetic in-
homogeneities has been more recently reported in several pa-
pers [18-20].

Studies of nanocrystalline thin films have revealed a strong effect
of the crystallite size on the coercivity, magnetic anisotropy and
permeability of the films [21,22]. If the crystallite size is less than the
magnetic correlation length, the exchange and dipolar interactions
between crystallites average out the random anisotropy of individual
crystallites, which leads to a substantial decrease in the coercivity
and an increase in the permeability of the nanocrystalline medium.
This also results in an emergence of a unique wavelike quasiperiodic
magnetic structure, which wavelength depends on magnetic para-
meters of the film and the strength of an applied magnetic field
[23-26]. This nonuniform magnetic structure, called magnetization
ripple, might be the source of additional damping mechanisms in
thin films [27,28].

In this paper, we investigate the revealed in nanocrystalline
permalloy thin film effect of the sharp broadening and shift of the
FMR line, caused by the scattering of spin waves on the quasiperiodic
magnetic structure - magnetization ripple. The possibility of the
existence of this effect was first pointed out by Ignatchenko and
Degtyarev [29] and more recently using the micromagnetic simu-
lation by the authors of the present study [30]. For a detailed ex-
ploration of the effect, the results of structural and magneto-
structural studies, as well as the results of scanning and broadband
FMR spectroscopy, were supplemented by the results of micro-
magnetic simulations of the magnetic structure and high-frequency
magnetic permeability of the films. To explain the physical me-
chanism of the effect, we also considered the two-magnon scattering
model with which we derived an expression for estimating the cri-
tical crystallite size below which the effect disappears.

2. Experimental
2.1. Samples synthesis

Two nanocrystalline thin magnetic films (sample 1 and sample 2)
with thicknesses of 40 nm were simultaneously fabricated in one
deposition cycle by DC magnetron sputtering of Fe,gNigg target (Kurt
J. Lesker Company). The films were deposited on quartz glass
12 x 12 x 0.5 mm? size substrates having a roughness of 1 nm or so.
Before the sputtering, the substrates were washed in an ultrasonic
bath in a hot weak soap solution and 10% H,0, solution, followed by
drying in isopropyl alcohol vapor. After the washing procedure, an
amorphous SiO layer with a thickness of 200 nm was thermally
deposited on the substrates to exclude the possibility of large crys-
tallites formation on the initial stage of magnetic film growth. The
substrates were placed in the substrate holder with a square mask
10 x 10 mm? in size. The distance between the target and the sub-
strates was 170 mm. The magnetron power density near the target
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was kept constant at 4.7 W/cm?, which provided a deposition rate of
0.25 nm/s. The base pressure was 3 x 107 Pa, and the argon pressure
during magnetron sputtering was 2 x 10~ Pa. The temperature of the
substrates was maintained at 200 °C, and a uniform static magnetic
field of 200 Oe was applied in the films plane to induce uniaxial
magnetic anisotropy. After the sputtering, sample 1 was removed
from the vacuum chamber, while sample 2 was left to be annealed
(to induce crystallites growth) at a temperature of 350 °C for 3 h.
During the annealing, the pressure was 3 x 107 Pa, and the same
static field of 200 Oe was applied to the sample.

2.2. Characterization of crystalline and magnetic structure

The morphology, microstructure and local elemental composi-
tion of the samples were characterized by transmission electron
microscopy (TEM) using a JEM-2100 (JEOL Ltd.) microscope oper-
ating at the accelerating voltage of 200 kV. The microscope was
equipped with an energy dispersive spectrometer (EDS), Oxford Inca
x-sight, which was used to determine the elemental composition of
the samples. The selected area electron diffraction (SAED) and high-
resolution TEM (HRTEM) were employed to determine the structure
of the crystallites. The magnetic structure of thin films was imaged
by Lorentz transmission electron microscopy (Lorentz TEM) [31,32]
using a JEM-2100 (JEOL Ltd.) electron microscope. For TEM mea-
surements, magnetic films were preliminarily separated from sub-
strates using a 10% aqueous solution of hydrofluoric acid and placed
on Cu TEM support grids.

2.3. Microwave measurements

The microwave magnetic properties of the samples were in-
vestigated using a shorted microstrip line fixture connected to a
vector network analyzer (VNA) R&S ZNB20. The design of the fixture,
inside which the sample was placed, and the overall scheme of the
measurement setup used in this work were analogous to those
presented in Ref. [33]. The frequency band of the measurement
setup was ranged from 100 MHz to 9.5 GHz. The measurements
were carried out in the frequency sweep mode for in-plane static
magnetic field values ranging from 0 to 1 kOe. The complex mag-
netic permeability of the films p = p'- ip" was determined from the
scattering matrix component Sy;, which characterizes the reflection
of the microwave signal from the fixture. For this, we used an ana-
lytical expression (6) of Ref. [34]. Before each measurement, the
setup was calibrated by subtracting the background signal (including
the signal from the substrate) from the total one. This was achieved
by applying an external magnetic field and saturating the in-
vestigated film along the direction parallel to the microwave field. In
this case, the magnetic response from the film vanished, and the
background output signal was used to calibrate the VNA. After that,
the permeability p was measured in a magnetic field H applied
perpendicularly to the microwave field, when the maximum mag-
netic response from the film was expected.

The basic magnetic properties of the samples were determined
using a scanning FMR spectrometer [35,36]. The absorption spectra
were measured at a fixed driving frequency of 2.5 GHz while
sweeping an in-plane magnetic field. The effective saturation mag-
netization Mg and the value of the in-plane uniaxial magnetic ani-
sotropy field H, were extracted from the measured angular
dependencies of the resonance field by fitting the parameters of a
theoretical model of a single domain film to the experimental data
[37,38]. It should be noted that the FMR method allows for the de-
termination of not the actual saturation magnetization M; of the
films but only its effective value My = M; - Hp/4m. The perpendicular
magnetic anisotropy H, in this expression can be related to the
surface anisotropy of the films [11], or nonuniform magnetic fields
originated, for instance, from columnar microstructure formed in
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the films [39,40] or roughnesses on the film substrate [41]. Usually,
Hp < <4nM;, and it can be considered approximately that Mg ~ M.

All experiments presented in this paper were performed at room
temperature.

2.4. Simulation details

We numerically investigated the magnetic microstructure and
the microwave permeability of nanocrystalline thin films using a
micromagnetic model, which justification and detailed description
are given in Refs. [30,42,43|. The model is based on the following
expression for the free energy of the nanocrystalline thin mag-
netic film:

F=],

Thmm - K vy - X

~HM + —(VM) 5 v
S

(M) |dV.

(1

Here, the first term describes the energy of an external magnetic
field H (the Zeeman energy), the second - the energy of the ex-
change interaction with the exchange stiffness constant A, the third
- the energy of the demagnetizing field H" (the dipolar interaction),
and the fourth - the induced uniaxial magnetic anisotropy with the
constant K, and easy axis unit vector n. The last term of the ex-
pression represents the energy of the local uniaxial magnetic ani-
sotropy K with a random orientation of easy axes in the crystallites 1
=1(r). We note that the usage of uniaxial symmetry instead of cubic
one for the description of the random magnetic anisotropy in the
model makes it possible to significantly simplify the calculations and
reduce the computation time. Moreover, as shown in Refs. [23-26],
due to the averaging of the random anisotropy the influence of its
symmetry results only in the renormalization of local anisotropy
constant, in particular, in the substitution in (1) of K for 0.39Kj,
where K; is the constant of local cubic anisotropy (see, for example,
Appendix B in Ref. [25]). The distribution of the magnetization is
described by the vector M(r), the modulus of which is constant
|[M(r, t)| = M. The demagnetizing field H™ was determined from the
magnetostatic approximation of the Maxwell equations rot(H™) =0
and div(H™) =-4n div(M) [43], using analytical expressions of
Ref. [44].

Using the finite-difference method [42], the considered object
was discretized on N identical cuboid elements of volume V,,, where
the magnetization vector M;, (i=1,2,.,N) was constant within each
element. The in-plane size of the elements equaled the average
crystallite size Do, while the height of the elements equaled the
thickness of the film, that is V = DZd. The total number of the dis-
crete elements in the film plane xy was N=NxxNy
=2048 x 2048 =~ 4 x 10®, Two-dimensional periodic boundary condi-
tions were applied to the dipolar and exchange interactions [45], to
exclude the influence of the internal magnetic field inhomogeneity
arising at the edges of finite-size samples [46].

The magnetic microstructure (equilibrium distribution of the
magnetization M;) of nanocrystalline thin films was determined
from the solution of the system of linear inhomogeneous equations
with undetermined Lagrange multipliers [42]. Each equilibrium
magnetization distribution was tested for stability. In the case of
instability of the obtained solution, the search for a new equilibrium
state in the direction of the system relaxation was made [42]. The
microwave magnetic permeability of the films was calculated by the
method of undetermined coefficients for solving the system of lin-
earized Landau-Lifshitz equations [43], describing the magnetiza-
tion oscillation in each discrete element.
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3. Results and discussion
3.1. Composition and crystalline structure

Fig. 1a-c displays the results of transmission electron microscopy
and electron diffraction investigations for sample 1, and Fig. 1d-f for
annealed at 350 °C sample 2. As can be seen, the as-deposited film
(sample 1) has a nanocrystalline structure (Fig. 1a). The electron
diffraction pattern (inset in Fig. 1a) obtained for the film area 1.3 pm
in diameter indicates that the crystallites are randomly oriented.
These close-packed crystallites with sizes ranging from 4 to 28 nm
comprise the continuous film. The crystallite size distribution ob-
tained from the analysis of the TEM images of sample 1 has an al-
most symmetrical shape and can be well described by a normal
distribution with the mean value Dy =11.6 nm and the standard
deviation o = 3.4 nm (Fig. 1c). As Fig. 1d-f evidence, the annealing of
sample 2 at 350 °C for 3 h expectedly resulted in the crystallite size
growth. The crystallite diameter spreads substantially, from 4 to
150 nm, with the mean value Dy =40.1 nm and the standard devia-
tion 6 =22.1 nm. In contrast to as-deposited sample 1, the crystallite
size distribution of annealed sample 2 is asymmetrical (Fig. 1f) and
more consistent with a log-normal distribution, which is commonly
observed for polycrystalline materials [47]. The EDS data show that
for both samples 1 and 2, the atomic percentage of Fe was
20 + 0.5at%, and Ni 80 + 0.5 at%. An analysis of the SAED patterns
and HRTEM images also indicates that the films consist of Fe,gNigg
crystallites (space group Fm-3m, lattice constant a = 0.355 nm). The
SAED patterns (Fig. 1a, d) demonstrate the full set of diffraction re-
flections of a polycrystalline type that correspond to the face-cen-
tered cubic crystal structure of Fe,oNige. The results of structural
analysis and elemental composition data for samples 1 and 2 are
summarized in Table 1.

3.2. Magnetic structure

Fig. 2 presents images of the magnetic structure typical for
sample 1 (Fig. 2a, b) and sample 2 (Fig. 2d, e) obtained by Lorentz
TEM without an external magnetic field in the film region. The
contrast in Lorentz TEM images arises due to the interaction of
electrons with the magnetization of the film and their deflection
when passing through the sample [31,32]. A low-angle Néel domain
wall network is clearly distinguished for sample 1 (Fig. 2a, b), visible
on the image as high-contrast bright and dark lines, depending on
the orientation of the magnetization on both sides of the walls.
Furthermore, magnetic imaging shows that the magnetization or-
ientation varies even inside the magnetic domain, which can be seen
on the image as thin bright and dark wavelike lines that are per-
pendicular to the direction of the local magnetization M. This fine
magnetic structure known as magnetization ripple [31] originates
from the random orientation of the local magnetic anisotropy of
individual crystallites [23-26]. Annealed sample 2 does not display
visible N é el domain walls (Fig. 2d, e), but its ripple amplitude is
noticeably higher than that of sample 1.

3.3. Microwave properties

Using the scanning FMR spectrometer, we determined the ef-
fective saturation magnetization M.y and the field H, of the uniaxial
anisotropy induced by an external magnetic field during films
sputtering. This was done by measuring the absorption spectra from
local areas (1 mm?) and with a step of 1 mm over the whole film
surface. The measurement results for samples 1 and 2 are shown in
Fig. 3. Relatively high uniformity in the distribution of magnetic
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Fig. 1. a, d TEM images, b, e HRTEM images, and c, f crystallite size distributions for samples 1 and 2. Insets in a, d show SAED patterns for the corresponding samples.

parameters is observed in the central part of the films. However, as
we approach films’ edges, the uniaxial anisotropy field H, sub-
stantially deviates, and the effective saturation magnetization Mg
noticeably decreases. It has been shown in Refs. [46,48] that these
edge effects were caused by the nonuniform demagnetizing fields
originated at the film edges.

The averaged values of the measured parameters for samples 1
and 2 are listed in Table 1. As it follows from the table, the annealing
at 350°C for 3 h resulted in the increase of the effective magneti-
zation M,y from 873.4 to 915 emu/cm?, and the decrease of the an-
isotropy field H, from 4 to 3.20Oe. These changes in magnetic
parameters are caused by the growth of the crystalline phase and the
decrease of the relative fraction of the intergranular amorphous
phase.

Table 1
Summary table of thin films parameters.

Using the VNA-FMR spectrometer, we investigated the micro-
wave characteristics of the samples in a broad range of applied
magnetic fields H and frequencies f. Fig. 4b and d show the ima-
ginary part of the magnetic permeability p=p’ —ip” versus fand H for
samples 1 and 2, when the static external magnetic field H was
applied along the hard axis (HA) of magnetization. Note that the
maximum of the microwave energy absorption, described by the
imaginary part of permeability p”, is observed when the frequency of
the driving field f = o/2m is equal to the FMR frequency of the film. In
this case, p" max = op/aw, where ay, = y4mMs, y=1.76 x 107 rad/s Oe is
the gyromagnetic ratio, and « is the dimensionless damping para-
meter. As the applied field H increases, the FMR frequency increases
as well, resulting in the decrease of the p”,,.x proportionally to o.
Therefore, to make the details of the FMR spectra clearly visible for

Parameters

Structure parameters”

Average crystallite size Dy (nm)

Standard deviation of crystallite size ¢ (nm)
Chemical composition”

Fe/Ni (at%)

Magnetic parameters*

Effective saturation magnetization Mg (emu/cm?)
In-plane uniaxial anisotropy field H, (Oe)
In-plane uniaxial anisotropy constant K, = H,Meg/2 (erg/cm?)
Fitting parameters of the micromagnetic model
Local uniaxial anisotropy constant K (erg/cm?)
Exchange constant A (erg/cm)

Damping parameter o

sample 1 sample 2
11.6 401

34 221

20/80 20/80
8734 + 6.2 915.0 + 7.6
4.0 £ 0.21 3.2 +0.26

(1.75 £ 0.07) x 10 (146 + 0.11) x10°

12.55x 10% 6.90 x 10*
1x1076 1x107®
0.0065 0.0065

2 TEM analysis.
b EDS analysis.
¢ Scanning FMR spectrometer.
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Fig. 2. Lorentz TEM images for samples 1 (a, b) and 2 (d, e), and magnetic structures obtained using micromagnetic simulations for samples 1 (c) and 2 (f). Insets in ¢ and f show
the distribution of the magnetic moments depending on the angle of their deviation from the x-axis.

all frequency range from O to 8 GHz, in Fig. 4b, d we show normal-
ized dependencies p’(f,H)-w/wy. This normalization allowed us to
represent p”(f,H) spectra on the same scale and to enhance the visual
perception of regions on the p’(f,H)-maps (Fig. 4b, d) with the
maximum broadening of the FMR line. As an example, in Fig. 4a, c
the solid lines show the fragments of the normalized FMR spectra
w'(H) and p"(H) at a frequency of f =4 GHz.

The phenomenological theory of ferromagnetic resonance for a
single domain (SD) thin film with uniaxial magnetic anisotropy gives
the following simple expression for the magnetic permeability [13].

WM Wz

H)=u —iu" =1+ - s
wUH) = p =i wd — @ + 0w (w; + wy) (2)
where wg = 27fy = fw,w, is the frequency of the uniform FMR
mode. When the film is magnetized along the HA (as in the ex-
periment), the values of o, and o, can be determined from the
conditions

w; = y(4nMs + Hy);
wz = y(4nMs + H);

wy = y(Hi = H)[H,
wy =y (H - Hy)

forH < H,,
forH 2 H,. (3)

The dashed lines in Fig. 4a, c show the theoretical dependencies
w'(H) and p"(H) calculated using Eq. (2) for the experimental para-
meters of the films. Comparing the theoretical and experimental
curves, one can see that the nanocrystalline structure of the films
leads to the shift of the resonance field and broadening of the FMR
line. This transformation of the FMR spectrum is more pronounced
for sample 2, which average crystallite size 3.5 times larger than that
of sample 1.

As was already mentioned in the introduction, the FMR linewidth
of any magnetic material is primarily determined by its intrinsic
damping parameter. However, inhomogeneities in magnetic samples

become the source of another - extrinsic - relaxation mechanisms.
Among them, the two-magnon scattering processes are of the most
importance [ 13]. To separate the intrinsic and extrinsic contributions
to the relaxation, it is convenient to express the measured resonance
field Hg and FMR linewidth AH as sums consisting of two terms

Hg = Ho + Hm),
AH = AHy + AHCm), (4)

where the first term on the right side of each expression describes
the uniform FMR of a thin film without considering its in-
homogeneous structure, while the second one accounts for the two-
magnon scattering of spin waves on inhomogeneities (this will be
discussed later in Section 3.5). Here, the resonance field Hy should
satisfy the condition wp = 27fy = f@,@y, and the FMR linewidth is
determined by the well-known expression 4Hy = 4zfyafy [13]. With
theoretical values for Hy and AH,, we can extract H?™ and AH®™
from the measured Hg and AH using Eq. (4).

Fig. 5a, b shows the additional contributions to the FMR line-
width AH®™ and resonance field shift H?™ as a function of the
frequency fo. These dependencies were obtained from the experi-
mental data for sample 1 (triangle symbols) and sample 2 (circles).
First of all, one can see significant broadening and shift of the re-
sonance field occurring for both samples at low frequencies below
1 GHz. This can be easily understood from Fig. 4b and d, where insets
show normalized dependencies p"(H) at a frequency of 0.6 GHz
(sample 1) and 0.8 GHz (sample 2). An additional peak can be seen in
the FMR spectrum for the field H = H, when the film was magnetized
along the HA. This peak, which was first revealed in the work [49],
leads to the distortion of the spectrum, and, consequently, to the
FMR line broadening and resonance field shift. At higher frequencies
(above 1GHz), the dependence AH®™ of sample 1 monotonically
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Fig. 3. Distribution of the effective saturation magnetization M.y and uniaxial anisotropy field H, over the surface of the sample 1 (a, b) and sample 2 (c, d).

increases with fo. This behavior agrees well with the two-magnon
scattering theory developed by Arias and Mills for the in-
homogeneous ultrathin films [17]. However, sample 2 exhibits sub-
stantial broadening of the FMR line with the maximum value of
AHC™ =14 Qe at a frequency of f, =5 GHz.

The broadening of the FMR line is also accompanied by the shift
of the resonance field on the value H®™ relative to the field Ho. As
Fig. 5b demonstrates, the dependence H®™)(fy) of sample 1 first
gradually increases with the increase of the resonance frequency fo,
achieving the maximum of 1.8 Oe at fp =5 GHz, and then decreases
monotonically down to 1 QOe. Similar but more distinct behavior of
H2™)(fy) is observed for sample 2. The shift of the resonance field is
reaching its maximum of 4.5 Oe at a frequency of f ~4.5 GHz and
becomes close to zero at fo = 9.5 GHz.

3.4. Results of micromagnetic simulation

To study the FMR line broadening and shift effect, we performed
micromagnetic simulations of the magnetic microstructure and
microwave permeability of the films. The parameters used in mi-
cromagnetic simulations for samples 1 and 2 are listed in Table 1.
Note that in the simulation, we applied experimental values for the
saturation magnetization My = My and induced uniaxial anisotropy
constant K. For both samples, the same value of damping parameter
a accounting for intrinsic relaxation was used. The value of
a=0.0065 was estimated from the experimental data for sample 1
recorded at a frequency of fy =9.5GHz. A typical for permalloy
(FeyoNigo) value of the exchange constant A =1x10"° erg/cm
was used.

An important parameter of the numerical model is the local
magnetic anisotropy constant K. Apart from the magnetocrystalline
anisotropy of individual crystallites, other sources of the local ani-
sotropy can be local stresses [22,50] and their gradients [51] arising
from the thermal expansion coefficient mismatch between film and
substrate, or lattice defects. Also, surface magnetic anisotropy plays
an important role in nanosized particles. It was empirically found
[52] that the contribution of the surface anisotropy to the effective
local magnetic anisotropy increases with the decrease of crystallite
size as K =K, +6Ks/Do, where K, and K are the volume and surface
anisotropy constants. In this work, the value of K was fitted to
achieve the best agreement between numerical and experimental
results. It has turned out that K of sample 1 was 1.8 times larger than
K of sample 2 (see Table 1). In our opinion, this is due to the influ-
ence of the surface anisotropy of crystallites. The estimate of the
volume and surface anisotropy constants for these values of K yields
the reasonable values K, =4.6x10* erg/cm?, and K, =1.54x 1072
erg/cm?.

Numerical simulations of the magnetic microstructure of the
nanocrystalline films were performed for the case when an external
magnetic field H was applied along the hard axis. In a Cartesian
coordinate system, which xy plane coincided with the film plane, the
direction of the HA was chosen to lie along the x-axis. First, the film
was saturated with a magnetic field of 100 kOe, and then the field
was decreased to zero with a constant (on a logarithmic scale) step
dH (lgdH = 0.1). For sample 1, the decrease of the field H first led to
the rise of the fluctuations (ripple) of the magnetization M, and then
to the incoherent rotation of the magnetization at separate regions
toward the y-axis and formation of low-angle domain walls oriented
orthogonally to the field and HA. Fig. 2c presents the 0M,/0x
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Fig. 5. Frequency dependencies of FMR line broadening AH?™ (a) and resonance
field shift H™ (b) obtained experimentally with VNA-FMR (symbols) and from
micromagnetic simulations (lines) for samples 1 and 2.

distribution calculated for H = 0, showing qualitative agreement with
Lorentz TEM images in Fig. 2b. The arrows in Fig. 2c schematically
depict the direction of the magnetization M in magnetic domains,

while the inset shows the statistical distribution of the crystallites’
magnetic moments depending on the angle of their deviation from
the average magnetization. For sample 2, the field decrease also
resulted in the magnetization fluctuations (ripple) increase, but for
the field of H =0 (Fig. 2f), there is no defined domain structure.

With the micromagnetic simulation of the microwave perme-
ability of the films, we studied the features of FMR line broadening
AH®™ and resonance field shift H?™. The solid lines in Fig. 5a and b
show numerically calculated dependencies AH®™(fy) and H®™(f,).
For sample 1, simulation results are in good quantitative agreement
with the experimental data. A slight discrepancy might be related to
the dispersion of the crystallite size in the real sample (see Fig. 1c),
as in the numerical model all crystallites had the same size D,.

The simulation for sample 2 shows that the frequency depen-
dence of the FMR line broadening AH®™ has a sharp peak at a
frequency of ~ 5 GHz (Fig. 5a). This sharp increase in the FMR line
broadening is also accompanied by a substantial shift of the re-
sonance field H®™ both to the positive and negative values. Fur-
thermore, H®™ changes sign near the frequency position of the FMR
line broadening maximum (Fig. 5b). As can be seen, the simulations
are in reasonable agreement with the experimental results. Al-
though the large crystallite size dispersion of sample 2 (Fig. 1f) ap-
parently results in smoothing of the sharp peak visible on
numerically calculated AH?™)(fy) and also smoothing of H®™(f,)
curve.

To verify this suggestion, we calculated absorption spectra for 15
nanocrystalline films that differed only in crystallite size, ranging
from 10.1 to 80.1 nm with 5nm step. Other magnetic parameters
were the same and corresponded to the parameters used in micro-
magnetic simulations of sample 2. We then calculated the weighted
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sum of the obtained spectra according to the function of crystallite
size distributions for sample 2 (Fig. 1f). The broadening and shift of
the obtained “integral” FMR lines are shown by dashed lines in Fig. 5.
One can see that the dispersion in crystallite sizes indeed results in
the smoothing of AH?™)(fy) and H?™)(f,) dependencies obtained by
simulation for sample 2 with Dy =40.1 nm. Overall, a better agree-
ment between the results of numerical calculations and the ex-
periment is achieved. The lack of complete matching is probably
because of the necessity of considering in the model not only the
crystallite size dispersion but also the dispersion of the saturation
magnetization and the local magnetic anisotropy constant, which
are almost invariably present in nanocrystalline materials.

3.5. Mechanism of the FMR line broadening

In this section, we will address the revealed for sample 2 effect of
the sharp FMR line broadening at a frequency of ~ 5 GHz and answer
the question of why it is not observed for sample 1. First, we will
consider the influence of the nanocrystalline structure of a thin film
on the formation of its magnetic structure. Then we will reveal the
role that magnetic structure plays in the two-magnon scattering and
determine the critical crystallite size below which the effect of sharp
FMR line broadening disappears.

3.5.1. Relation between crystalline and micromagnetic structures

Fig. 6 presents the general scheme of the magnetic structure
formation in nanocrystalline thin magnetic films. The main feature
of such films is their small crystallite size Dy in comparison with the
effective radius of the exchange and dipolar interactions. The mag-
netic coupling between crystallites averages and partially suppresses
the local magnetic anisotropy in randomly oriented crystallites. But
in most cases, the random anisotropy is not suppressed completely,
and the magnetization vector M in different areas of the film de-
viates slightly from its mean direction. As a result, a unique quasi-
periodic magnetic structure with spatial magnetization oscillations
around some average direction is formed in the nanocrystalline thin
film. This structure, as noted earlier, is called magnetization
ripple [23-26].

The static theory of such fine magnetic structure was considered
in the most detail in the works of Hoffmann [23,24]. Hoffmann,
based on the results of Lorentz TEM, developed a model of non-
interacting “particles” - magnetically coupled regions formed in the
film (see Fig. 6). The shape of such “particles” is generally an ellip-
soid, strongly elongated in the direction orthogonal to the external
field. And their size is determined by the strength of the external
magnetic field, as well as the radius of the exchange and dipolar
interactions. When the film is magnetized along the HA, the length
of the ellipsoid semiaxis R in the linear approximation [23] is
Ry= yD/(H - Hy), (5)

Thin magnetic film with
crystallite size Do (nm scale)

Do ~ nm

Magnetically
coupled region
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Fig. 7. Longitudinal correlation radius Rj| versus effective internal magnetic field for
samples 1 (circles) and 2 (triangles). The dashed line shows the theoretical depen-
dence calculated with Eq. (5).

where D =2A/M;. By averaging the random magnetic anisotropy
within the magnetically coupled region, Hoffmann derived an ex-
pression for the magnetization dispersion, and the most probable
dominant wavelength of the ripple in the longitudinal direction,
Ag = 27R = 27D|(H — H,). Using a correlation analysis method
[30] on the magnetic structures obtained with micromagnetic si-
mulations for samples 1 and 2, we estimated the spatial length of
magnetic correlations, that is, we determined an average size of the
magnetically coupled region Rjalong the direction of an average
magnetization. The calculated for samples 1 and 2 dependencies of
R on an effective internal magnetic field H - H,, are plotted in Fig. 7.
The dashed line in this figure shows the theoretical dependence
calculated with Eq. (5) for the parameters of sample 1, and it is al-
most the same for sample 2 (not shown).

The linear theory of Hoffmann is in good agreement with the
simulation results for magnetic fields ranging from 1 to 1000 Oe for
sample 1, and from 10 to 100 Oe for sample 2. At the large strength of
the internal field H - H,, the size of the magnetically coupled region
is limited by the crystallite size. As Fig. 7 shows, the longitudinal
correlation radius Ry tends to R=Dy/2 for H - H, — . In weak fields,
the results of the numerical simulation and theory are also in dis-
agreement. This discrepancy emerges because in weak fields the
magnitude of magnetization ripple significantly increases, and the
linear approximation used by Hoffmann for deriving Eq. (5) becomes
invalid [23,25].

3.5.2. Two-magnon model of FMR damping

The quasiperiodic magnetization fluctuations with wavelength Az
are the source of the magnetic inhomogeneities in the nanocrys-
talline thin magnetic films, with the characteristic size R and wa-
venumber kg = 277/Ag = 1/R).. Note that, according to Eq. (5), the size
of these inhomogeneities depends not only on the magnetic para-
meters of the film, but also on the strength of the effective internal
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field. In the two-magnon scattering theory [13,15,17], magnetic in-
homogeneities (particularly originated from the nonuniform mag-
netic structure) are treated as a perturbation of the eigenmodes
(spin waves) of the uniform film. Inhomogeneities disturb the or-
thogonality of the eigenmodes and lead to their interaction. Thus,
the energy of the considered type of oscillations (particularly the
uniform FMR mode) can leak into the other modes, providing an
additional channel of dissipation.

Let us consider in more detail the mechanism of two-magnon
scattering in thin magnetic films. The dispersion equation for spin
waves, in the case of the uniaxial thin film uniformly magnetized
along the HA, has the following form [17].

w = yy/[H + Dk* + 4zM;Ni][H — Hy + Dk* + 4zM; sin? ¢, (1 — No)].
(6)

Here ¢ is the angle between the mean magnetization and the
propagation direction of a spin wave with wavenumber k, and N is
the demagnetization factor. According to [25], this factor for a thin
film can be expressed as

1 — ek
T kd (7)

It has been shown in Ref. [17] that the scattering of spin waves on
inhomogeneities only possible if ¢, = 0. The dispersion Eq. (6) for this
case is shown in Fig. 8a, where wg is the frequency of the uniform
FMR (spin wave with k=0). As can be seen from the figure, the
uniform mode frequency coincides with the frequency of a spin wave
with k =k;. For the effective transfer of the uniform mode energy to
the energy of the spin wave with wavenumber ks a nonuniform
periodic magnetic field with the wavenumber kg = k; is required. This
is the process of two-magnon scattering of spin waves on in-
homogeneities, which results in the FMR line broadening and re-
sonance field shift.

Using the following equation

Ne(k, d)

Two-magnon scattering process
(@)  activated by the magnetic structure

Uniform |/
FMR

Spin
waves

¥V Vw \
0 k
(b) T T T T
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—— Sd
B —5— ked
4r sample 2 )
— ks

0 10 20 30 40 50
Resonance frequency fo (GHz)

Fig. 8. a Spin-wave dispersion Eq. (6) and illustration of the two-magnon scattering
on the quasiperiodic magnetic structure - magnetization ripple. b Frequency de-
pendencies of the maximum wavenumber ks calculated with Eq. (8) and the mag-
netization ripple wavenumber kg obtained by micromagnetic simulations for samples
1 and 2.
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wk( HO- kS- ¢I( = 0) = wo (8)

for the parameters of samples 1 and 2, we calculated the de-
pendencies of ks on the resonance frequency fy = wo/2m. These de-
pendences are shown in Fig. 8b by dashed and solid lines in the
range of up to 50 GHz. Also, in this figure we plotted dependencies
kr(fy) = 1/R(fy) for both samples, using the longitudinal correlation
radius values obtained by the micromagnetic simulation (Fig. 7). The
data plotted in Fig. 8b help explain why there is no sharp FMR line
broadening for sample 1 with the average crystallite size of Dy
=11.6 nm - the dependence kg(fo) does not cross the ks(fo) curve,
meaning that the condition ks =kg at which the effect emerges
cannot be met in all frequency range. Contrary to that, the de-
pendencies kg(fo) and ks(fo) calculated for sample 2 with the average
crystallite size Dy =40.1 nm intersect at a point of fo = 5 GHz. And for
this frequency, the maximum scattering of spin waves (in our case,
uniform mode) on the magnetic inhomogeneities of the magneti-
zation ripple is indeed observed.

In our previous work [30], we derived an expression for esti-
mating the critical crystallite size D.,, above which the effect of the
sharp FMR line broadening occurs. This expression is easy to obtain
if we take into account that with an increase in the resonance fre-
quency fo (or resonance field Hyp), the wavenumber kg of the mag-
netization ripple tends to the limit kg(e)=2/Dq (see Section 3.5.1),
and the wavenumber k; grows monotonically until a certain sa-
turation value k(). From Eqs. (7) and (8), we have

ks() = 27 (1 = Ne(ks, d)) [Lex, (9)

where a characteristic parameter - the exchange length
Lex = y2A/M? is determined by the competition between the ex-
change and dipolar energies [11]. As can be seen directly from
Fig. 8b, the criterion kg() = ks() allows one to obtain the expression
for the estimating of critical crystallite size D as

Der = g(d/Der)-Lex. (10)

The function g(d/D.) = \/2/71(1 — Ni(k = 2/Dg, d)) in (10) ra-
pidly decreases with the increase of the ratio of the film thickness to
the crystallite size d/D., and tends to the constant value of about 0.8.
Therefore, for sufficiently thick films compared to the crystallite size
(d/D¢>5), the critical size approximately equals D¢ = 0.8 L.x. When
the crystallite size is comparable to the nanocrystalline film thick-
ness, the critical size is D¢ = Lex. The calculation of D, with Eq. (10)
for the parameters of the experimental samples gives a value of
14.3 nm, which agrees with the experimental results shown in Fig. 5.

4. Conclusions

In this paper we have experimentally revealed and explored
theoretically a new effect of sharp broadening and shift of the fer-
romagnetic resonance line in nanocrystalline thin magnetic films.
The studies were carried out on samples of nanocrystalline per-
malloy (FepNigg) films 40 nm in thickness with different crystallite
sizes. Based on the results of structural and magneto-structural
studies, as well as the results of micromagnetic simulations, we have
demonstrated that this effect is caused by the scattering of spin
waves on the quasiperiodic magnetic structure of magnetization
ripple that emerges in nanocrystalline films due to the random or-
ientation of the crystallite magnetic anisotropy. The revealed effect
is of the threshold nature as it can only occur when the crystallite
size of a film is greater than the critical value D.. Generally, the
critical crystallite size D depends on the thickness, the exchange
constant A, and the saturation magnetization M; of the film, but it
can be approximated as D, = L.y, Where the characteristic parameter
Lex = 2A/M? is determined by the competition between the ex-
change and dipolar energies. This work extends our understanding
of the relationship between nanostructure-magnetic
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structure-magnetization dynamics and opens up new possibilities
for optimizing microwave characteristics of nanocrystalline
thin films.
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