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Spin-wave resonances in a diffusion-sensitive epitaxial film YIG
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It is shown that in a tangentially magnetized film of iron yttrium garnet exist two types of resonances — a homo-
geneous ferrimagnetic resonance in the region of the film’s homogeneous magnetization (outside the diffusion layer),
and inhomogeneous spin-wave resonance within the thickness of the diffusion layer. A method of calculating the
magnetization distribution over the film thickness using measured frequencies of the spin-wave and ferrimagnetic

resonances.

The method of mathematical modeling has established that the magnetic inhomogeneity of the transition layer
layer introduces significant distortions of the oscillation epure at the frequency of the spin-wave resonance, and
the nature of the distortions significantly depends on the magnitude of the magnetizing field. The results of the
conducted can be useful for nondestructive control of the layered structure of YIG epitaxial films.
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1. Introduction

The current stage in the development of micro- and
nanoelectronics is characterized by the widespread use of
quantum phenomena in solids. This served as the basis for
the rapid development of fundamental and applied studies
in the field of micro- and nanomagnetism. In terms of
practical application, the greatest interest is the study of
spin-wave excitations in magnetically ordered ferrite media.
Based on these studies, new scientific directions were
formed, such as spin-wave electronics [1], spintronics [2]
and magnonics [3-5]. Further development of these areas
was associated with the practical development of ultrashort
exchanged spin waves (ESW) with wavelengths of about
100 nm and less [6].

The existence of exchange spin waves was predicted as
early as 1930 in Bloch’s famous paper [7]. These waves
resulted in particular interest due to their exceptionally
small lengths, about the radius of the exchange interaction.
However, this advantage created significant difficulties in
their detection. For the excitation of exchange waves,
an unattainably high localization of UHF magnetic fields,
about 10nm, was required. The first observation of
ESW was reported only in 1957, in Sulla’s paper [8].
Waves were observed in the form of parametric decay
products. Shortly thereafter, spin-wave resonances (SWR)
were identified, which were initially observed in thin
permaloy films [9,10], and then in epitaxial films of yttrium
iron garnet (YIG) [11,12]. The excitation of SWR did not
require high localization of magnetic fields. They could
be excited even in a uniform UHF magnetic field, but this
required the spins pinning on the surface film [13].

In papers [14,15] another mechanism of ESW excitation
was proposed, based on the transformation of electromag-
netic and exchange spin waves in heterogeneous magnetic
fields. The field heterogeneity was created by demagnetiza-
tion fields in bulk samples of single-crystal YIG. Later, the
effects of SWR excitation were discovered in implanted YIG
films [16,17]. The waves were excited in the implanted layer,
propagated deep into the YIG film, and reflected from its
opposite surface. In the pulse mode, they could be observed
in the form of a series of equidistant echo pulses of the
ESW. Similar results were obtained in specially made YIG
films with a smoothly varying magnetization over the entire
thickness of the film [18,19].

Note that in all the papers cited, an artificially created
magnetic heterogeneity of the film was used, although
it was known that YIG epitaxial films themselves are
heterogeneous. Structural heterogeneities of YIG films were
studied in a number of papers [20-23]. It was shown that a
thin diffusion (transition) layer with reduced magnetization
always forms on the inner surface of YIG film adjoining
a nonmagnetic gadolinium-gallium garnet (GGG) substrate.
The transition layer was formed during epitaxial growth due
to the diffusion of nonmagnetic ions Gd**, Ga*" into the
YIG film (Y3FesO12) and magnetic ions Y**, Fe3* into
the GGG substrate (Gd;GasOjy). This equally applied to
YIG films grown by liquid-phase epitaxy [21], ion-beam
epitaxy [22], and magnetron sputtering [23]. Depending
on the type of epitaxy and substrate temperature during
growth, the thickness of the transition layer could vary
from ~ 5nm [22] to ~ 500 nm [23]. The greatest thickness
of the transition layer was achieved with liquid-phase
epitaxy.
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Figure 1. Measurement scheme of S-parameters of the experimental prototype (a) and the results of measurements of amplitude-
frequency (b) and phase-frequency characteristics (c¢) of the reflected signal. Magnetizing field Hyp = 3972 Oe, resonance frequencies

f5 = 13.536 GHz, f§ = 13.498 GHz.

In recent papers [24,25] it was shown that in the transition
layer of the YIG film, the effects of transformation of
electromagnetic and exchange spin waves also arise. The
excitation of exchange waves was observed as a series of
echo pulses radiated deep into the YIG film and reflected
from its opposite surface. However, ESW echo pulses could
be observed only in the case of normal film magnetization.

In this paper we discuss the features of the excitation
of exchange spin waves, which arise during the tangential
magnetization of the epitaxial YIG film.

2. Research structures and mathematical
modelling

To observe the effects of ESW excitation, we used YIG
film d = 2.4 um thick grown by liquid-phase epitaxy on a
nonmagnetic GGG substrate with orientation (111). The
film sample had dimensions of 2 x 2mm. The sample was
installed near the shorted end of the microstrip transducer.
The transducer width was comparable to the dimensions of
the film sample. The sample, together with the transducer,
was placed in a constant magnetic field Hy || z, oriented
in the film plane, as shown in Fig. 1,a. A continuous
UHF signal was applied to the transducer input. The
S11-parameters of the reflected signal were measured. The
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measurements were carried out at fixed values of the
magnetizing field. Typical measurement results are shown
in Fig. 1,b, c.

A pair of resonant absorption peaks was observed on
the amplitude-frequency characteristic of the reflected signal
(Fig. 1,b). The resonant nature of the peaks was con-
firmed by characteristic distortions of the phase-frequency
characteristic in Fig. 1,c. Peak frequencies f§ and f§
were measured using vector analyzer markers. As the
field Hy increases, the peak frequencies f§(Ho) and f$(Ho)
monotonically shifted to higher frequencies region. At
the same time, it was visually observed that the intervals
between them Af€(Ho) = f§(Ho) = f$(Ho) also increased.
Within the measurement accuracy, the field dependences of
f6(Ho) and f$(Ho) almost coincided. Difference frequency
Afe(Hp) < f§(Ho), f§(Ho) turned out to be within the
confidence interval, which made it difficult to quantify it.

To identify the reasons for the peaks appearance, we
solved the problem of ESWs excitation in a tangentially
magnetized YIG film. It was taken into account that
within the thickness of the transition layer the film was
doped with nonmagnetic ions Gd** and Ga®*. According
to the theory of diffusion in solids [26], the concentration
of doping ions was described by the Gaussian function
N(o, X) ~ exp[—(x/c)?]. Taking this into account, the
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Figure 2. The results of calculating the dispersion law Ky (f, X) (a) and the ellipticity parameter of the precession wave 6(f, x) (b) near
the film-substrate interface. Hy = 3972 Oe, Ms = 151G, o = 6.48 - 10 % cm.

magnetization distribution in the transition layer could
be represented as M(Ms, o, X) — Ms{1 — exp[—(x/0)?]},
where o is phenomenological distribution parameter, Ms is
uniform magnetization of the film outside the transition
layer. The crystallographic anisotropy of the YIG film and
dissipative processes were not considered.

The linearized Landau-Lifshitz equation, written with an
allowance for heterogeneous exchange, and the Maxwell
equations system were jointly solved. The solution was
sought in the form of plane monochromatic magnetization
precession waves m ~ exp|i (wt — kxX)] propagating in the
transverse direction of the YIG film, where ky is wave
number, w = 2xf is cyclic frequency, f is excitation fre-
quency. As a result of the solution, an analytical expression
for the dispersion law of ESW ki (f, Ho, Ms, 0, X) and
the precession wave ellipticity ratio 6(f, Hg, Ms, o, X) were
obtained. The ellipticity relation reduced the problem
to finding one component of the precession vector, for
example, My ~ expli (wt — kxX)].

To calculate the parameters Ms and o we used the ex-
pression for the dispersion law of the ESW with the substi-
tution of the experimental values of the resonant frequencies
f§ ~ 13.536 GHz, f§ ~ 13.498 GHz and magnetizing field
Ho =39720e (see Fig. 1,b). As a result, the values of
the parameters Ms = 151G and ¢ ~ 6.48 - 1075 cm were
obtained, which were used to simulate the processes of
excitation of the precession wave in the selected sample of
the YIG film.

Fig. 2 shows 3D plots of the dispersion law Ky(f, X)
(Fig. 2,a) and the ellipticity parameter of the precession
wave O(f, x) (Fig. 2,b). It can be seen that the coordinate
dependence of the dispersion law and the ellipticity param-
eter is most pronounced near the film-substrate interface.

The dispersion of the precession wave shifted to the low-
frequency region, the precession of the magnetization vector
gradually approached circular polarization 0(f, x) — 1.

It is clearly seen in Fig. 2,a that the origin of the
precession wave occurred at the line of intersection between
the dispersion surface Ky (f, x) and the plane ky = 0. Using
the dispersion law of ESW, it was not difficult to calculate
the coordinate dependence of the excitation frequencies
f(x) (Fig. 3,a) and the frequency dependence of the
coordinates of the precession wave excitation plane X(f)
(Fig. 3,b). For comparison, Fig. 3,a shows magnetization
distribution through the film thickness M(x). It can be seen
from the comparison of f(X) and M(x) curves that the
maximum calculated excitation frequency of the precession
wave fm. >~ fo was reached in the region of uniform
magnetization of the YIG film. This means that at the
frequency of the high-frequency peak f§ ~ 13.536 GHz we
observed a uniform ferrimagnetic resonance (FMR) that
was excited outside the transition layer of the YIG film.
Consequently, at a lower frequency f§ ~ 13.498 GHz we
observed the heterogeneous spin-wave resonance, which
was excited within the thickness of the transition layer. This
is illustrated in the inset in Fig. 3, b, which shows a fragment
of the curve X(f) with marked frequencies f§, f§ and the
coordinate of the plane of origin of the precession wave Xj.

Fig. 4,a shows the calculated plots of the field depen-
dence of the resonant frequencies fq(Hg) =~ fo(Hp) and
Af(Ho) = fo(Ho) — f1(Hp). The dots on the plot f;(Ho)
mark the SWR frequencies f §(Ho) measured at fixed values
of the field Hyp. The plot of the field dependence of
the difference frequency Af(Hg) is plotted in reduced
scale. It can be seen that, within the measurement
error the experimental and calculated dependences of the
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Figure 4. Field dependence of the excitation frequencies of the spin-wave resonance (a) and the diagram of oscillations of the precession
wave (b) in the diffusion layer of the epitaxial YIG film. The dots in Fig. 4,a mark the measured SWR frequencies.

SWR frequencies practically coincided, which confirmed the
reliability of the mathematical model.

Fig. 4,b shows diagrams of oscillations of the magne-
tization precession vector my(X) ~ sin[kx(X)x], calculated
at the frequency of the first mode of spin-wave resonance
for given values of the magnetizing field Hy = 2, 3, 4 KOe.
It can be seen that the heterogeneity of the transition
layer magnetization introduces distortions into the oscillation
diagrams. When the field Ho increases, the region of
spin-wave resonance excitation narrows. In this case, the
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difference frequency Af(Hy) monotonously increases, as
shown in the graph in Fig. 4,a.

3. Conclusion

Based on the studies it was found that two types
of resonances are excited in a tangentially magnetized
epitaxial YIG film, i.e., an uniform ferrimagnetic resonance,
which was excited in the region of uniform magnetization
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of the YIG film (outside the transition layer), and a
heterogeneous spin-wave resonance, which was excited
within the thickness of the transition layer. It was found
that the resonance frequencies depend significantly on
the magnetization distribution through the film thickness.
A method was proposed for calculating the parameters of
the magnetization distribution through the film thickness.
The found values of the parameters were used to simulate
the processes of SWR excitation. It was found that the
reduced magnetization in the transition layer causes the
excitation spectrum shift of the precession wave to the
low-frequency region. In this case, a sufficiently wide
frequency band occurs, in which the condition of matching
with external homogeneous microwave field was satisfied.
At the matching points the precession wave was generated,
which was radiated deep into the transition layer and
reflected from the inner film’substrate interface, where the
magnetization of the YIG film reached zero. Due to the
small thickness of the transition layer, the excitation of the
precession wave could only be observed in the form of spin-
wave resonance at the peak absorption frequency of the
microwave signal. Another feature was that the diagrams
of oscillations at the frequency of the spin-wave resonance
had a distorted non-sinusoidal character. When the field
increases, the thickness of the resonating layer narrows.
At the same time, the difference between SWR and FMR
frequencies increased. For this reason, separate observation
of peaks in the amplitude-frequency response characteristic
was possible at sufficiently strong fields, when the difference
between the SWR and FMR frequencies exceeded the width
of the resonant peaks.

Thus, it was shown that the transition layer of the YIG
epitaxial film, despite its strong magnetic heterogeneity, has
its own resonant properties. The results of the studies
performed can be useful for nondestructive testing of the
layered structure of YIG epitaxial films.
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