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ABSTRACT
High-intensity microwave excitation of short-wavelength exchange spin waves in a normally magnetized epitaxial ﬁlm of an yttrium iron garnet (YIG) has been found. The waves were excited in a thin diffusion layer at the boundary between the YIG ﬁlm and a nonmagnetic gadolinium gallium garnet substrate. It propagates into the YIG ﬁlm. In the pulsed excitation mode, a series of delayed echo pulses of the exchange
waves reﬂected from the opposite surface of the ﬁlm was observed. The distribution function of the magnetization over the thickness of the
ferrite ﬁlm was calculated based on the measurements of the time delay of the echo pulses. The dispersion characteristics of the detected
waves were calculated.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5098116

In the last few decades, epitaxial yttrium iron garnet (YIG) ﬁlms
grown on nonmagnetic substrates of the gadolinium gallium garnet
(GGG) become the most promising materials for spin-wave microwave electronics,1,2 magneto-optics,4 and magnetic acoustics.5,6 This
was facilitated by signiﬁcant advances in epitaxial growth technology.6
However, some characteristics of YIG ﬁlms such as the magnetization
proﬁle over the thickness require further improvement.
One of the disadvantages of the epitaxially grown YIG ﬁlms is
the nonuniformity of the magnetization over the thickness, which
inevitably occurs during the process of epitaxial growth. A thin transition layer with reduced magnetization is formed on the surface of the
YIG ﬁlm at the border with the GGG substrate. Similarly, a layer with
increased magnetization is formed on the outer surface of the YIGGGG structure as well. This applies equally to ﬁlms grown by liquid
phase epitaxy7 and by ion beam sputtering.8–10 The outer layer can be
easily removed using either chemical etching or mechanical polishing,
but the inner layer cannot be eliminated. Moreover, the magnetic
properties of the inner layer could only be deduced so far using a
layer-by-layer etching and mass spectrometry technique. However, the
technique results in unavoidable damage on the whole ﬁlm while providing only a rough idea on the magnetic properties of the layers
through the analysis of the distribution of chemical elements over the
thickness.
On the other hand, it is well known that short-wavelength
exchange spin waves (ESWs) can propagate in YIG ﬁlms, but their
excitation requires an extremely high localization of external exciting
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electromagnetic ﬁelds and, therefore, very small sizes of coplanar
waveguides.2,3 At the same time, the presence of a thin doped layer in
YIG ﬁlms leads to the excitation of ESWs even in uniform ﬁelds.
However, in this case, ESWs propagate perpendicular to the ﬁlm.11 In
the case of pulsed excitation, one can observe series of delayed ESW
echo pulses carrying the information about the magnetic properties of
the ﬁlm. Given this condition, it seems promising to use ESWs to measure the magnetic characteristics of YIG epitaxial ﬁlms that are not
uniform over the thickness.
In this paper, we propose a nondestructive method to control
magnetization distribution over the thickness of epitaxial YIG ﬁlms.
The proposed method is based on the pulse measurements of ESWs
excited in a thin transition layer at the YIG–GGG interface.
In order to observe the effects of ESWs under pulsed excitation,
we used a YIG epitaxial ﬁlm grown by the method of liquid phase epitaxy. Chemical-mechanical polishing was used to remove 1–2 lm of
the YIG-ﬁlm which might contain at the surface a nonuniform layer
with increased magnetization. The ﬁnal YIG ﬁlm thickness was
d ¼ 13 lm. An experimental sample of the YIG ﬁlm was made in the
form of a 2.5 mm diameter disk. A microstrip line (MSL) shorted at
the end was used to excite ESW. The MSL width was 1.0 mm. The
ﬁlm sample together with the transducer was placed in a constant
magnetic ﬁeld H0 ¼ 2350 Oe, oriented along the normal to the ﬁlm
surface. We fed 20 ns radio pulses with a carrier frequency of 3 GHz to
the input of the MSL. The characteristics of the reﬂected ESW echo
pulses were measured and analyzed.
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The measurement setup diagram is shown in Fig. 1(a), and the
measurement results are shown in Fig. 1(b).
Emergence of echo pulses in Fig. 1(b) could not be caused by the
excitation of magnetostatic waves propagating in the ﬁlm plane, since
their lengths should be comparable to the width of a microstrip transducer, which, in turn, is comparable to the lateral size of the YIG sample. In this case, the delay of the echo pulse would be much shorter than
the duration of the exciting radio pulse (20 ns). It could not be shortwavelength ESW propagating in the ﬁlm plane as well because the width
of the MSL transducer for their excitation should be about 1 lm, as, for
example, was reported by Khivintsev.2 However, even in this case, we
would not observe echo pulses because due to the strong attenuation,
the ESW propagation path could not be longer than 100 lm, which is
an order of magnitude smaller than the lateral dimensions of our YIG
sample. Another possible explanation is that in our experiments, ESW
echo pulses were propagating in out-of-plane geometry deep into the
YIG epitaxial ﬁlm. This was caused by the presence of local inhomogeneity of the YIG ﬁlm magnetization in the transition (diffusion) layer at
the YIG–GGG interface. It is important that this layer is characterized
by low magnetization, which, as was shown by Tikhonov and
Litvinenko,11 causes the most intense emission of ESWs at normal ﬁlm
magnetization. Excited waves repeatedly ran between the outer and the
inner surface of the YIG ﬁlm. Every time the impulse of the ESW came
to the transition layer, it was partially converted into a microwave signal
in the MSL and partially reﬂected back into the ﬁlm.
The distribution of the saturation magnetization M ðz Þ over the
thickness of the YIG ﬁlm 0  z  d was estimated using the time delay s
measurements of echo pulses. It was supposed that in the transition layer,
the concentration of doping ions Gd and Ga was exponentially decreasing,
while the magnetization saturation was growing from zero to the magnetiwas deﬁned
zation of pure YIG M0 ¼ 140 G. This dependence

 by an
exponential distribution function M ðk; z Þ ¼ M0 1  expðkz Þ , where
z is the coordinate and k is a phenomenological parameter deﬁning the
thickness of the transition layer.
In order to determine the parameter k, the Landau-Lifshitz equation was solved by taking into account the inhomogeneous exchange.2
The case of wave propagation along the direction of the magnetizing
~ 0 coinciding with the normal to the ﬁlm surface was taken into
ﬁeld H
consideration. A dispersion expression for the ESW wave number was
obtained,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x  cH0 þ 4pcM ðk; z Þ
;
(1)
qðx; H0 ; k; zÞ ¼
caM ðk; z Þ

FIG. 1. Experimental results: (a) experimental setup; (b) envelope of ESW echo
pulses.
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where x is the frequency, c ¼ 2:83MHz=Oe is the gyromagnetic ratio,
and a ¼ 3:5  1011 cm2 is the constant of inhomogeneous exchange.
From Eq. (1), an expression for the ESW group delay of the echo pulse
path l ¼ 2d was obtained,

ðl 
d
qðx; k; z Þ dz:
(2)
sðx; H0 ; kÞ ¼ Re
dx
0
The calculations were carried out using the numerical methods.
Figure 2(a) shows the dependence sðkÞ calculated for a given frequency value of x ¼ 3 GHz and H0 ¼ 2350 Oe; the parameter value
of k ¼ 82 093 cm1, which corresponded to the measured time delay
of s ¼ 49:45 ns of the echo pulses, was obtained from the dependence
in Fig. 2(a). Figure 2(b) shows the magnetization distribution function
M ðz Þ, calculated by taking into account the value of k.
In order to compare, we present the distribution of chemical elements across the thickness of the epitaxial YIG ﬁlm measured by the
method of the layer-by-layer etching in the inset of Fig. 2(b).7 It can be
seen that the magnetization distribution is correlated with the distribution of Fe and Y ions across the thickness of the YIG ﬁlm. In the transition layer, the magnetization of the YIG ﬁlm smoothly increases due
to an increase in the concentration of magnetic ions Fe and Y. This
occurs until the concentration of the replacement nonmagnetic ions
Ga and Gd drops to zero. The most intensive growth of magnetization
was observed within a 0.5 lm thick layer, which conﬁrms the results
of this paper.7
Taking into account the found value of k, it was easy to calculate
the parameters of the ESWs at the given value of the ﬁeld H0 ¼ 2350 Oe.
Figure 3(a) shows the dispersion dependence of the ESW wave number
q0 ðx; z Þ ¼ Re½qðx; z Þ, calculated in the range of the transition layer
thickness. Figure 3(b)
 shows the
1frequency dependences of the group
velocity vg ðxÞ ¼ dq0 ðxÞ=dx
and the phase velocity vp ðxÞ ¼ x=
q0 ðxÞ calculated for ESW far from the transition layer. In Fig. 3(a), it is
clearly seen that within the range of the transition layer thickness, the
ESW wave number smoothly increases from zero to the maximum value,
which is speciﬁc for a ﬁlm of pure YIG. In this case, the wave number
approached zero values inside the transition layer. In particular, for the
frequency of x ¼ 3.0 GHz the wave number turned to zero at
z  0:14 lm, while the magnetization of the layer was M ðz Þ  100 G.
In Fig. 3(b), it can be seen that, far from the cut-off frequency of
x0  1:67 GHz, the ESW phase and group velocities are close, which
is typical for spin waves with quadratic dispersion in inﬁnite ferrite.
Drastic changes in velocity values occurred near the cut-off frequency.

FIG. 2. Analytical results: (a) the dependence of the time delay of echo pulses on
the exponential distribution parameter; (b) the magnetization distribution function
over the thickness of the YIG ﬁlm. The inset shows the distribution of chemical elements across the thickness of the YIG epitaxial ﬁlm.7

115, 072410-2

Applied Physics Letters

FIG. 3. ESW parameters: (a) ESW dispersion within the thickness of the transition
layer; (b) frequency dependences of phase and group velocities.

As expected, when approaching the cut-off frequency, these changes
had the opposite direction vp ! 1, vg ! 0. A group velocity value of
vg ¼ 5:37  104 cm=s was obtained at a frequency of x ¼ 3:0 GHz
from the graph in Fig. 3(b). This coincides within good accuracy with
the measured ESW pulse propagation velocity.
The high intensity of ESW excitation was explained by good
matching of the ESW with an external homogeneous microwave ﬁeld
at zero values of the ESW wave number. There was a decrease in the
ESW wavelength in the transition layer. In this case, the transition
layer with gradually increasing magnetization served as a matching
element between short-wavelength ESWs and electromagnetic waves
in the microstrip line.
In conclusion, it was shown that the transition (diffusion) layer,
which is always present at the interface between the YIG epitaxial ﬁlm
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and the GGG substrate, can be an effective transducer of longwavelength electromagnetic waves excited by MSL into shortwavelength ESW, which propagates deep into the YIG ﬁlm and reﬂects
between its surfaces. It is possible to observe a series of delayed ESW
echo pulses due to the small temporal damping. It was found that the
time delay of the ESW echo pulses substantially depends on the magnetization distribution across the thickness of the YIG ﬁlm. A method
was proposed for calculating the distribution function of the magnetization and dispersion characteristics of the excited ESWs. The proposed method can be used for nondestructive testing of YIG epitaxial
ﬁlms, as well as other ferrite ﬁlms with a transition (diffusion) layer.
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