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Route toward semiconductor magnonics: Light-induced spin-wave nonreciprocity
in a YIG/GaAs structure
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We demonstrate laser-induced nonreciprocity of spin waves in the ferromagnetic-semiconductor structure.
Surface spin waves in yttrium iron garnet film grown at the top of n-type gallium arsenide substrate were studied
by means of Brillouin light-scattering spectroscopy. It is shown that spin-wave dispersion can be modified in
a controlled manner by laser radiation. We observe the difference of up to 225 MHz when comparing the
frequencies of counterpropagating spin waves. We attribute this frequency shift to the mutual influence of
nonreciprocal spin-wave modal profiles and differences in magnetic anisotropies at two film surfaces as the
result of laser-induced conductivity variation in GaAs substrate. We propose a simple model based on analytical
dipole theory to describe the induced spin-wave nonreciprocity. Our results show the possibility of integration
of magnonics and semiconductor electronics on the base of YIG/GaAs structures.

DOI: 10.1103/PhysRevB.99.054424

I. INTRODUCTION

The most important parameters of the conventional com-
plementary metal-oxide-semiconductor (CMOS)-based elec-
tronics [1] such as high processing speed, small element size,
low power consumption, and low heat radiation, have funda-
mental physical limitations. As the size of devices becomes
smaller, tunneling and leakage currents grow, and dielectric
and wiring materials cannot provide reliable insulation and
conduction. An increased number of transistors integrated
per unit-area demands larger power consumption and higher
thermal dissipation. One of the alternative concepts having the
ability to overcome the above-mentioned issues is insulator-
based magnonics [2–7], whose main principle lies in using
spin waves (SW) or magnons [8] instead of electrons as infor-
mation carriers [9,10]. Magnonic networks form all-magnonic
devices that can act as separate units in functional microwave
devices [6,11–16].

An important step towards the integration of magnonic
networks and CMOS-based electronics is the fabrication of
the magnonic complement to semiconductor devices. Yttrium
iron garnet (Y3Fe5O12, YIG), with extremely low losses for
propagating spin waves, is the most appropriate material
for the emerging technologies of spintronics and magnonics
due to excitation of magnetization dynamics by pure spin
currents and spin-transfer torque, as it was shown recently
[17–21]. However, integration of magnonic functional struc-
tures into semiconductor-based electronics faces some prob-
lems, the main one being the incompatibility of substrates
typically used in YIG magnonics and conventional CMOS-
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based electronics. YIG films for magnonic devices are usually
grown on gadolinium gallium garnet (GGG) substrates by
liquid phase epitaxy, radio frequency magnetron sputtering
[22,23], ion-beam evaporation [24,25], or pulsed laser de-
position [26,27], whereas in the CMOS-based electronics,
gallium arsenide (GaAs) is one of the most utilized types of
substrates, as it has a high mobility of charge carriers and
a direct and wide band gap. Therefore, YIG structures on
GaAs substrates are promising candidates for the purpose of
magnonic and spintronic element integration into the semi-
conductor architecture. The possibility of such integration fol-
lows from the permanent progress that is shown by efforts in
the technology development of YIG-semiconductor systems,
for example, ones on the base of GaN [28,29] and Si [25]
substrates.

Moreover, the combination of magnetic layers with semi-
conductor quantum dots is the best choice for possible high-
speed photon generation induced by magnetic field and having
emission rates up to several hundreds of GHz [30,31].

The nonreciprocal propagation [32–39] of spin waves in
thin films occurs in the Damon-Eschbach (DE) [40] con-
figuration when both the spin-wave vector k and the direc-
tion of magnetization M lie in the film plane perpendicular
to each other. In this configuration, the modal profiles of
counterpropagating magnetostatic surface waves (MSSW)
can differ considerably due to different magnetic surface
anisotropies at two film surfaces [41–43] or the influence of
metallic planes in the vicinity of the film surface [44–46]. The
frequencies of two counterpropagating spin waves also differ
from each other as soon as the top/bottom symmetry of the
ferromagnetic film is broken due to interfacial Dzyaloshinskii-
Moria interaction [47], for example, or in the case of a double-
layer magnetic film [43].
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One of the alternative methods of control over nonrecip-
rocal features of spin waves can consist in the combination
of a double-layer magnetic structure with semiconductor sub-
strate and light-induced variation of the GaAs semiconductor
substrate properties [48,49].

In this article we present our results of experimental study
of spin-wave excitations in YIG film on GaAs substrate
performed with Brillouin light-scattering (BLS) spectroscopy
and ferromagnetic resonance (FMR) techniques. We show
that the spin-wave dispersion can be modified in a con-
trolled manner by illumination of the semiconductor sub-
strate with the infrared laser radiation. Thus, the advantage
of ferromagnetic/semiconductor structures as compared to
conventional YIG based units is the light control over the
spin-wave dispersion and nonreciprocity. This may be the first
experimental step in integrated semiconductor magnonics on
the base of YIG/GaAs structures.

II. SAMPLE PREPARATION AND FMR MEASUREMENT

YIG film was deposited on 400-μm-thick lightly doped
n-type GaAs(100) substrates by the double-ion-beam sputter-
deposition method in Ar+O2 atmosphere [25]. The Y3Fe5O12

ceramic disk with diameter of 100 mm was used as the
target. In order to reduce elastic deformation and diffusion
of Ga and As ions into the YIG layer, we sputtered the
amorphous AlOx layer with a thickness of 4 nm on GaAs
[Fig. 1(a)]. Then the thin buffer YIG layer was sputtered.

FIG. 1. (a) Schematic view of YIG/GaAs structure and car-
toon of BLS experiment. BLS measurement was performed in the
backscattering configuration. Insets: Cross section (bottom) and sur-
face (top) of YIG/GaAs. (b) FMR spectrum of YIG/GaAs structure
at in-plane and (c) perpendicular-to-plane magnetic field orientation
taken at frequency f = 9.87 GHz. Inset: FMR derivative absorption
spectra.

TABLE I. Results of FMR experiment.

Parameters H‖ H⊥

Resonance H‖1 = 2.895 H⊥1 = 4.882
magnetic field (kOe) H‖2 = 3.001 H⊥2 = 4.707
Full width at �H‖1 = 223 �H⊥1 = 52
half maximum (Oe) �H‖2 = 134 �H⊥2 = 198
Effective 4πM‖1 = 1.397 4πM⊥1 = 1.357
magnetization (kG) 4πM‖2 = 1.139 4πM⊥2 = 1.182

After annealing in the quasi-impulse regime during 2 min
at 590 ◦C in N2 atmosphere with a pressure of 0.1 Torr,
the buffer YIG layer obtained the polycrystalline structure.
This layer was then planarized by the low-energy (400-eV)
oxygen-ion-beam sputtering in order to decrease the stress
tension and amount of dislocations. Such planarization made
the sample’s surface suitable for deposition of the main YIG
layer without lattice and thermal mismatch and interdiffusion
on the interface. We next obtained images of the YIG film sur-
face and the cross section of the whole YIG/GaAs structure
by means of focused-ion-beam milling in Helios NanoLab
600 [see the insets to Fig. 1(a)]. These pictures reveal the
polycrystalline structure of YIG with crystallite size from
20 to 60 nm. We could define the thicknesses of both YIG
films as d1 = 50 ± 5 nm and d2 = 60 ± 5 nm. It should be
also noted that using the x-ray 2θ -ω (out-of-plane) diffraction
we revealed the Y3Fe5O12 peak besides the GaAs substrate
reflection. Analysis of the x-ray diffraction pattern indicated
a homogeneous phase of YIG structure similar to the bulk
media signal.

The FMR spectrum was measured by the conventional
cavity FMR method at fixed frequency fr = 9.87 GHz and
at room temperature for two orientations of applied magnetic
field (in-plane and out-of-plane) ranging from 0.1 to 5.5 kOe.
The first derivative of the FMR curve is depicted in the inset
of Figs. 1(b) and 1(c). To reveal the FMR peaks position Hr

of each sublayer we performed the Lorentzian decomposition
of the FMR curve. We used two Lorentzian functions (dashed
blue and dotted red curves) in order to properly fit the FMR
spectrum (black solid line) and define the resonance field
and linewidth for each magnetic layer. It is worth noting
that the linewidth of the FMR curve was formed both by
relaxation of spin excitations and by magnetic inhomogeneity
of our magnetic film. The results of FMR measurement are
summarized in Table I. The effective magnetization of each
layer can be estimated as

4πM⊥ = Hr − fr/γ , 4πM‖ = ( fr/γ )2 − H2
r

Hr
, (1)

where γ /(2π ) = 2.83 GHz/kOe is the gyromagnetic ratio for
YIG. Thus we obtained the following parameters of each YIG
layer: 4πMeff1 = 4πM1 = 1.139 kG and 4πMeff2 = 4πM2 =
1.397 kG.

III. BRILLOUIN LIGHT SCATTERING MEASUREMENT
AND LASER INDUCED SPIN-WAVE NONRECIPROCITY

Next, we used the BLS technique [50,51] to investigate
the spin-wave spectrum in the YIG/GaAs structure. BLS
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FIG. 2. (a) BLS spectra of spin waves in YIG/GaAs structure
acquired with variation of applied external field. (b) Measured spin-
wave frequencies as a function of the magnetic field. The dashed
lines represent frequencies calculated with Eq. (2). Splitting of the
SS mode is shown in the inset.

combines the possibility to study the spin-wave modes, which
are excited thermally, and dynamics of magnetic systems in
the frequency range up to several GHz. Thus, due to the very
high sensitivity of BLS, no additional excitation technique is
required [52–54]. The BLS spectra [Fig. 2(a)] demonstrate
five well-pronounced peaks in both the Stokes and anti-Stokes
region. The lowest frequency peaks SS (surface Stokes) and
SA (surface anti-Stokes) correspond to the modes of surface
Damon-Eschbach (DE) waves propagating along the positive
and negative y direction [40]. The field-swept spectra mea-
sured for different frequencies, which are vertically offset for
clarity in Fig. 2(a), consist not only of DE modes but also
of perpendicular standing-spin-wave (PSSW) [51,55] modes.
The dashed lines correspond to the peak positions. Two peaks
associated with the in-phase (acoustic) and to the out-of-
phase (optic) precession of the dynamic magnetizations in
two ferromagnetic films can be revealed using BLS [56–59].
Here we observed splitting of PSSW peaks for each mode
to two well-defined peaks. Thus, we refer to these peaks as
PSnl and PAnl for Stokes and anti-Stokes PSSW modes of nth
order in the YIG layer with magnetization Ml , respectively.
The frequencies of PSSW fln in the case of free surface
spins [60,61] at the film surfaces were determined using the
magnetic layer thickness dl , saturation magnetization Ml , the
isotropic exchange interaction, and external magnetic field H0

[62]:

ωln =
√

ωlnk (ωlnk + ωMl ), (2)

where ωln = 2π fln is the angular frequency, ωlnk = ωH +
qωMl [k2 + (nπ/dl )2], ωH = γ H0, ωMl = γ 4πMl , q = 3 ×
10−12 cm2 is the exchange constant [62,63], and k is the
spin-wave wave number.

Figure 2(b) shows field dependencies for measured PSSW
peaks PSnl (closed symbols) and theoretical curves plotted
using Eq. (2) for k = 0, film thicknesses d1 = 54 nm, and
d2 = 60 nm. At the same time, the DE dispersion curves
in approximation k → 0 [40] for the layers with saturation
magnetization M1 and M2 are plotted and denoted as SS1 and
SS2, respectively. It should be noted that DE modes are also
split due to dipolar coupling, as it is shown with theoretical
curves in the inset in Fig. 2(b). However, we emphasize here
that the frequency resolution of 80 MHz was not sufficient to

FIG. 3. (a) BLS spectra of YIG/GaAs structure for different
transferred wave vectors in the external field of 2 kOe. The vertical
dashed lines indicate the position of DE modes and PSSW modes
at wave number 3 μm−1. (b) BLS spectra acquired at negative and
positive values of magnetic field and at k = 1.5 μm−1. Blue and red
curves in (a) and (b) correspond to the spectra without and with IR
laser radiation, respectively.

resolve two peaks inside measured data for SS and SA peaks
in Fig. 2(a).

The situation is changed when the sample was exposed
with the infrared (IR) laser. An IR beam with a power of
5 mW was focused on the YIG surface into a circle of 1 mm
diameter, where the BLS light beam with wavelength 532 nm
was also focused [see Fig. 1(a)]. Figure 3 shows the BLS data
with 45 MHz resolution without (blue curves) and with (red
curves) the IR laser illumination.

Here we should note that the thermal heating of the sample
could lead to the anisotropic piezoelectric effect in GaAs [64],
inducing strain in YIG. This strain will induce the changes in
the local magnetic field and frequencies of PSSW modes via
YIG magnetoelasticity. It is also known that the magnetization
of YIG is reduced with the increase of temperature, as for
other magnetically ordered materials [65]. Both these effects
should result in the decrease of PSSW mode frequencies ωln

caused by decreasing Ml . However, the results presented in
Fig. 3(a) demonstrate that the frequencies of PSSW modes
are not affected by the IR laser radiation. This eliminates
the effect of the significant influence of laser heating on the
observed spin-wave spectra.

At the same time, the peak of the SS mode is transformed
significantly. The obtained results clearly reveal two peaks
inside the DE mode. The frequencies of these peaks depend
on both the spin-wave wave-number value k and IR laser
radiation intensity. Wave-number selectivity is achieved by
the change of the incidence angle for probing laser light
[51] and using the single 200-μm-diameter pinhole for wave-
vector selectivity [66–69] at k < 4 μm−1. As it is seen from
Fig. 3(a), the increase of wave number from k = 3 μm−1

to k = 11 μm−1 affects only the frequencies of SS and SA
peaks. SS1 and SS2 peaks are more distinguishable at k =
11 μm−1. At the same time, the IR laser illumination leads
to the more pronounced frequency shift of SS and SA peaks
at k = 3 μm−1. Figure 3(b) shows the BLS spectra at k =
1.5 μm−1. It is clearly seen that the IR laser radiation leads
to the significant frequency shift of Stokes peaks SS1,2 in the
case of positive orientation of the magnetic field (H0 = 2 kOe)
and anti-Stokes peaks SA1,2 when the magnetic field direction
is changed to the opposite (H0 = −2 kOe).
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FIG. 4. (a) Spin-wave dispersion curves for YIG/GaAs with and
without IR laser illumination in the external field of 2 kOe. The
dashed lines indicate the result of calculation for PSSW modes. The
solid curves were calculated using Eq. (3), and the dotted curves
were obtained using Eq. (2). (b) The frequency shift � as a function
of wave number. Inset: Profiles of the coupled modes of multilayer
YIG/GaAs structure.

Further, we used both the diaphragm and incidence angle
variation to plot the spin-wave dispersion. The BLS data in
Fig. 4(a) show that PSSW mode dispersion curves (green and
orange circles) are in the good accordance with the theoretical
curves plotted using Eq. (2). The dotted curves in frequency
range 7.1 < f < 7.8 GHz in Fig. 4(a) are plotted using
Eq. (45) from Ref. [62] for the dispersion of dipole-exchange
spin waves in separate magnetic layers with magnetization
M1 and M2. The BLS data plotted in Fig. 4 were obtained
both with pinhole at |k| � 4 μm and variation of the in-

cidence angle |k| > 4 μm, with the IR laser radiation [red
squares in Fig. 4(a)] and without the IR laser [blue circles in
Fig. 4(a)]. It is clearly seen that the IR laser radiation leads
to the significant shift of frequencies of the SS2 mode in
the dipole spin-wave region |k| � 4 μm. It should be also
noted that the data corresponding to the peak positions for
|k| = 1.5 μm are plotted with open triangles in both Figs. 3(b)
and 4(a).

The possibility of electron-holes pair generation in GaAs
under the influence of used IR radiation with λ = 830 nm
results from the observed intensive absorption of radiation
having λ < 1 μm in GaAs [48,70,71]. In turn, it is known
that the presence of a conductive plane near a thin magnetic
film perturbs the propagation of MSSW [72]. In addition, the
exchange interactions can be neglected and do not influence
the nonreciprocal properties of spin waves [37]. Thus, we
derived Eq. (3) describing the spin-wave dispersion for a mag-
netostatic wave propagating in positive (s = 1) or negative
(s = −1) y direction in the two-layer structure [43,73] on
top of the metal screen with conductivity σ (I ), which can be
varied using laser radiation with intensity I . Here μ1,2 = 1 +
ωHωM1,2/(ω2

H − ω2), μa1,2 = ωωM1,2/(ω2
H − ω2), k2

s = k2 +
2 j/δ2, δ =

√
c2/(2πσω) is the skin depth, where c is the

speed of light in vacuum. Four solid blue curves in Fig. 4(a)
are plotted using Eq. (3) with fitting parameter σ = 107

(
 m)−1. It is seen that the spin-wave frequency shift corre-
sponds to the case when the conductivity of the semiconductor
substrate increases due to laser radiation.

e2kd2 = [(sμa1 − μ1)(sμa2 − sμa1 − μ1 + μ2)e2kd1 − (sμa1 + μ1 − 1)(sμa2 − sμa1 + μ1 + μ2)](kssμa2 + s2k − μ2ks)

[(sμa1 − μ1)(sμa2 − sμa1 − μ1 − μ2)e2kd1 − (sμa1 + μ1 − 1)(sμa2 − sμa1 + μ1 − μ2)](kssμa2 + s2k + μ2ks)
(3)

Figure 4(b) demonstrates the frequency shift � = fL − fi

as a function of the wave number, where fL is the frequency of
the peak with IR laser illumination and fi corresponds to the
peak frequency in the absence of IR radiation. The profiles of
the coupled modes of a multilayer YIG/YIG/GaAs structure
are shown in the inset in Fig. 4(b). The vertical dashed lines
denote (from left to right) the interfaces between air, the
YIG films, and between the YIG and GaAs substrate. Each
experimental point in Fig. 4(b) corresponds to a frequency
change of each of the above-mentioned coupled modes, as
it is shown with the symbols and colors. It is seen that the
propagation of SA1,2 modes with amplitude localized at the
surface with air is weakly affected by the presence of the
GaAs on the opposite side. The dashed curve shows the theo-
retical value of �(k) obtained using Eq. (3). It should be noted
that the proposed model for frequency shift in YIG/GaAs
structure is conceivable, since it predicts the region of laser-
induced frequency shift in the wave-number range of 0 < k <

4 μm−1 and describes the nonreciprocal spin-wave frequency
shift at negative and positive wave numbers. However, as it
is shown in Fig. 4(b), the theoretically predicted frequency
shift � is less than the experimental data at k < 5 μm−1.
This discrepancy results from the simplicity of our model
that does not take into consideration some peculiarities of

the real structure and processes that could take place in it.
For example, during annealing of the structure, Al atoms
could diffuse from the barrier AlOx layer to the substrate,
forming AlxGa1−xAs alloys in the interface and thus creating
conditions there for two-dimensional electron-gas (2DEG)
appearance [74]. So the parameter σ should be considered
just like a fitting parameter that expresses the reaction of the
interface and substrate upon IR radiation in terms of single-
layer conductivity. In point of fact, the conductivity value used
for fitting of experimental data could not be achieved in real
weakly doped GaAs, because ionization even of all atoms in
the GaAs volume would not be enough for generation of the
required electron-hole pair amount [75]. We also note that
the BLS measurements of YIG films deposited on GGG sub-
strates by the same technological method have not exhibited
the laser-induced spin-wave nonreciprocity observed in our
YIG/GaAs structure. It would thus be interesting to explore
the spin-wave frequency modulation in YIG/GaAs structures
with time-resolved techniques. Our results open new venues
for research in that direction, and we believe that our findings
open a new perspective towards the integration of magnonics
in semiconductor-based devices.

In conclusion, we demonstrated by means of Brillouin
light-scattering spectroscopy that the spin-wave dispersion in
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thin yttrium iron garnet films on gallium arsenide substrates
can be modified in a controlled manner by laser radiation.
In particular, the laser-induced variation of conductivity of
gallium arsenide leads to a spin-wave frequency shift in YIG
of up to 225 MHz. With the proposed simple analytical theory
one should be able to describe the laser-induced nonreciproc-
ity effect. It may be a way to integrate magnonic devices in
semiconductor-based electronics.
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