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Investigation of optically induced formation of magnon zones

in the structure of YIG|periodic gallium arsenide
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The present work is devoted to the study of the optically induced formation of the band structure of a magnon

crystal consisting of a ferrite microwave diode loaded with a semiconductor with periodic thickness modulation.

Using the Brillouin light scattering method, it is demonstrated that an increase in the power of laser radiation

illuminating the semiconductor layer leads to the formation of non-transmission bands in the spectrum of surface

magnetostatic waves (PMSW) with a simultaneous increase in the central frequency of these bands. Using the

finite element method, we connected the formed non-transmission bands with the Bragg resonances of the periodic

structure, and also evaluated the effect of changes in the density of semiconductor electrons on the dispersion

dependences and non-reciprocal properties of PMSV in such a structure.

Keywords: spin waves, magnolics, semiconductor magnonics, magnonic crystals, layered structures.

DOI: 10.61011/PSS.2023.07.56399.32H

1. Introduction

Magnonics is a discipline that emerged about ten years

ago as further development of spintronics and spin-wave

electronics [1–4]. Compared with electron-transfer process

technology — CMOS (complementary metal oxide semi-

conductor), magnonics is a field of physics investigating

physical processes associated with generation, propagation

and interaction of spin waves (SW) in magnetic struc-

tures [5,6]. Currently, the purpose of magnonics is to

develop base elements capable of forming integrated circuit

and of replacing/supplementing/expanding, by overcoming

the CMOS electronics limitations, the functionality of the

existing CMOS devices [3,7,8].
Magnonic crystals (MC) — periodic magnetic structures

allowing to form/change spectra of SW going through the

structure due to the presence of non-transmission bands—
are of high interest for magnonics [9,10]. The possibility

of development of rearrangeable MC with variable non-

transmission band width and arrangement offers great

opportunities of creating magnonic-based signal processing

devices. The transfer characteristic rearrangement methods

include direct exposure in order to modify material char-

acteristics of a magnetic microwaveguide — for example,

by optically-induced heating [11,12] or using current/voltage

by means of produced electrodes [13,14]; or indirect

interaction by using laminar structures (e.g. using a ferro-

electric layer [15], superconduting layer [16], piezoelectric

layer [17]).

A separate task includes the development of so-called

dynamic magnonic structures (including MC) where typical

transfer characteristic changeover time is comparable with

the operating frequency of a device (GHz and THz for spin

waves [1]). Also, when developing a rearrangeable MC,

an approach is interesting which would enable the periodic

lattice to be changed during the device operation in order

to expand its functional properties.

This study evaluates the possibility of using a multilayer

consisting of yttrium-iron garnet (YIG) and gallium arsenide

(GaAs) for creation of optically rearrangeable magnonic

crystal. Change of spin wave properties in semiconductor-

loaded structures due to optically induced change of

charge carries in the semiconductor was demonstrated, for

example, in [18–21]. These effects are qualitatively similar

to occurrence of nonreciprocal properties of magnetostatic

surface waves (MSSW) in MC loaded in the form of a

metal layer [22] and in MC with periodic lattice formed
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by metal bands over a magnetic microwaveguide [22].
High interest to the YIG|GaAs multilayer shall be pointed

out due to the recent studies regarding growing of YIG

submicron films on gallium arsenide substrates [19,23] to

offer opportunities of integrating magnonic elements into

the existing CMOS devices. Also, the semiconductor layer

is advantageous in terms of creating a space- and time-

varying periodic MC lattice by optical induction of charge

carriers. In addition, the rate of change of such periodic

lattice is limited by optical generation and charge carrier

recombination processes in the semiconductor layer [24,25]
which is potentially sufficient for the development of

dynamic magnonic devices.

The aim of this study is to investigate formation of

band structure of a magnonic crystal consisting of YIG

microwaveguide loaded with a GaAs plate with periodic

grooves on the surface oriented towards the YIG layer.

When such semiconductor surface was exposed to laser

light, the periodic lattice contrast enhancement of the

produced magnon crystal was expected (due to increased

concentration of charge carriers in GaAs). By means

of measurements using Brillouin light scattering (BLS)
method [26], we have demonstrated that the power growth

of laser emission illuminating the semiconductor layer is

followed by formation of non-transmission bands in the

MSSW spectrum: frequency range and absorption increased

and also the band center frequency was growing. Using

numerical electrodynamic modeling of structure model

eigenwaves, we demonstrated the relationship between the

occurring non-transmission bands and Bragg resonances,

and variation of their frequency with increasing electron

concentration in the semiconductor layer and followed by

occurrence of nonreciprocal effect of magnetostatic surface

waves in the structure.

2. Structure and numerical investigation

The diagram of the produced structure is shown in

Figure 1. The magnetic microwaveguide 1mm in width

and 20mm in length was formed by laser ablation from

9µm YIG film grown by the liquid-phase epitaxy method

on a gallium-gadolinium garnet (GGG) substrate. The

YIG film had the following parameters: dielectric constant

ε = 9, gyromagnetic ratio ϒ = 2.8mHz/Oe [27], saturation
magnetization 4πMS = 1750G (sample nameplate rating),
ferromagnetic resonance width 1H = 0.54Oe measured

at 9.7 GHz (sample nameplate rating).
Above the produced microwaveguide, a GaAs plate 1mm

in width, 500µm in thickness and 5mm in length was

attached. This GaAs plate consisted of a 1µm heavily doped

n-GaAs layer on the surface of 499µm n-type semi-insulator

layer. After production of 4 ohmic contacts on each side of

the plate, two-dimensional resistivity was measured on both

sides of the sample without laser illumination. This allowed

to determine electrical conductivity: 6.41 · 10−7 S/cm for

the lightly doped side and 1.35 · 103 S/cm for the heavily
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Figure 1. Diagram of the studied structure (proportions are

not obtained) consisting of n-type (n-GaAs) gallium arsenide plate

secured above the yttrium-iron garnet (YIG) microwaveguide on

the gallium-gadolinium garnet (GGG) substrate. The structure was
exposed to control laser emission (830 nm laser), the beam center

was focused to the GaAs plate center in x−z plane. The inlet

and outlet antennas of the microwave signal microstrip converters

are designated as P in and Pout, respectively. Along port C line,

Mandelstam–Brillouin light scattering investigation was carried out

using probing laser beam.

doped side. Ignoring the hole conductivity of the sample,

drift electron mobility, µe (hereinafter referred to as the

electron mobility) and electron concentration, Ne, pairs

corresponding to the measured conductivity were matched

according to the dependence of electron mobility in GaAs

on electron concentration associated with doping (see [28]).
Thus, without laser illumination, the electron mobility and

concentration for the lightly doped side were determined as

Ne = 1 · 109 cm−3, µe = 8400 cm2/(Vs), for heavily doped

side — as Ne = 1 · 1018 cm−3, µe = 4000 cm2/(Vs), that

corresponds to typical values for GaAs with corresponding

doping [29,30]. On the heavily doped side of the plate

further facing the YIG layer, V-shaped grooves 100µm in

depth and 70µm in width at the GaAs surface were made

by he laser ablation method with period D = 200µm.

To convert the incoming microwave signal into spin waves

(and for their detection), the structure was secured on the

holder with two 30µm microstrip antennas spaced at 9mm.

The holder with the sample was placed in H0 = 900Oe

bias field oriented tangentially to the sample surface and

perpendicularly to the wave propagation (H0 ‖ x , see

Figure 1) to ensure excitation of magnetostatic surface

waves (so-called Damon–Eshbach configuration [6,27,31]).
For optical induction of non-equilibrium charge carries in

the GaAs plate, we used
”
control laser“ — a 830 nm

optical fiber laser illuminating the structure on the optically

transparent GGG and YIG sides. Without any structure,

dimensions of the elliptical laser spot at such distance from

the emitter as in this experiment were equal to 9× 6mm.

The calibrated optical power of the laser beam PL varied

within 0−300mW. The authors were not able to determine
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Figure 2. a) Dependences of frequency vs. BLS signal

intensity in the studied structure using PL = 0, 200 and 300mW

control laser power. Frequencies for wave numbers of the first

three Bragg resonances of MSSW obtained using the Damon–
Eshbach model (without GaAs) are designated as f g1, f g2 and

f g3. The ferromagnetic resonance frequency obtained from the

BLS signal measured for the non-exposed structure is designated

as f ⊥. b) Crosses: frequencies of the first three Bragg resonances

obtained from the BLS signal depending on the laser power PL.

Circles: frequency of the first Bragg resonance obtained from AFC

depending on the laser power PL. Curves show the dependences

of Bragg resonance frequencies (solid line — the first resonance,

dashed line — the second resonance, dashed-dotted line — the

third resonance) on the gallium arsenide electron density (Ne)
calculated by the finite element method.

experimentally the dependences of charge carrier mobility

and concentration on the GaAs plate sides with varying

laser power. However, the expected increase in the carrier

concentration is about 1.5 orders of magnitude from the

initial value [24,25]. It should be noted that due to

the difference in electron and hole mobility during laser

exposure, the change in the hole concentration in the GaAs

plate was neglected.

BLS measurement [26] was carried out along port C line

(see Figure 1) with step 25 nm and the distance between the

exciting antenna and port C was equal to 7.5mm. For the

measurement, EXLSR-532-200-CDRH 532 nm and 1mW

single-frequency probing laser was used (see Figure 1).
The laser beam was focused on the YIG surface and was

25µm in diameter. Measurement configuration allowed to

achieve a BLS signal proportional to the tangential dynamic

component of magnetization in the YIG film in the region

exposed to the probing laser. Whilst the measurements were

carried out for MSSW excited by the inlet antenna P in.

After integration of BLS spectra measured along port C line,

frequency dependences of BLS signal (BLS spectra) similar

to MSSW amplitude-frequency characteristics (AFC) were

obtained.

Figure 2, a shows the measurements of frequency vs. BLS

signal at different control laser powers PL. Dashed line f ⊥

shows the dip frequency on the BLS signal spectrum (mea-

sured without the control laser emission) corresponding to

the ferromagnetic resonance. Dependences of frequency

vs. BLS signal allow to observe whether alternating trans-

mission bands and non-transmission bands are present in

the spin wave spectrum (corresponding to dips in the BLS

signal amplitude). Due to the fact that non-transmission

bands on the BLS spectrum at PL = 0mW are poorly

distinguishable/non-distinguishable, the expected frequency

positions of the Bragg resonances were determined for this

structure. Non-transmission bands in the periodic structures

are associated with the Bragg resonances between the waves

going through the structure (k+) and waves reflected from

the periodic lattice (k) [9]. Generally, a Bragg band gap

is formed when the frequencies of such oppositely directed

waves become equal and wave numbers correspond to the

general condition of the Bragg resonance

|k−

B | + |k+
B | = m

2π

D
, (1)

where D is the structure period, kB is the Bragg resonance

wave number for transmitted and reflected waves, m is the

Bragg resonance order (positive integer). In case when

the dispersion law is invariant for oppositely directed waves

(wave nonreciprocity is absent), |k−

B | = |k+
B |, and (1) turns

into the Bragg resonance condition for structures without

wave nonreciprocity

kB = m
π

D
, (2)

where kB is the wave number of m-order Bragg resonance

for structures without wave nonreciprocity. Thus, if the

wavelengths corresponding to m-Bragg resonance differ

from those calculated in (2), then the Bragg resonance

occurs between nonreciprocal waves k+ and k−.

Substituting kB for m = 1, 2, 3 (157.08, 314.159,

471.239 cm−1, respectively) into the Damon–Eshbach dis-

persion law, we obtain frequencies f g1=4.482GHz,

f g2 = 4.6GHz, f g3 = 4.688GHz shown in Figure 2.

Now, it can be suggested that the BLS signal dip at

4.468GHz in the BLS spectrum at PL = 0 is associated

with the first Bragg resonance in the structure of interest.

Designate m-order Bragg resonances determined from the

BLS spectra as bgm(PL), and their frequencies, respec-

tively, as: f bgm(PL). Frequency f bg1(0) = 4.468GHz was

below f g1. This may be explained by the influence of

the lateral dimension of the waveguide structure (compared

with the Damon–Eshbach model for the plane-infinite layer)
and formation of the MSSW transverse mode spectrum in

the propagating wave process [32]. It should be noted that

the BLS signal dips corresponding to the Bragg resonances

higher than m = 1 cannot be distinguished at the existing

signal-to-noise ratio for the measured dependence of BLS

signal on frequency at PL = 0.

The BLS spectrum at PL = 200mW has three clearly

seen dips near f g1, f g2 and f g3, consider that they
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correspond to three Bragg resonances:

f bg1(200mW) = 4.481GHz,

f bg2(200mW) = 4.4622GHz,

f bg3(200mW) = 4.732GHz.

In this case, the width and depth of bg 1(200mW) dip

increased compared with the BLS spectrum at PL = 0,

and the mean frequency of this dip increased. Dip

frequencies f bg2(200mW) and f bg3(200mW) are higher

than f g2 and f g3. With further increase in the laser power

(PL = 300mW), the width and depth of the produced non-

transmission bands are higher compared with the spectrum

at PL = 200mW. Dip frequency f bgm(300mW) is also

higher compared with the spectrum at PL = 200mW. Thus,

it should be noted that three Bragg band gaps are detected

on the BLS spectra at PL = 200 and 300mW. Also, it

can be suggested that the Bragg band gaps are formed

in the studied structure with growing control laser power.

Actually, we experimentally observe optical
”
inclusion“ of

non-transmission bands in the MSSW spectrum.

The dip frequencies corresponding to the Bragg res-

onances on the BLS spectra are shown in Figure 2, b

(crosses) as a function of power: f bgm(PL). Figure 2, b

shows that the dips corresponding to the Bragg reso-

nances m = 2 and m = 3 were distinguished beginning

from PL = 150mW. Gradual growth of the Bragg band gap

position frequency with growth of PL.

Position of the first Bragg resonance with variation of

PL was also determined on the MSSW amplitude-frequency

characteristics of the studied structure detected by the

receiving antenna Pout (see Figure 1). It should be noted

that the low signal level and high noise level in the

measured AFC prevented detection of dips corresponding

to the Bragg resonances higher than m = 1. However,

due to the frequency-dependent sensitivity of the Bragg

resonance in the studied structure to the control laser

power variation, band gap frequency at m = 1 was possible.

Frequency dependence of the band gap position of the

first Bragg resonance vs. control laser power is shown

in Figure 2, b (circles). Comparison of the band gap

frequencies obtained from the BLS and AFC spectra show

that these dependences are in good agreement. This

comparison also proves that the measured Bragg resonance

frequency f bg1(0) is correct (the value obtained from AFC

is equal to 4.467GHz).
Consider the MSSW dispersion dependences in the stud-

ied structure obtained from the phase-frequency character-

istics measured at PL = 0 and PL = 300mW (solid curves

in Figure 3, a and b, respectively). Since no MSSW non-

transmission band was actually formed for the first Bragg

resonance in the non-exposed structure (see absorption peak

bg 1(0) in Figure 2, a), the frequency jump typical for the

non-transmission bands at a constant wave number (so-
called shelf) is not visible on the experimental dispersion

curve at PL = 0 (considering the signal-to-noise ratio).

However, at the first Bragg resonance frequency obtained

from AFC of the non-exposed structure (4.467GHz), the
measured dispersion curve has the wave number equal

to π/D. According to (2), it can be assumed that

MSSW nonreciprocity is absent at the MSSW wavelength

corresponding to the first Bragg resonance (with the

measurement accuracy defining the dispersion curve).
According to [33], occurrence of MSSW nonreciprocity

in lamellar structures is associated with the wave skin

layer thickness outside the magnetic layer. This thickness

is defined by the effect of load on the electromagnetic

field shielding of the wave and also is proportional to the

wavelength. Thus, according to the experimental dispersion

shown in Figure 3, a, the MSSW nonreciprocity is possible

only for k < π/D.

At the dispersion curve measured experimentally

at PL = 300mW, the frequency jump (at frequencies

near f bg1) corresponding to the first Bragg resonance is

observed at k ≈ 141.8 cm−1. Thus, the Bragg resonance

between nonreciprocal MSSW may be suggested; and the

wave nonreciprocity is caused by the increasing control laser

power. It should be also noted that displacement of the

dispersion curve into the lower wave number and higher

frequency region qualitatively corresponds to the studies

devoted to the MSSW propagation in the semiconductor-

loaded structures [18,21].

To understand the dependence of ban structure of the

GaAs|YIG type periodic magnon crystal on the semiconduc-

tor electron concentration, we used the numerical simulation

by finite element method. The simulation diagram was

similar to [22,33,34] and was based on the Helmholtz

equation solution on the assumption that the wave number

eigenvalues of quasi-TE waves (corresponding in the consid-

ered MSSW frequency range) obey the Bloch theorem. The

structure eigenwave frequencies were determined at the pre-

defined wave numbers. One structure period along direc-

tion z was considered, the model involved a homogeneous

endless structure along direction x and endless number

of periods along direction z . Magnetic properties of YIG

were described by the gyromagnetic permeability tensor µ̂,

semiconductor properties of GaAs were described by the

permittivity tensor component εz z (similar to [21,35]):

εz z = εg +
iω2

p

−ω(iω + 1/τ )
, ωp =

√

Neq2

ε0me

. (3)

εg — is the crystal lattice contribution to permittivity,

ω is the angular frequency, ωp is the plasma frequency

of semiconductor electrons, τ is the average semiconductor

electron free path, Ne is the semiconductor electron density,

q is the electron charge, ε0 is the vacuum permittivity, mPe is

the effective electron mass in the semiconductor.

For the numerical simulation, only the influence of the

highly doped gallium arsenide layer located at the air gap

distance of 5µm from the YIG surface was considered.

The following constitutive parameters were used: εg = 12.9,
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Figure 3. MSSW dispersion characteristics in the studied structure: experimental (solid lines), calculated by finite element method

for k ↑↑ z (dashed lines) and k ↑↓ z (dashed-doted lines). a) PL = 0mW, Ne = 1 · 1018 cm−3 . b) PL = 300mW, Ne = 3.2 · 1018 cm−3 .

c) Ne = 6.3 · 1018 cm−3 . Frequencies for wave numbers of the first three Bragg resonances of MSSW obtained using the Damon–Eshbach
model (without GaAs) are designated as f g1, f g2 and f g3. The ferromagnetic resonance frequency determined from the measured BLs

signal for the non-exposed structure is designated as f ⊥.

me = 0.13 from the electron mass, τ = 0.296 · 10−12 s (the
value was defined from the electron mobility).
The dispersion relationships calculated for the eigen-

waves by the finite element method at different electron

concentrations in gallium arsenide are shown in Figure 3.

Solutions for waves k+ are shown by the dashed lines and

for solutions k− — by the dotted lines. Intersections of

these solutions according to (1) define the frequencies and

wave numbers of the Bragg resonances.

Electron concentration Ne = 1 · 1018 cm−3 (dispersion for

this concentration is shown in Figure 3, a) is equal to the

measurement on the non-exposed heavily doped side of the

GaAs sample. Intersections of solutions for transmitted and

reflected waves correspond to the Bragg resonances defined

by (2) (resonances for MSSW without nonreciprocity). It

should be also noted that the Bragg resonance frequencies

correspond to f g1, f g2 and f g3 with good accuracy, which

is explained by endless lateral dimension of the structure

(along the x axis) in the numerical model. Significant

difference in the dispersion law for waves k+ and k− (non-
reciprocity manifestation) is observed only at k < 80 1/cm

that is caused by the enhanced role of semiconductor

load in shielding of the MSSW electromagnetic fields with

wavelength growth which agrees with [33].
Dispersion characteristics numerically assessed at electron

concentration in gallium arsenide Ne = 3.2 · 1018 cm−3 are

shown in Figure 3, b. It should be noted that for the first two

Bragg resonances, wave numbers are substantially different

from law (2), which is indicative of the resonance between

nonreciprocal MSSW. The dispersion law for waves k−

varied negligibly compared with the solution shown in

Figure 3, a, while the dispersion wave characteristic k+

moved to the high frequency and wavelength region ac-

cording to the experimental data. The difference between

numerical k+ and experimentally measured dispersion laws

is again expected due to the finite lateral dimension of the

experimental sample.

Further increase in the electron concentration in

GaAs in the numerical experiment (see Figure 3, c,

NPe = 6.3 · 1018 cm−3) results in even greater shift of wave

dispersion k+ into the higher frequency and lower wave

number region, while the first three Bragg resonances occur

between the nonreciprocal MSSW. At the same time, the

dispersion law for inverse waves (k−) varied negligibly

compared with that at the density of GaAs electrons

Ne = 1 · 1018 cm−3 (Figure 3, a).
It should be noted that the model do not show formation

of dispersion gaps corresponding to the non-transmission

bands of the Bragg resonances. This may suggest that some

losses were not considered (for example,the losses asso-

ciated with electron acceleration in the MSSW propagating

field could have been not considered in the simulation based

on the Boltzmann linearized kinetic equation that provides

a solution in the form of semiconductor tensor ε̂ [6,27]).
Generally, due to the statement of eigenvalue problem in the

form of search for solution of frequencies at the specified

wave numbers, it is not possible to consider the spatial

losses (defined by the imaginary component of the wave

number) using the model. However, the model allows to

predict variation of the Bragg resonance positions depending

on the frequency.

To compare the experimental dependences f bgm(PL) with

the numerical simulation results, dependences f bgm(Ne)
were defined from the numerically calculated dispersion

Physics of the Solid State, 2023, Vol. 65, No. 7
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laws (see the curves in Figure 2, b). Qualitative sim-

ilarity of the Bragg resonance frequency growth in the

experiment and simulation should be noted. However, the

gradual nature of dependences f bgm(PL) is varies towards

the S-shaped curves f bgm(Ne). The lower limit of this

S-shaped curve is associated with negligible influence of

the semiconductor load on the band gap position and the

upper limit is associated with the saturation of influence

of this load. This phenomenon is similar to the influence

of the approaching metallic shield on MSSW [6]. Also,

the non-transmission band positions corresponding to the

resonances of different orders is observed in the model

at different electron density in GaAs. These differences

may be explained , for example, by uneven distribution of

electron density in the experiment (due to different laser

beam intensity and complex electron distribution over the

sample thickness due to diffusion), finite length of the GaAs

plate in the studied sample and inhomogeneous interaction

between the electromagnetic field of the MSSW multimode

wave process [32,34,36] and semiconductor load.

3. Conclusion

The study has demonstrated that optical formation of

non-transmission bands of the magnon crystal based on the

YIG|GaAs lamellar structure is possible. The study was the

first to show the MSSW absorption peak growth in such

periodic structure by the Brillouin light scattering method.

Moreover, comparison of the BLS spectra with the nume-

rically calculated dispersion characteristics of eigenwaves in

such structure has shown that the formed non-transmission

bands belong to the Bragg resonances of transmitted and

reflected MSSW of the studied structure. Growth of non-

transmission band widths and signal absorption enhance-

ment in them is associated with the contrast enhancement

of the semiconductor periodic lattice with increased power

of the optical laser that illuminated the semiconductor.

The followed growth of non-transmission band frequency is

associated with enhanced MSSW shielding when the density

of optically induced electrons is increased that was shown

by numerical calculations of dispersion wave characteristics.

The study allows to proceed to periodic lattices of

magnon crystals produced only by optical methods with

possibility of period variation with time. Also, this structure

is potentially scalable to submicron and nanometric sizes

taking into account the existing studies regarding growing

of such multilayers.
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