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Nonreciprocal propagation of sound, that is, the different transmission of acoustic waves traveling in
opposite directions, is a challenging requirement for the realization of devices such as acoustic isola-
tors and circulators. Here, we demonstrate efficient nonreciprocal transmission of surface acoustic waves
(SAWs) propagating in opposite directions in a GaAs substrate coated with an epitaxial Fe;Si film.
The nonreciprocity arises from the acoustic attenuation induced by the magnetoelastic (ME) interaction
between the SAW strain field and spin waves in the ferromagnetic film, which depends on the SAW prop-
agation direction and can be controlled via the amplitude and orientation of an external magnetic field.
The acoustic-transmission nonreciprocity, defined as the difference between the transmitted acoustic pow-
ers for forward and backward propagation at the ME resonance, reaches values of up to 20%, which are,
to our knowledge, the largest values of nonreciprocity reported for SAWs traveling in a semiconducting
piezoelectric substrate covered by a ferromagnetic film. The experimental results are well accounted for by
a model for the ME interaction, which also shows that the nonreciprocity can be further enhanced by opti-
mization of the sample design. These results make Fe;Si/GaAs a promising platform for the realization

of efficient nonreciprocal SAW devices.
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I. INTRODUCTION

In recent years, there has been increasing interest in
the realization of nonreciprocal acoustic systems for the
efficient manipulation of sound [1]. As acoustic propa-
gation is reciprocal in linear systems that preserve time
reversibility [2], it is possible to obtain nonreciprocal trans-
mission either by introducing nonlinear effects [3,4] or
by breaking time-inversion symmetry. The latter can be
achieved by, e.g., coupling the acoustic vibrations to a
circulating fluid [5]. Another option for inducing local
nonreciprocity is to take advantage of topologically pro-
tected acoustic modes propagating along the boundaries
of periodic structures [6-9]. These approaches have been
mainly demonstrated for low-frequency sound waves (less
than 1 MHz) with wavelengths on the order of few mil-
limeters, and the implementation of their working prin-
ciples in miniaturized acoustic devices working at high
frequencies (greater than 100 MHz) might be very chal-
lenging.

Of special interest for applications are acoustic devices
based on surface acoustic waves (SAWs). SAWs are elas-
tic vibrations propagating along the surface of a solid,
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with wavelengths reaching down to the submicrometer
regime and frequencies of up to several GHz. Because of
their efficient piezoelectric generation and detection and
their low propagation velocities, SAWs have been suc-
cessfully applied in radio-frequency filters and other kinds
of signal processing in on-chip acoustoelectric devices
[10]. In addition to this well-established technology, SAWs
are ideally suited for controlling and interfacing elemen-
tary excitations in solid-state quantum systems such as
superconducting circuits [11], defect centers [12—15], and
low-dimensional semiconductor structures [16—22]. There-
fore, the on-demand control of the acoustic propagation
direction by means of nonreciprocal devices such as SAW
isolators and circulators would represent an important
step towards efficient acoustic interfacing between such
quantum systems.

Nonreciprocal SAW propagation has been reported in
systems such as nonmagnetic metals [23] and semiconduc-
tor heterostructures [24], as well as in structures containing
ferromagnetic materials [25—29]. In the first case, the non-
reciprocity is caused by coupling of the lattice strain to
the cyclotron motion of free carriers in a strong magnetic
field, while in the second case it is related to the non-
symmetric transfer of momentum between the acoustic
wave and electric currents applied parallel or antiparallel
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to the SAW. In the latter case, nonreciprocal propaga-
tion is induced by coupling of the SAW strain field to
the magnetization dynamics of a ferromagnet through the
magnetoelastic (ME) interaction. As the magnetization
precesses only clockwise around its equilibrium direction,
the propagation of circularly polarized acoustic waves in
the ferromagnet depends on the helicity of the strain field
relative to the magnetization direction [30]. The excita-
tion of magnetoelastic waves has been intensively studied
in ferromagnetic insulators such as yttrium iron garnet
(YIG) [31-35], where nonreciprocal SAW attenuation of
up to two orders of magnitude was experimentally reported
[25,26]. However, YIG is a weak magnetoelastic material
and, in addition, the nonpiezoelectricity of YIG requires
the incorporation of strongly piezoelectric films such as
ZnO for the electric excitation of SAWs [25,26,36,37].

Another possibility for coupling SAWs and magneti-
zation is the deposition of a thin ferromagnetic film on
the surface of a piezoelectric substrate. This approach
has been demonstrated in LiNbO;3 covered with a poly-
crystalline cobalt or nickel layer [27—29,3844] and in
ferromagnetic-semiconductor hybrid structures such as
(Ga, Mn)As/GaAs [45—47]. Although nonreciprocal prop-
agation has been demonstrated in the first case [27—
29], the intrinsic structural disorder of polycrystalline Ni
leads to a magnetization response with a relatively large
Gilbert damping coefficient o ~ 0.05 [48], and therefore
to wide ME resonances with weak nonreciprocal effects
[27,29].

Here, we present an alternative hybrid structure for ME
applications consisting of an Fe;Si film grown epitaxi-
ally on a GaAs substrate. Fe;Si is a binary Heuslerlike
ferromagnetic metal that has attracted interest as a pos-
sible component of magnetoelectronic devices [49,50].
As its cubic crystal structure is almost lattice-matched to
the GaAs substrate (with a mismatch less than 0.01%),
it is possible to grow epitaxial films with high interfa-
cial perfection and structural quality [51-53], thus lead-
ing to narrow ferromagnetic resonance (FMR) lines [54,
55] characterized by damping coefficients o as low as
approximately 3 x 10~* [56]. In addition, the shear mag-
netoelastic coefficient b, for thin films of this material
has been estimated to be approximately between 2 and
7 T [55]. This value is of the same order of magni-
tude as those of, e.g., crystalline Fe and Ni [57], thus
making Fe;Si a promising material for ME applications.
Moreover, as SAW control and manipulation of quan-
tum systems has mostly been demonstrated in GaAs-based
semiconductor heterostructures [17—22], SAW isolators
and circulators based on Fe;Si/GaAs hybrids could pro-
vide an efficient integrated acoustic interface between such
semiconductor-based quantum devices. Finally, in con-
trast to (Ga, Mn)As/GaAs, where the magnetic properties
of (Ga,Mn)As require working at cryogenic tempera-
tures [45—47,58,59], the high Curie temperature (above

800 K) [60] of Fe;Si makes this material suitable for
room-temperature applications.

In this paper, we demonstrate the nonreciprocal prop-
agation of high-frequency SAWs (at 3.45 GHz) traveling
in a Fe3Si/GaAs hybrid structure. For well-defined ori-
entations of the magnetization in the Fe;Si film, the ME
interaction transfers energy from the acoustic to the mag-
netic system, thus inducing SAW attenuation. The high
structural quality of the film leads to very narrow ME res-
onance lines (i.e., with full widths at half maximum as
narrow as 2 mT). The strength of the ME-induced atten-
uation depends on the relative angle between the magneti-
zation orientation and the SAW wave vector. The resulting
acoustic-transmission nonreciprocity, defined as the differ-
ence between the transmitted acoustic powers for forward
and backward SAW propagation at the ME resonance,
reaches values of up to 20%. This nonreciprocal behav-
ior is significantly larger than that reported for Ni/LiNbO;
operating at similar frequencies, thus making Fe;Si/GaAs
hybrids a promising platform for the realization of non-
reciprocal SAW devices such as acoustic isolators and
circulators in GaAs-based semiconductor heterostructures.

We organize the paper as follows. Section II describes
the fabrication process and the experimental procedure.
In Sec. III, we characterize the magnetic and acoustic
properties of our sample, and we present experimental
results on the nonreciprocal SAW propagation. In Sec. IV,
we compare the results with the predictions of the the-
oretical model and consider the outlook. Finally, Sec. V
summarizes the main results of the paper.

II. EXPERIMENTAL DETAILS

The experiments are performed on a slightly nonstoi-
chiometric Fe;;,Si;_, film with x = 0.16 (corresponding
to a Si concentration of 21%) grown epitaxially on a
GaAs(001) substrate by molecular beam epitaxy. Despite
the nonstoichiometry, we refer to the material as Fe;Si
from now on, since the structural and magnetic properties
of Fes,,Si_, epitaxial alloys are qualitatively very similar
for —0.07 < x < 0.6 [61,62]. We fabricate the magnetoa-
coustic device sketched in Fig. 1 as follows. First, a clean
c(4 x 4)-reconstructed GaAs surface is prepared by grow-
ing a 500-nm-thick GaAs buffer layer in a dedicated III-V
semiconductor growth chamber using conventional growth
parameters. The substrate is then transferred in ultrahigh
vacuum to an As-free chamber, where an Fe;Si film with
a thickness d = 50 nm is grown by codeposition from
high-temperature effusion cells onto the GaAs at 200°C
[51]. Next, we pattern the Fe;Si film by optical lithogra-
phy and wet chemical etching into octagonal mesas with a
distance L = 1.2 mm between opposite sides. In the final
fabrication step, we deposit pairs of interdigital transducers
(IDTs) for the generation and detection of SAWSs. The IDTs
are patterned on the GaAs substrate on the opposite sides
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FIG. 1. Schematic illustration of the magnetoacoustic device.

Interdigital transducers at opposite ends of an Fe;Si film launch
and detect SAWs with wave vectors £ksaw along the [110] crys-
tallographic direction of the Fe;Si/GaAs hybrid structure. The
angles ¢y and ¢y determine the orientation of the external mag-
netic field, H, and the equilibrium direction of the magnetization,
m, with respect to the [110] surface direction.

of the octagonal Fe;Si mesas by electron beam lithography,
metal evaporation, and liftoff. Each IDT consists of 180
split-finger [10] pairs with a 150-pum-wide aperture. The
finger periodicity determines the SAW wavelength, which
is set to Agaw = 800 nm.

Radio-frequency (rf) signals applied to the IDTs excite
SAWs propagating with a wave vector ksaw = 277 /Asaw
parallel (+ksaw) or antiparallel (—ksaw) to the [110] direc-
tion of the Fe;Si/GaAs hybrid structure. The acoustic
delay line is characterized by measuring with a vector net-
work analyzer the amplitude of the power transmission
coefficient Sp; of a SAW traveling from IDT; to IDT,
(+ksaw), as well as its counterpart Sj; (—ksaw). As the
SAW is a Rayleigh mode, the strain tensor consists of three
nonzero components £xx, £zz, and exz [63], expressed
with respect to a rotated reference frame where the X,
Y, and Z axes point along the [110], [110], and [001]
crystallographic directions, respectively.

The ME experiments are performed by placing the mag-
netoacoustic device between the poles of an electromagnet
for the application of a static in-plane magnetic field, H.
The sample is mounted on an electrically controlled rota-
tion stage that sets the angle ¢y between H and the [110]
surface direction of the Fe;Si/GaAs hybrid structure (see
Fig. 1). The angle ¢y determines the equilibrium direction
of the magnetization m = M/M, (normalized to the sat-
uration magnetization, M), defined as the direction that
minimizes the magnetic free energy of the Fe;Si film in the
absence of SAWs (see Appendix A). For each value of ¢y
and of the magnetic field strength H, we measure both the
forward (S,;, corresponding to a wave vector +ksaw) and
the backward (S},, corresponding to —ksaw) transmission

coefficients of the SAW delay line. Then, we Fourier trans-
form the frequency-dependent measurements into the time
domain to eliminate electromagnetic crosstalk and analyze
the amplitude of the SAW-related transmission peak. All
measurements are performed at room temperature.

II1. RESULTS

The magnetic properties of the Fe;Si/GaAs hybrid
structure are studied by FMR experiments. The color plot
in Fig. 2(a) displays the dependence of the FMR signal
on the static field H applied along [110] (horizontal axis)
and on the frequency of an ac magnetic field (vertical axis)
applied perpendicular to H. The low-magnetic-field branch
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FIG. 2. (a) Dependence of the ferromagnetic resonance signal

of the Fe;Si film on the strength of a static magnetic field H
applied along the [110] direction (horizontal axis) and the fre-
quency of an ac field (vertical axis) applied perpendicular to
H. (b) Spin-wave frequency, fsw, as a function of the magnetic
field strength when H is applied along [100] (black squares),
[110] (red circles), and [110] (blue triangles). The solid curves
are fittings supposing spin waves with wave vector q = 0 (see
Appendix A). The blue dotted curve shows the calculated fre-
quency of spin waves with q = ksaw and H parallel to [110].
The horizontal dashed line indicates the SAW frequency (fsaw)
used in our magnetoacoustic device.
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(uoH < 10 mT) of the FMR curve represents the unsat-
urated state, where m rotates towards H as the magnetic
field strength increases. The high-magnetic-field branch
(uoH > 10 mT) corresponds to the saturated state, where
m and H are fully aligned. This behavior indicates that the
[110] direction is one of the in-plane hard axes of the mag-
netization. The narrow FMR lines, with a width of less than
2 mT, attest to the good structural quality and low magnetic
damping of the epitaxial material [56]. Figure 2(b) summa-
rizes the dependence of the spin-wave frequency, fsw, on
the magnetic field strength when H is applied along [100]
(black squares), [110] (red circles), and [110] (blue trian-
gles). The solid curves are fittings supposing spin waves
with wave vector q = 0, that is, the uniform precession
mode measured in the FMR experiments (see Appendix
A for a description of the theoretical model). The over-
lap of the [110] and [110] curves confirms the negligible
in-plane uniaxial anisotropy expected for the Fe concentra-
tion, growth conditions, and film thickness of this sample
[54,55,64]. Therefore, the in-plane magnetization is deter-
mined only by the fourfold cubic crystalline anisotropy,
with easy axes pointing along the (100) and hard axes
along the (110) surface directions.

Figure 3(a) displays the dependence of S; on the rf fre-
quency applied to IDT;. The measurement is time-gated to
remove electromagnetic crosstalk between the IDTs. The
transmission spectrum shows a minimum insertion loss of
59 dB (maximum transmission) at the resonant frequency
of the IDT fsaw = vsaw/Asaw = 3.455 GHz, where vsaw
is the SAW propagation velocity in GaAs. By Fourier
transforming the frequency spectrum, we obtain the profile
of S,; in the time domain shown in Fig. 3(b) (gray dashed
curve). The peak at a time delay Az =~ 610 ns is attributed
to the arrival of the SAW after traveling from IDT; to
IDT,;. The value of At corresponds closely to the acoustic
propagation time Al/vsaw over the center-to-center dis-
tance (Al = 1.75 mm) between the IDTs. The same peak is
observed in the time-resolved coefficient Si,, i.e., for SAW
transmission from IDT, to IDT; (light red dotted curve).

If the external magnetic field brings the frequency and
wave vector of the spin waves in the Fe;Si film into res-
onance with those of the SAW, then the ME interaction
will excite spin waves in the ferromagnet for certain angles
@o between m and the SAW wave vector [28]. Under
these conditions, the ME coupling will convert acoustic
into magnetic energy as the SAW propagates in the film,
thus resulting in attenuation of the SAW [27-29,40-43,46].
As indicated in Fig. 2(b), the frequency of spin waves
with wave vector q = ksaw (blue dotted curve) matches
the SAW frequency (gray dashed line) for two different
strengths of H applied along [110]. For H applied along
[110], in contrast, the spin-wave frequency always lies
above 10 GHz, and therefore no resonant ME coupling is
possible in this magnetic configuration. In our calculations
(see Appendix A), we take into account the wave-vector
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FIG. 3. (a) Dependence of scattering parameter S,; (corre-

sponding to the rf power transmission coefficient) on the rf
frequency applied to IDT;. The spectrum is time-gated to remove
electromagnetic crosstalk. The minimum insertion loss (maxi-
mum transmission) occurs at the resonance frequency fsaw =
3.455 GHz. (b) Time-resolved coefficients S, and S;, measured
for ¢y = —0.6° at two different magnetic field strengths. The
peak delays at At = 610 ns correspond to the SAW propaga-
tion time between the IDTs. The curves are normalized to the
magnitude of the S,; transmission peak for uoH = 7.3 mT.

dependence of the dipolar-dipolar interaction [40,65], but
neglect the wave-vector dependence of the exchange inter-
action. This is justified because the spin-wave stiffness
constant D = 240 meV A2 of Fe;Si (see Ref. [66]) leads
to a frequency shift Af o DkZ,y, of only 36 MHz with
respect to the uniform precession mode (q = 0) measured
in the FMR experiments.

The ME coupling is investigated by measuring S,; and
S\ as a function of H applied along the [110] and [110]
directions. As expected from our calculations, we do not
observe SAW attenuation for H parallel to [110]. In con-
trast, the SAW is clearly attenuated for well-defined values
of H applied along [110]. Figure 3(b) compares the time-
resolved coefficients Sp; and Si, for two strengths of the
magnetic field applied at an angle gy = —0.6°. Away from
the ME resonance (for uoH = 7.3 mT), the intensities of
the S,; (gray dashed curve) and S}, (light red dotted curve)
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transmission peaks are exactly the same, thus confirm-
ing the reciprocal behavior of the SAW delay line. When
the magnetic field is increased to poH = 11.3 mT, the
acoustic and magnetic systems enter into resonance, lead-
ing to a decrease of both the S,; and the S1, peaks. Most
importantly, the SAW transmission at the ME resonance
is clearly different for SAWs propagating with wave vec-
tors +ksaw and —ksaw. For Sp; (solid black curve), the
ME coupling reduces the transmitted SAW power to 50%
of the corresponding out-of-resonance value, while for S,
(solid red curve) the transmission of the SAW peak is still
70% of the out-of-resonance value. The difference between
these values yields a transmission nonreciprocity of 20%
for SAWs traveling in opposite directions.

To get further insight into the nonreciprocal behavior,
we measure S, and S, for a range of H and ¢y val-
ues to determine the SAW attenuation, 4 = 1 — T. Here,
T represents the area of the SAW transmission peak in
the time-domain spectrum, normalized to the correspond-
ing area for H away from the ME resonance. Figure 4
shows the dependence of 4(*ksaw) on H measured at four
angles ¢g. Each trace shows two ME resonances at two
field values. For the resonance at the low magnetic field,
m is still rotating towards H, while m and H are fully
aligned for the resonance at the high magnetic field. The
magnetic field distance between the two resonant fields is
maximum for ¢y ~ 0, and their positions agree well with
the values predicted by the crossing between the spin-wave

and SAW frequencies in Fig. 2(b). As H rotates away
from the [110] direction, the resonances move towards
each other until they merge at |¢y| ~ 4°. For larger val-
ues of ¢y, the frequency of the spin waves lies above the
SAW frequency, and no ME resonances can be excited.
For all four orientations of ¢y in Fig. 4, A(4+ksaw) (black
squares) is clearly different from A(—ksaw) (red circles)
at the ME resonance, reaching a nonreciprocal attenuation
efficiency A4 = A(+ksaw) — A(—ksaw) ~ +20%. More-
over, the sign of A4 depends on the sign of the magnetic
field angle: for gy < 0, A4 > 0 [see Figs. 4(a) and 4(b)],
while for ¢y > 0 the situation reverses, and A4 < 0 [see
Figs. 4(c) and 4(d)].

The two-dimensional color plots in Figs. 5(a) and 5(b)
summarize the dependence of the SAW attenuation on
the strength H and angular direction ¢y (see the sketch
in the upper part of the figure) of the magnetic field.
The resonant ME interaction (and, consequently, the SAW
attenuation) takes place only in a lobe of ¢y x H defined
by a very narrow range of angles ¢y around 0° and
180°. Figure 5(a) shows experimental data recorded for
H directions quasiparallel (right panel, —5° < ¢y < 5°)
and quasiantiparallel (left panel, 175° < ¢y < 185°) to
+ksaw. Figure 5(b) displays the corresponding data for
SAWs with a wave vector —ksaw. For all configurations,
the attenuation changes as the magnetic field rotates away
from the [110] axis. For the quasiparallel configurations
[right panel of Fig. 5(a) and left panel of Fig. 5(b)], the
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Maps of ME-induced attenuation as a function of magnetic field strength, A, and angle, ¢y, for SAWs propagating with wave

vectors (a) +ksaw and (b) —ksaw. (c¢) Difference in SAW attenuation, A4, calculated from the data in panels (a) and (b). (d) Simulation
of the magnetic power dissipated in the Fe3Si film, Py, as a function of /7 and ¢y for SAWs with a wave vector +ksaw. (€) As (d),
but for SAWSs with a wave vector —kgaw. (f) Difference APy,,, between panels (d) and (e).

magnitude of the attenuation is strongly angle dependent,
with clearly different values in the upper and lower sides of
the ¢ x H lobes. In the quasiantiparallel case, in contrast,
the angular dependence is less pronounced. As is discussed
in the next section, this weaker dependence arises from
small deviations of the SAW wave vector from the [110]
axis.

Finally, we show in Fig. 5(c) the nonreciprocal atten-
uation efficiency, AA, determined from the difference
between the data in the corresponding panels of Figs. 5(a)
and 5(b). The two panels of Fig. 5(c) show different signs
of A4 in the upper and lower sides of the ¢y x H lobes.
As in Fig. 4, A4 in Fig. 5(c) reaches values as large
as +20%. Taking this value together with the length L
of the ferromagnetic film, we estimate a nonreciprocal

attenuation rate n ~ AA4/L ~ 16%/mm. For comparison,
we also estimate 1 from attenuation values reported for
Ni/LiNbOj hybrid structures working at a SAW frequency
of 2.24 GHz [27,29], obtaining n ~ 1.6 + 0.9%/mm. The
latter is one order of magnitude lower than the values
obtained in the Fe;Si/GaAs structures reported here.

IV. DISCUSSION

To theoretically analyze the experimental results, we
take into account the fact that, according to energy con-
servation, the attenuated SAW power must equal the
power dissipated by the spin waves [28,42]. Therefore,
as a first approximation to the problem, we just esti-
mate the response of the magnetization to the SAW-
induced ME field, and compare the power dissipated by
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the spin waves with the SAW attenuation profiles in Fig. 5.
The magnetization dynamics is described by the Landau-
Lifshitz-Gilbert (LLG) equation [67,68],

m=—ym X oHer+ aom x m, (1)

where g is the vacuum permeability, y is the gyromag-
netic ratio, « is the Gilbert damping constant, and the dot
denotes the time derivative. The temporal evolution of m

depends on the effective magnetic field poHeg = —?mF .
Here, F is the free magnetic energy normalized to the sat-
uration magnetization. In addition to the Zeeman, shape,
and crystalline anisotropy energies (see Appendix A), it
includes the magnetoelastic energy, Fie, that couples the
oscillating strain of the SAW to the magnetization. In a
material with cubic symmetry, the lowest-order contribu-
tions to Fie can be expressed as [57]

2 2 2
Fre = bi[exem; + i, + £2;m; ]

+ 2b2[8xymxmy + &x-mem; + Syzmymz]’ (2)

where b; and b, represent the longitudinal and shear ME
coefficients, respectively, while &; and m; are the projec-
tions of the strain and magnetization components onto the
X || [100], ¥ || [010], and Z || [001] directions of the cubic
lattice. As mentioned above, it is convenient to rewrite Eq.
(2) as a function of the three nonzero strain components
exx, €7z, and eyz of the SAW expressed in the rotated
XYZ reference frame (see Fig. 1). We also describe m in
spherical coordinates with azimuthal and polar angles ¢
and 6 expressed with respect to [110] and [001], respec-
tively. A detailed derivation of the equations is presented
in Appendix B. For small angular deviations ¢ and &6
of m with respect to its equilibrium direction, the effec-
tive ME field driving the magnetization precession, poh =

—?mFme, consists of the following in-plane and out-of-
plane components perpendicular to m, i.e., A, and Ay,
respectively:

ohy = 2by sin(gg) cos(@o)exx, 3)
wohe = 2bs cos(@o)exz. 4)

The in-plane component 4, is proportional to the lon-
gitudinal strain of the SAW, eyy, while the out-of-plane
component /4y is proportional to the shear strain, ex;. Both
components depend on the in-plane equilibrium direc-
tion of m through ¢y (see Fig. 1). In the absence of an
external magnetic field, m points along one of the (100)
easy axes (i.e., @9 = £45°). When H is applied along
the [110] direction, m rotates towards @0 ~ 90°, so that
both £, and hy vanish. This, together with the large spin-
wave frequencies expected for this magnetic configuration,
explains the absence of ME coupling for this orientation
of H. In contrast, when H points along [110], m rotates

towards ¢y ~ 0. Here, &, also tends to zero, but now /gy
approaches its maximum value, provided the SAW strain
component &yz is not zero. As eyz vanishes at a free
surface, hy is usually very small for thin ferromagnetic
films and/or large SAW wavelengths, and can normally be
neglected [45,69,70]. For thicker films and/or shorter SAW
wavelengths, however, ey; becomes relevant, and the con-
tribution of Ay to the magnetization dynamics must be
taken into account. To visualize this behavior, we display
in Fig. 6(a) the amplitudes of exy and ey as a function of
sample depth, calculated for a SAW with Agaw = 800 nm.
The calculations of the SAW strain are carried out using an
elastic model that takes into account the elastic properties
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10 i.— Fe;Si/GaAs interface )

—~ 08 i 4
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% 0.6F i / .

o 04f ' .
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04} ! _
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FIG. 6. (a) Dependence of the longitudinal- and shear-strain
amplitudes eyy (black curve) and ey, (red curve) on sample
depth for a SAW with wavelength 800 nm. The curves are nor-
malized with respect to the amplitude of eyy at the top surface.
The vertical dashed line indicates the position of the Fe;Si/GaAs
interface. (b) Difference in dissipated magnetic power, APpqg,
between the parallel and antiparallel configurations of H and
ksaw as a function of the Gilbert damping coefficient «. The data
are calculated for fsaw = 3.45 GHz, o = —1.5°, exz = 0.58xy,
and B =0, and are normalized with respect to the maximum
value for @ = 0.005.

044018-7



A. HERNANDEZ-MINGUEZ et al.

PHYS. REV. APPLIED 13, 044018 (2020)

of Fe3Si [71] and GaAs [72]. While exy decreases from its
maximum value as one crosses the film, ey increases from
zero and reaches a value eyz ~ 0.5eyy at the Fe;Si/GaAs
interface [marked with a vertical dashed line in Fig. 6(a)].

The observed nonreciprocal SAW attenuation can there-
fore be understood as an interplay between the components
h, and he [28,29]. Because of the m/2 phase shift in
time between exy and exz [63], the ME driving field h =
he® + ihgf is, in general, elliptically polarized. Its helicity
depends on the ratio exz/exy and changes sign when one
reverses the SAW propagation direction. As the magneti-
zation precession described by the LLG equation has also
a well-defined helicity, the strength of the ME coupling
depends on the helicity of h [73]. For example, for a SAW
propagating with +ksaw, €xxy o coswt and exz o sin wt.
If H rotates the magnetization towards 0 < ¢y < 45°, then
h and m precess with opposite helicities and the coupling
of the SAW to the magnetization dynamics is weak; see the
right panel in Fig. 5(a). However, if H orients m towards
—45° < @9 < 0, the sign of A, reverses and now both h
and m precess with the same helicity. Under these con-
ditions, the ME coupling is strong, thus inducing a larger
SAW attenuation. When H is reversed and the magnetiza-
tion points against the SAW wave vector, sy changes sign
and inverts the dependence of the helicity of h on ¢,. The
same happens if the magnetization remains along [110]
but the SAW propagates with —ksaw, causing eyz o sin wt
to be replaced by ex; ox — sinwt. Finally, when both the
magnetization and the SAW wave vector are reversed,
hy remains positive and the original dependence on the
relative angle between H and the SAW wave vector is
recovered; see the left panel in Fig. 5(b).

According to the previous discussion, the SAW attenu-
ation profiles for quasiparallel and quasiantiparallel con-
figurations of H and the SAW wave vector in Figs. 5(a)
and 5(b) should be mirror images of each other. However,
as already mentioned in the previous section, this is not
exactly the case for the experimental data. We attribute this
discrepancy to a small unintentional misalignment angle
B between the SAW wave vector and the [110] direc-
tion, probably caused during the patterning of the IDTs.
This misalignment breaks the symmetry of %, and %y by
introducing additional terms that depend on 8 and b, (see
Appendix B). As a consequence, the nonreciprocity with
respect to ¢ is enhanced in the quasiparallel configu-
ration, but partially compensated in the quasiantiparallel
configuration. To confirm this assumption, we estimate the
dependence on H and ¢y of the power dissipated by the
spin waves and compare it with the profiles in Figs. 5(a)
and 5(b). The dissipated magnetic power, Pp,g, can be
calculated as [28]

P = —Im [Mog /V (h*h) dV], )

where ¥ is the Polder susceptibility tensor describing the
response of the magnetization to h, and V} is the vol-
ume of the ferromagnetic film traversed by the SAW. To
obtain , we solve the linearized LLG equation, suppos-
ing harmonic solutions for exy, £xz, 89, and 6¢. A detailed
derivation is presented in Appendices C and D. Although
an accurate calculation of Py, requires an integration of
h*xh taking into account the variation of exy and exz
across the depth of the Fe;Si film, we just estimate h*x'h
close to the Fe;Si/GaAs interface. This depth yields the
largest ratio ey;/exx [see Fig. 6(a)], where one expects
the strongest nonreciprocal effect. In the simulation, we
use values of the gyromagnetic ratio and of the shape and
cubic anisotropies obtained from the fitting of the FMR
curves in Fig. 2. The width of the ME resonance depends
on the damping coefficient, which is set to @ = 8 x 1073,
The degree of nonreciprocity depends on the values of by,
by, exx, €xz, and B, which we setto by =6 T, b, =2 T,
exy = 107% ey, = 0.5 x 107*, and B = 1°. Figures 5(d)
and 5(e) display Ppa for H and the SAW wave vector
in the quasiparallel and quasiantiparallel configurations,
respectively, while the difference APy, between the two
configurations is shown in Fig. 5(f). The theoretical model
reflects qualitatively well the position of the ME reso-
nances, the dependence of their amplitude on H and ¢y,
and the nonreciprocal behavior.

To conclude this section, we briefly discuss the rea-
sons for the superior nonreciprocal SAW propagation in
the Fe;Si/GaAs hybrid structure compared with polycrys-
talline nickel on LiNbOs. The first is the high structural
quality of our epitaxial Fe;Si film, which ensures the low
Gilbert damping coefficient required for the observation of
these strong nonreciprocal effects. To illustrate this point,
we estimate APy, as a function of A for a fixed value of
op and several values of «. The results are displayed in
Fig. 6(b), normalized with respect to the maximum value
for o = 0.005. We observe that APy, is inversely propor-
tional to ¢, and becomes 10 times smaller when « increases
from 0.005 to 0.05. This is in good agreement with the dif-
ference in the calculated values of n for the Fe;Si/GaAs
and Ni/LiNbOj systems.

The second reason is the short SAW wavelength used
in our experiment (800 nm), which is about 2 times
smaller than that in the Ni/LiNbO3(1.5 um) structures.
This implies a larger ratio eyz/exy in the ferromagnetic
film and, therefore, a larger degree of elliptical polariza-
tion of the effective ME field driving the magnetization
precession. Following this approach, it should be possible
to further improve the sample design to get SAW isolators
with a nonreciprocal transmission exceeding 10 dB. This
will happen when the SAW-induced ME field is fully cir-
cularly polarized, that is, when |h,| = |Ag|. According to
Egs. (3) and (4), this condition is fulfilled when ex;/exy =
sin(¢p). For instance, when eyz/exxy = 0.5, the maximum
nonreciprocity happens if an ME resonance takes place for
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@o = 30°. It should be possible to get close to these condi-
tions by accurate selection of the Fe;Si film thickness and
the SAW frequency.

Finally, an alternative approach to increasing the degree
of nonreciprocity has recently been proposed [74,75]. This
consists in modifying the spin-wave-frequency dispersion
curves, so that the frequency-crossing points for SAWs
and spin waves propagating along —kgaw differ from those
expected in the +ksaw case. This can be done, e.g., by cov-
ering the Fe;Si film with a heavy-metal capping layer [74],
or by fabricating structures consisting of two ferromag-
netic films close to each other with opposite magnetization
directions [75]. As epitaxial trilayers consisting of two
Fe;Si films separated either by a thin metal layer [76] or a
semiconductor spacer [77,78] have already been reported,
Fe;Si/GaAs hybrid structures could be a promising system
for the experimental implementation of this mechanism.

V. CONCLUSIONS

In this paper, we demonstrate nonreciprocal propagation
of SAWs in a GaAs substrate covered with an epitaxial
Fe;Si film. For well-defined values of the external mag-
netic field, the magnetoelastic coupling transfers energy
from the acoustic to the magnetic system, thus inducing
attenuation of the SAW. The strength of the SAW atten-
uation depends on the relative orientation between the
magnetization and the SAW wave vector, and leads to
attenuation differences of up to 20% for SAWs propagat-
ing in opposite directions. We attribute the nonreciprocal
behavior to the dependence of the magnetization dynamics
on the helicity of the elliptically polarized magnetoelas-
tic field associated with the SAW. Our simulations confirm
these results and show that nonzero longitudinal and shear
strain in the ferromagnetic film, as well as low mag-
netic damping, are critical to achieving large nonreciprocal
effects. Because of the combination of large magnetostric-
tion, low magnetic damping, and the possibility of growing
multilayers, epitaxial Fe;Si/GaAs hybrids are promis-
ing systems for the realization of nonreciprocal acoustic
devices in GaAs-based semiconductor heterostructures.
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APPENDIX A: FREE MAGNETIC ENERGY

The free magnetic energy of the Fe;Si film, normal-
ized with respect to the saturation magnetization M, is
expressed in spherical coordinates as [54]

F = —poH[sin 6 sin 0y cos(¢ — @) + cos B cos O]
— (By— Byy)sin’6 + By sin® 0 cos*(¢ — ¢@u,)

1 1
— EBM cos* o — §B4H (3 — cosdy) sin*9 — Hohg - m.
(A1)

Here, o is the vacuum permeability, H is the strength
of the external magnetic field, B, is the shape anisotropy,
By and By, are the fourfold in-plane and out-of-plane
anisotropies, and B and B, are the uniaxial in-plane and
out-of-plane anisotropies. The dipolar field, hq, accounts
for the interaction caused by the time and spatial variation
of the magnetization in the presence of a spin wave [40,65].
We neglect the contribution of the exchange interaction
for the reasons discussed in the body of the paper. The
azimuthal and polar angles ¢ and 6, respectively, indicate
the direction of the normalized magnetization m = M/M,,
while ¢y and 6y indicate the direction of the external
magnetic field. The angle ¢, is the rotation of the easy
axis of the uniaxial in-plane anisotropy with respect to
the fourfold in-plane anisotropy. In our experiment, H is
applied at small angles with respect to the axis defined by
the [110] crystallographic direction. Therefore, we express
@, ou, and ¢, with respect to the [110] axis. The polar
angles 6 and 6y are expressed with respect to [001]. The
equilibrium direction of the normalized magnetization,
my, defined as the direction that minimizes Eq. (Al), is
determined by ¢, and 6.

The resonance frequencies wy are obtained from
Eq. (A1) following the Smit and Beljers formalism [79]:

2 )’2

W — FooFypp — FopFyo
"7 1+ a? ’

sin? 6

(A2)

Here, y is the gyromagnetic ratio, « is the Gilbert damp-
ing constant, and F; stands for 02F/9i dj, calculated at
my. In our experiment, both the external magnetic field
and the magnetization lie in the sample plane, that is, 6y =
0o = m/2,sothat F, = Fy9 = 0. Therefore, the resonance
equation for azimuthal rotation of the magnetization reads

2

2 7
@ = Trgat e

Fop = woH cos(go — @) — 2B cos 2(go — @)

(A3)

d .
— 2By cos4gg + MOMS% sin’ ®o, (A4)
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TABLE I. Material parameters used in the simulations of the
resonant frequencies and the power dissipated by a SAW-induced
spin wave.

M; 850 kA/m
gzll 6 10 T
4| -lm
Bd — B2L 650 mT
Pu 0
y 1.76 x 10! rad/Ts
o 8 x 1073
b 6T
by 2T

Foo = oH cos(po — @) + 2(By — Bay)

1
— 2By COSZ((pO —¢u) + 534” (3 — cos4¢y)

qd
- M/OMS A

. (A5)

where ¢ is the wave vector of the spin wave and d is the
thickness of the ferromagnetic film. The ferromagnetic res-
onance curves in Fig. 2 are fitted assuming ¢ = 0 and the
material parameters displayed in Table I.

APPENDIX B: EFFECTIVE MAGNETOELASTIC
FIELD

In a material with cubic symmetry, the lowest-order con-
tributions to the magnetoelastic free energy, Fy., can be
expressed as

2 2 2
Fre = bl[exxmx + Eyymy + 8zzmz]

+ 2b2[8xymxmy + &x;mym; + 8yzmymz]a (Bl)
where ¢;; and m; are the projections of the strain tensor and
normalized magnetization onto the X || [100], y || [010],
and z || [001] directions of the cubic lattice.

Let us suppose that a Rayleigh wave propagates in the
x-y plane in an arbitrary direction defined by the angle
@saw between X and the SAW wave vector kgaw. In the
rotated reference frame XYZ with X Il ksaw and Z | z, the
three nonzero strain components of the SAW are exy, €77,
and eyz. We can express the components ¢; in Eq. (B1) in
terms of psaw, €xx, €2z, and exz as follows:

Exy = Exx COS(@saw) Sin(Psaw),
&xz = Ex7 COS(Psaw),
&y = £xz Sin(@saw).

2

Exx = Exx COS“(PsAw),
.

&y = Exy SIN”(PsAW),

€z = E77,

(B2)

In the experiment, the SAW propagates along the axis
defined by the [110] direction. Therefore, we write
wsaw = /4 + B. Here, B = 0 if kgaw is parallel to [110],

and B = & if ksaw is antiparallel to [110] (denoted in the
body of the paper by +ksaw and —ksaw, respectively).

As in Appendix A, we rewrite m; in spherical coordi-
nates with ¢ expressed with respect to [110] and 6 with
respect to [001]:

m, = sin6 cos(w /4 + @),

m, = sin@ sin(w/4 + ¢), (B3)

m, = cos 0.

The effective magnetoelastic field, h, is obtained from

uoh = —?mF me- Here, the gradient is calculated in spher-
ical coordinates at my. The two components of h perpen-
dicular to my, which are therefore responsible for inducing
magnetization precession, are the in-plane and out-of-
plane components %, and Ay, respectively. For 6y = m /2
(the equilibrium magnetization lies in the sample plane),
they can be written as

ohy = [b2 cos(2B) sin(2¢o) — by sin(2B) cos(2¢o) ] exx
= Jo (90, Bexx (B4)

Kohe = 2by cos(po — B)exz = fo(po, Blexz.  (BS)
These equations reduce to those presented in the body of
the paper when g = 0.

APPENDIX C: SOLUTION OF THE
LANDAU-LIFSHITZ-GILBERT EQUATION

The response of the magnetization dynamics to the

driving field h is described by the LLG equation,

m=—ym X oHey+ om x m, (CD)

where the dot denotes the time_c)lerivative and the @ective

magnetic field is poHegr = — Vi(F + Fine) = — VF +

woh. Here, F is the free magnetic energy described in
Eq. (Al).

Writing the LLG equation in spherical coordinates, and
supposing small perturbations 6 and §¢ of the magnetiza-
tion with respect to its equilibrium direction, Eq. (C1) can
be linearized as

—80 =y (Fpy 8¢ — pohy) + o 8¢, (C2)

8¢ =y (Fop 86 — pohg) + 86, (C3)
where we have taken into account the fact that 6y = 7/2
and Fy9 = Fy, = 0 in our case. Supposing that the SAW
strain components can be expressed as exy = exy e’ and
Exz = iSXZ,()eiQ with Q = kgaw - ¥ — ot and @ = 27 fsaw,
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we can assume harmonic solutions of the kind 88 = §6,¢’*
and 8¢ = 8¢y’ and rewrite Eqs. (C2) and (C3) as fol-
lows:

(39) _ v? !
3¢ 01+a2w2—w6+iwk

w w
Fgg —i—a i— h
o 7 ( to ) . ()
—i— Fop —i—a ¢
14 v
with wy and « defined as
F99F<P§0
=y./ , C5
wo Y 1 + az ( )
=ym(F96 +F(p<p)' (C6)

APPENDIX D: POWER DISSIPATED BY THE
SPIN WAVES

The change in the transmitted SAW power equals the
power dissipated by the spin waves, Pp,e, which can be
estimated as [28]

O [ oo ( 56
Pong = —Im [“OE/VO (hg,h(p)< a(p )dV}, 1)

where Vy is the volume of the ferromagnetic film tra-
versed by the SAW. Although an accurate calculation of
Prgag requires an integration taking into account the varia-
tion of exy and eyz across the depth of the Fe;Si film, we
just calculate the value of the integrand at the Fe;Si/GaAs
interface. This depth yields the largest ratio exz/exy, and
it is where one expects the strongest nonreciprocal effects.

We also neglect the decay of the strain amplitude as the
SAW propagates in the ferromagnetic film at the ME res-
onance. Then, the power dissipated by the SAW-induced
spin waves can be approximated as

_Nh 7 @
mag —
214 (? — a)(z])z + (wk)?

X [Ba)/c + C(w® — a)é)] s

(D2)

w
B = F,,(foexz0)* + Foo(fpexx.0)* — 2;f9f(p8xx,08xz,o,
(D3)

€ =a? [thevo + thenco)’]. (D4)

The nonreciprocal behavior is related to the expression for
B in Eq. (D3). If both exx o and exz are nonzero, the first
and second terms of the expression for B are always pos-
itive, but the sign of the last term depends on the signs of
Jo(@o, B) and £, (¢o, B). To illustrate this, we show in Fig. 7
the dependence of Py, on H and g for several values of
exx o and exz, calculated using the material parameters in
Table I and g = 0°.

If the SAW propagates exactly parallel or antiparallel to
[110], then the profile of Py, for —ksaw is a mirror image
of the corresponding profile for +kgaw. This is shown in
Figs. 8(a) and 8(b), where we display the dependence of
Prag on H and @y for +ksaw (B = 0°) and —ksaw (B =
180°), respectively. In the calculation, we now use eyzo =
0.5exx o as in the body of the paper. The mirror symmetry
breaks if there is a small misalignment between kgaw and
the axis defined by the [110] direction. To illustrate this,
Figs. 8(c) and 8(d) display the profiles of Py, calculated

H

H H
@ Lo 110 ) Loa 110 Loseng
T T T 8)0(’(;=10_4 T T T 8)0(’(;=10_4 (c) T T T SXXI;=O
4+ T 4r -4 ar ~]
£XZ’0=0 Exz0™ 10 Exz0= 10 |
- 2 1 = 2t 1 = 2t .
Q Q L)
o o o
2 o 1 8o 1 8o -
z ° Z
S S S
Pmag Pmag Pmag
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FIG. 7. Dependence of Pnye on H and ¢y, calculated for three different amplitudes of the longitudinal and shear strains, exy o and

£xz,0, respectively. The simulations are performed with 8 = 0°, that is, ksaw propagates along [110].
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under the same conditions as for Figs. 8(a) and 8(b), but
with 1° of misalignment added to 3.
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