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Resonant magnetoelastic coupling (MEC) is demonstrated in an Fe thin film epitaxially grown on a
piezoelectric GaAs substrate with application of subgigahertz surface acoustic waves (SAWs). The fre-
quency at which resonant MEC is achieved is reduced far below 1 GHz by the application of a small
in-plane magnetic field. Moreover, the resonance, observable by attenuation and velocity changes of the
SAW, can be switched on and off by a small (0.1°) angular rotation of this in-plane field. This angular
sensitivity makes SAW-ferromagnet devices attractive for sensing applications, such as wireless, battery-
free, and interrogable magnetic-field monitors. Using a simple magnetization dynamics model that takes
into account the Fe magnetic anisotropy and the softening of the magnetic precession modes, we are able

to describe the observed salient features.
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I. INTRODUCTION

Miniaturized magnetic sensors are ubiquitous in modern
technology. Most of these devices are based on spin-
tronic effects and, in particular, on magnetoresistance-
(MR-)related phenomena such as anisotropic, giant, and
tunnel magnetoresistance, in which the electrical resis-
tance changes when the direction and the magnitude of an
external magnetic field are varied.

Recently, new magnetic field sensors have been pro-
posed that are based on magnetoelastic coupling (MEC)
and on the nonresonant interaction between magnetiza-
tion and acoustic waves [1,2]. This approach is based on
mature surface-acoustic-wave (SAW) technology, where
hypersounds are used to drive the dynamics of magneti-
zation, because of MEC, rather than dc electrical currents
or rf voltages. Like MR-based devices, such magnetic
SAW devices are sensitive to the direction and the mag-
nitude of an external magnetic field. SAWs can also be
used to develop wireless magnetic field sensors based on
coupling a SAW transponder to a giant-magnetoresistance
element [3,4].

The main advantage of a strain-mediated approach is
that phonons can be excited remotely (and transported over
millimeters). They can drive local magnetization dynamics

*jean-yves.duquesne@insp.jussieu.fr

2331-7019/19/12(2)/024042(8)

024042-1

once they interact with ferromagnetic (FM) materials. This
can be done with minimal energy dissipation, very high
tunability [5], and high directionality [6]. Moreover, SAW
technology is much more appropriate than MR-based tech-
nology for addressable, wireless, and battery-free sensors
operating in remote or even harsh environments.

Here we consider a SAW-FM device based on resonant
MEC (i.e., where the SAW frequency matches the mag-
netization precession frequency of a ferromagnetic thin
film). The physics of resonant coupling between strain and
magnetization was pioneered theoretically by Akhiezer
et al. [7] and Kittel [8] and experimentally by Bémmel
and Dransfeld [9] and Pomerantz [10] many years ago.
Later, MEC in the subgigahertz regime allowed SAW-
induced ferromagnetic resonance (FMR) to be observed
in Ni [11], (Ga,Mn)(As,P) [12] and (Ga,Mn)As [13] thin
films. Indeed, resonant MEC is so efficient that spin-
pumping effects could be generated in a Co/Pt bilayer
at 1.5 GHz [14], and magnetization of (Ga,Mn)(As,P)
or (Ga,Mn)As thin films could be irreversibly switched
[15-17].

There remain some significant challenges in imple-
menting a SAW-induced FMR device: (i) most ferromag-
netic materials have precession frequencies well above
5 GHz (i.e., above the highest frequency easily reached
by today’s SAW technologies); (ii) SAW-based magnetic
sensors must prove to be competitive against MR and
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Hall probe devices in accuracy and sensitivity. Addi-
tional requirements for materials for future SAW-based
spintronic or magnonic devices are that they demonstrate
room-temperature SAW-induced FMR, relatively high
magnetization for easy detection, a significant MEC, and
a low Gilbert damping coefficient, «.

In this article, we show that thin films of Fe epitax-
ially grown on GaAs(001), a spintronic- and magnonic-
compatible [18] magnetoelastic and piezoelectric heteros-
tucture, provide the opportunity to obtain SAW-induced
FMR, at room temperature, below 1 GHz, despite the
high Fe magnetization (M, ~ 1.7 x 105 Am~!), which
is around 3 times larger than in Ni and 40 times larger
than in (Ga,Mn)As. High saturation magnetization natu-
rally increases the magnetization precession frequency. We
show that subgigahertz resonance is obtained when a field
is applied in a very tiny angular range (0.1°) with respect
to the magnetic hard axis. This angle sensitivity is similar
to that of state-of-the-art MR magnetic sensors and Hall-
technology-based sensors and permits detection of tiny
tilting of the FM magnetization.

II. GROWTH AND CHARACTERIZATION OF
IRON THIN FILMS: DETAILS ON ACOUSTIC
MEASUREMENTS

To obtain high-quality and well-oriented samples,
Fe thin films are grown by molecular-beam epitaxy
on GaAs(001) substrates (undoped). Fe thin films are
deposited on a c¢(2 x 2) Zn-terminated ZnSe epilayer at
180 °C, grown on a GaAs substrate covered by a thin GaAs
buffer, a prototype of a low-reactive iron-semiconductor
interface [19]. The ZnSe layer separating the Fe thin film
and GaAs substrate ensures an abrupt iron-semiconductor
interface [20]. The thickness of the Fe layer is 67 nm.
The samples are covered by a protective 10 nm gold cap-
ping layer. The Fe thin films exhibit the expected epitaxial
growth relationship—that is, [100]ge||[100]z4se |[100]Gans
and (001)g || (001)z,s¢[1(001)gaas—and they show biaxial
magnetic anisotropy, as reported in previous work [19]. A
4 x 4 mm? mesa is then defined by ion etching.

The magnetization of the sample is measured with a
vibrating-sample magnetometer [see Fig. 1(a)]. Thin films
are characterized by x-ray-diffraction experiments using
Cu Ko radiation. The crystalline phases, in-plane orien-
tation, and lattice parameter of the films are evaluated by
x-ray diffraction. Typical reciprocal-space maps were col-
lected by measuring 26 /w radial scan versus w rocking
scan around the (002), (202), and (112) Bragg reflections
of Fe film. Details are given in Ref. [21]. To quantify the
mosaicity of the sample, we measure the FWHM of the
(002) planes. It is around 0.3°.

Figure 2 presents a sketch of the device under test. We
adopted all-electrical excitation and detection of SAWs
via the piezoelectric effect in the semi-insulating GaAs
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FIG. 1. (a) Magnetization measured along the [100] and [110]

axes by a vibrating-sample magnetometer at room temperature.
(b) Calculated precession frequencies in a thin Fe layer (in-
plane magnetization) versus applied field amplitude. The field is
applied either along the easy axis [100] (¥ = —45°) or along
the hard axis [110] (¢ = 0°). The calculation parameters are
M, = 1.7 x 10 Am™!, cubic anisotropy K = 4.7 x 10* Tm=3,
By =7 x 10 Jm™3 [22], C;; = 230 GPa, Ci; = 134 GPa, and
Cy4 = 116 GPa.

substrate [23] using interdigitated transducers (IDTs) [24].
The emitter-IDT orientation is such that the acoustic
wave vector Ksaw is parallel to [110], the most-favorable
direction for SAW excitation in GaAs. The “split-44”
design [25] is used to excite the SAW at four harmonic
frequencies nv, where v =119 MHz and » =1,3,5,7.
Pulsed excitation is used with 500-ns duration. An iden-
tical IDT acts as a detector. The kgaw direction can be
reversed by connecting the input signal to one IDT or
to the other. The sample is first subjected to a large
external reference field Bey, the magnitude of which is
Bier = 0.4 T and the direction of which is at an angle
to [110]. This large external field saturates the sample.
The field intensity is then decreased to zero while the

GaAs

FIG. 2. Sketch of the sample: 4 x 4 mm? Fe mesa (67 nm) on
GaAs(001). The IDT has a split-44 design [25]. The wave vector
ksaw is parallel to [110], By is the in-plane applied magnetic
field, and M is the Fe magnetization.

024042-2



SURFACE-ACOUSTIC-WAVE INDUCED FERROMAGNETIC...

PHYS. REV. APPLIED 12, 024042 (2019)

amplitude and phase of the acoustic signal are measured.
We deduce the relative change in SAW phase velocity,
AV/V = [V(Bext) — V(Bret)1/V(Bref), and the change in
SAW attenuation, AT" = I'(Bext) — I'(Brer), as a function
of the field amplitude By at a given field direction ¥
and at a given acoustic frequency vsaw. We recall that the
acoustic attenuation I', in decibels per unit length (cen-
timeters), is ' = (20/In 10)L~", where L characterizes the
exponential decay exp(—x/L) of the acoustic wave ampli-
tude versus propagation distance x. All experiments are
performed at room temperature.

IT1. RESULTS AND DISCUSSION

A. Evidence of subgigahertz resonance and angle
sensitivity in epitaxially grown iron thin films

As shown in Fig. 1(b) (see the dashed green line)
the precession frequency of Fe single crystals, vy, cal-
culated with the approach of Smit and Beljer [26] is
10 GHz at zero field due to the high biaxial magnetic
anisotropy constant K = 4.7 x 10* Jm™3. It can be seen
that vy increases with increasing M B When an exter-
nal field Bey is applied along the easy axis [100]. Such
high frequencies restrict research on SAW-induced FMR to
low-magnetization and/or low-magnetic-anisotropy mate-
rials, such as (Ga,Mn)As or (GaMn)(As,P) [12,13,15,16],
Ni [6,9,11,14,27-29], and yttrium iron garnet [30,31].

Here we propose to lower vy below the gigahertz
regime by applying Bey along the in-plane hard axis of
Fe; namely, the [110] and [110] directions. This strat-
egy of applying By to lower vy was used previously for
(Ga,Mn)(As,P) [12]. It may also have lowered v in poly-
crystalline Co to 1.5 GHz [14] (not discussed in Ref. [14]).
In this configuration, the approach of Smit and Beljer pre-
dicts a softening of the effective magnetic stiffness at the
saturation field [ B, >~ 55 mT; see the experimental magne-
tization in Fig. 1(a)]. As shown in Figs. 1(b) and 3, at Bq,
the precession frequency vy decreases to a value close to
typical SAW frequencies, permitting resonant MEC [32].
In the absence of coupling, vy is zero. The effect of the
magnetoelastic coupling is to increase the minimum value
of vy. Readers interested in the full calculation can find
details in Ref. [33]. Such a softening is extremely angu-
lar dependent as shown in Fig. 3: vy increases dramatically
when the magnetic field direction is only 1° off the [110]
direction or the [110] direction. For this reason, highly
oriented Fe crystals are required to get resonant MEC at
subgigahertz frequencies.

Figures 4 and 5 display our main results. We observe
attenuation peaks with a maximum amplitude when By
is parallel, within the experimental accuracy of £1°, to
the in-plane hard axis [110] (¥ = 0°). Figure 4(a) shows
the strong dependence of the SAW attenuation peak on
the angle of the applied in-plane field at 833 MHz. The
variation in attenuation with external in-plane magnetic
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FIG. 3. Calculated precession frequencies for various small

applied-field angles v with respect to [110]. For the calculation
parameters, see Fig. 1(b).

field is rather large (5 dBcm™'), and maximum attenu-
ation is obtained for 0.055 T along the [110] direction,
which corresponds to the saturation field [Fig. 1(a)] and to
the minimum of the magnetization precession frequency
[Figs. 1(b) and 3]. The very strong angular dependence
of the effect is a striking result: rotating the field from
0.0° to 0.1° reduces the attenuation peak by a factor of
5. Consequently, the experiments require an experimen-
tal resolution of at least 0.05°. It can also be noted that
the magnitude of the attenuation peak depends on whether
the acoustic wave vector kgaw is parallel or antiparallel to
the applied field Bey, as shown in the inset in Fig. 4(a).
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FIG. 4. Variation of (a) acoustic attenuation I" and (b) velocity
V versus applied-magnetic-field amplitude By at various angles
Y. The applied field By is in the plane at an angle ¢ with respect
to the [110] direction (hard axis). Measurements are taken as the
field amplitude is decreasing. AT = I'(Bext) — I'(Brer), AV/V =
[V(Bext) — V(Brer)]/V(Brer), and Brer = 0.4 T. The acoustic fre-
quency is 833 MHz. The SAW wave vector ksaw is parallel to
the [110] direction and antiparallel to Bey. In the inset in (a)
the magnetic configuration is the same, ¥y = 0°: ksaw is either
parallel or antiparallel to Bey;.
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FIG. 5. Variation of (a) acoustic attenuation I" and (b) veloc-

ity V versus applied-magnetic-field amplitude Bey at various
frequencies. The applied field Bey is in the plane parallel to
the [110] direction (hard axis, ¥ = 0°) or to the [100] direc-
tion (easy axis, ¥ = —45°). The field amplitude is decreasing.
AT =T (Bext) — I'(Bret), AV/V: [V(Bext) - V(Bref)]/V(Bref),
and Br = 0.4 T. The acoustic frequency ranged from 119 to 833
MHz. kgaw is parallel to the [110] direction. At ¥ = 0°, ksaw
and Bey are antiparallel. The inset in (a) shows the magnitude of
the attenuation peak versus frequency (¢ = 0°).

Such nonreciprocity effects are well known and are fre-
quently observed in magnetic systems [34-36]. In the
following we consider only the antiparallel configuration,
where the attenuation peak is slightly larger. Figure 4(b)
shows the velocity variation versus applied field for var-
ious angles . Steep variations are observed around the
saturating field, with a kink at 0.055 T for angles i close
to zero.

To evidence the effect of the SAW-induced FMR on the
experimental curves, we compare in Fig. 5 both SAW-
attenuation AI' and phase-velocity variations AV/V at
several acoustic frequencies vsaw and for two magnetic
field directions. We first consider By parallel to the in-
plane hard axis [110] (¢ = 0°). At high external field,
both attenuation and velocity are constant. Below 0.08
T, we observe velocity and attenuation variations indi-
cating an effective magnetoelastic coupling with a max-
imum close to the saturation field B;. In the inset in
Fig. 5(a), we show that the magnitude of the attenuation
peak is roughly proportional to vg Aw- Moreover, the veloc-
ity change depends on the frequency. It is also worthwhile
noticing in Fig. 5(b) the kink in the velocity variations
at 833 MHz around 0.055 T, which fades away when

the SAW frequency decreases. A totally different behav-
ior is observed when the field is applied along the [100]
direction (¥ = —45°). The attenuation is constant (not
shown) and the velocity changes smoothly up to high fields
[see Fig. 5(b)].

B. Phenomenological model

To evaluate how resonant MEC affects the field depen-
dence of velocity and attenuation, we study magnetization
dynamics in the framework of the Landau-Lifshitz-Gilbert
equation for a uniform mode:

dm

E:—meBeﬁ"FamX

m
W: Beﬂ' = _mea (1)
where m is the normalized magnetization M/M, y is the
absolute value of the gyromagnetic factor, and « is the
Gilbert damping coefficient. For simplicity, we assume
that the damping is fully described by «. f is the nor-
malized free energy F'/M, of the layer. The free energy
F is the sum F = Fz + Fyg + Fue + Fie + Fe1, where the
various terms are the Zeeman, the demagnetizing, the
magnetocrystalline-anisotropy, the magnetoelastic, and the
elastic energy terms. The relative weight of each term
depends on the intensity and the direction of the exter-
nal magnetic field (see, e.g., Ref. [33]). The magnetoelastic
free energy of a cubic solid reads

Fre = Bi|ex m2—l +e& mz—l + & m2—l
X 3 y y 3 z 3

+ 2B, (eqymemy, + xzmem + €,2mym.) ()

where B; and B, are phenomenological coupling con-
stants [37], and ¢; are the strain components, expressed
in the standard cubic frame. For small deviations from
equilibrium, the Landau-Lifshitz-Gilbert equation can be
linearized [33,38]:

déy Z
7:K189+K28(p+i5j Kij58ij3

dse )
o =000+ Hdp + ?ﬁ Sij 8€ij»

where 6 and ¢ are the magnetization M polar and
azimuthal angles (with respect to [001] and [100], respec-
tively). The « and ¢ terms are related to the second-order
derivatives fy ¢, f4.», and fy , of the normalized free energy
(for details, see Ref. [33]). In our experiments, the devia-
tions d¢;; are due to the surface acoustic wave. To simplify
the calculations, we crudely assume that a bulk longitu-
dinal wave, propagating along the [110] direction may
catch the physics of the interaction between the acous-
tic wave and M. Such a simple model has already been
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used [39]. More-sophisticated calculations would certainly
improve the agreement with the experimental data but at
the expense of complexity [40—42].

The displacement-field u and precession-angle varia-
tions §¢ and §6 read

uy = Uexpli(wt — kx')],

u, =uy =0,

3¢ = ®expli(wt — kx')], “)
30 = O expli(wt — kx')],

where here, and in the following, any component expressed
in the rotated frame ([110],[110],[001]) is primed. From
Egs. (3) and (4), we derive

—ik (i — ¢k + k1
2 (iw— k) (io — &) — k18

b = )

The acoustic wave dynamics is governed by the Newton
equation. In our case

where p is the mass density of the magnetic layer, and
the strain o], = 9F /0¢], is derived from the magnetic free
energy F, where

oy = Cyy0e); + B2 cos 2¢ 8¢, (7

where ¢ is the equilibrium value of the azimuthal angle ¢.
The relation between ¢ and i can be derived by a Stoner-
and-Wohlfarth approach by minimizing the free energy.
At saturation, ¥ and ¢ are linked by ¥ = ¢ — /4. C};
is the Cj; elastic constant of the Fe layer in the rotated
frame ([110],[110],[001]). The magnetoelastic term in
Eq. (7) reflects the maximum torque exerted by the SAW
on the magnetization for ¢ = 0° or 90°. In contrast, for
¢ = 45° [i.e., when a saturating field is applied along the
[110] direction (¢ = 0°)] the coupling vanishes. This is
consistent with the experimental results: no attenuation or
velocity changes versus Bey > 0.08 T are observed in this
configuration (see Fig. 5). From Egs. (5)«7), we derive

pa?=C K, (®)
%y 9oy,
p atz = ox' 4 (6) where
—~ B2 w? — w? — et '+ i2wt™! + aw (0? — »?
C/ll — C/H 4 ]‘24‘}/ C082 Zq—) ( 0) yféﬁ [ Vfé,@ ( 0)] , (9)

N

where 7 is the relaxation time and wy = 2wy is the
magnetization-precession resonant radial frequency, which
are defined in Ref. [33] as

1 ay
-1
= —— 10
T 2 1 + az (fé,@ +ﬁp,¢)’ ( )
wo = Y/ J0.0f.0- (11)

5’;1 is an effective elastic modulus governing the propaga-
tion of a bulk longitudinal wave along the [110] direction
in an infinite medium with elastic and magnetic properties
of the layer. We take into account the finite thickness d of
the thin film by an effective-medium approach. The pene-
tration depth of a SAW is roughly equal to its wavelength
A (in our sample A =~ 3.4 um at 833 MHz and d = 67 nm).
We assume that the relevant effective modulus, govern-
ing the propagation of the SAW, is the average of the
layer and substrate modulus weighted by d and (A — d),
respectively:

_dC + 0. —a)C,

C/
)\ s

(12)

(a)2 — w%)z + 40272

(

where C., is the Cj; elastic modulus of the substrate in the
rotated frame. The velocity v and acoustic decay length L
are related to the real and imaginary parts of C' [43]:

Av d AR(—‘:&T1 1
et VR

w*d Im(?l/1
c

~ 4702 C,

v 2A (13)

We now show that this simple model catches the physics
of the observed phenomenon (i.e., a highly directional
resonant process). As discussed above, magnetoelastic res-
onance can be achieved close to By, as shown in Fig. 3.
Careful inspection of Eqs. (9) and (13) reveals the res-
onant character of C}, with a maximum when w, and
wsaw match, leading to maximum attenuation and velocity
variations. This is visible in Fig. 6(a), which shows the cal-
culated attenuation for several small angles v with respect
to the [110] direction at 833 MHz.

Our simple model predicts attenuation peaks exhibit-
ing a strong dependence on ¥, in agreement with the
experimental results. This is related to the sensitivity of
the frequency-matching condition with respect to i (see
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FIG. 6. Computed (a),(c) acoustic attenuation I" and (b),(d)
velocity ¥ changes versus amplitude Bey of the applied field.
The calculation parameters are the same as those for Fig. 1(b)
and o = 0.005. The applied field By, is in the (001) plane at an
angle v from the [110] direction (hard axis). The field amplitude
is decreasing. (a),(b) Attenuation and velocity changes at several
small angles i off [110] at 833 MHz. (c),(d) Attenuation and
velocity changes at several acoustic frequencies from 119 to 833
MHz at ¢ = 0°.

Fig. 3). Figure 6(c) shows the attenuation at various fre-
quencies at ¢ = 0°. At 833 MHz, the attenuation is much
larger than at lower frequencies due to the matching condi-
tion wsaw = wo. The magnitude of the calculated peak is
close to the experimental value (5 dB cm™!) and decreases
drastically at lower frequencies. The experimental curves
are wider than the theoretical ones. We ascribe this obser-
vation to the mosaicity of the sample [the FWHM of
the (002) planes is approximately 0.3°, measured by x-
ray diffraction], which is responsible for spreading of the
resonant frequencies at a given Bey. At low frequencies,
the calculation underestimates the coupling since the mea-
sured attenuation is slightly larger than that predicted by
our simple model. This could be due to an underestima-
tion of the magnetic losses at low frequencies due to the
contribution of the inhomogeneous broadening of the FMR
linewidth. Otherwise, our calculations show that the veloc-
ity changes are quite insensitive to the damping term «.
The resonant frequency of devices based on mechanical
resonance will also be quite insensitive to the damping
term « even if the width of the resonance is affected by «.

With regard to sound velocity, our calculation gives
the correct order of magnitude and describes the trend of

the magnetic field dependence as reported in Figs. 6(b)
and 6(d). A sharp variation is observed at all frequencies
for Bexy = B,. At 833 MHz and v = 0, we notice that the
variation is maximum and it is characterized by two kinks
just above and below the sharp step. These kinks are the
fingerprint of the resonant process. They are intimately
related to the crossing of the wg (Bext) and wsaw curves (see
Fig. 3) and to the change of sign of the w} — w3,y term
in Eq. (9) when By is swept. This can easily be under-

stood assuming & = 0 in Eq. (9). In that case, C}, diverges
at wsaw = wo but with positive sign if wy — wg,y (i.€.,
if Bex decreases, starting form B;) and negative sign if
woy —> a)gr Aaw (€., if Bey; increases, starting from 0). When
the damping term « is taken into account, the divergence is
replaced by large positive (upper kink) and negative (lower
kink) variations [Figs. 6(b) and 6(d)]. The wider (lower)
kink reproduces well the kink observed in experiments at
833 MHz and ¢ = 0 [Figs. 4(b) and 5(b)], indicating that
the condition wsaw = wy is experimentally fulfilled. Our
calculations indicate that the narrower (upper) kink is not
observed experimentally because of a convolution effect
due to the mosaicity of the sample (not shown). Finally,
the wsaw = wy condition is certainly fulfilled even at 595
MHz since we observe a small kink below the sharp step
at 595 MHz [see Fig. 5(b)].

IV. CONCLUSION AND PERSPECTIVES

Our experimental findings prove that resonant phonon-
magnon coupling can be comfortably obtained in epitaxial
Fe thin films on piezoelectric GaAs(001), even in the
subgigahertz regime.

We show experimentally and confirm by a simple phe-
nomenological model that application of an in-plane field
can bring the thin-film magnetization precession frequency
into resonance with the applied SAW. The subsequent
attenuation and variation in velocity of the SAW is highly
sensitive to both the orientation and the magnitude of
this applied in-plane field, in good agreement with the
dependence of the thin-film magnetization frequency on
the applied in-plane field. In particular, the experimentally
observed kink in the SAW-velocity variation for SAW fre-
quencies of 833 and 595 MHz is predicted by our model
and is a direct indicator of the matching condition wsaw =
wy. These frequencies are fully compatible with today’s
SAW technology.

We show that SAW-induced FMR is extremely sensi-
tive to the angle of the applied in-plane magnetic field.
Indeed, the magnetization dynamics can be switched on or
off by an approximately 0.1° rotation of the magnetic field
direction. Consequently, our device can detect a magnetic
field of approximately 0.1 mT directed perpendicular to the
55-mT bias field. This sensitivity is competitive with exist-
ing MR-based magnetic field sensors, with the advantage
that SAW-based devices allow wireless and autonomous
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sensing. Our experiments are performed on Fe thin films
grown by molecular-beam epitaxy. However, other FM
materials and other growth techniques could be valuable,
provided the materials exhibit a large anisotropy, induced
either by the magnetocrystalline field or by the growth
process [44]. Fe;_,Ga, and Ni-Fe (permalloy) are such
materials.
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