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The resonant interaction of surface acoustic waves and spin waves is a potential new tool to handle
information. However, the natural precession frequencies of most ferromagnetic materials lie in the
10 GHz range, i.e. far above present common technology for surface acoustic waves. This feature
restricts the range of materials of interest. To expand this range, we present here measurements of
the acoustic attenuation and velocity, at room temperature, in epitaxial Fe on GaAs(001). Resonant
coupling is observed in the sub-GHz regime by proper selection of the orientation and intensity of the
applied magnetic field. With a very simple magnetization dynamics model that takes into account
the softening of the magnetic precession modes, we are able to describe the observed salient features.

I. INTRODUCTION

The physics of resonant coupling between strain and
magnetization, pioneered theoretically by Akhiezer [1]
and Kittel [2] and experimentally by Bommel, Drans-
feld [3] and Pomerantz [4] many years ago, experiences
today a sustained revival. The crossing of phonon and
magnon (or spin wave) branches in the (k,w)-space ei-
ther at magnetic remanence or when a moderate mag-
netic field is applied to a ferromagnetic material (FM)
leads to modes hybridization engendered by magneto-
elastic coupling (MEC). The phonons can be thermal
lattice vibrations or sound waves excited by transduc-
ers. In the former case, the most exciting results con-
cern the so-called spin-Seebeck effect, where spin currents
flow in a FM sample due to a thermal gradient [5, 6].
In the latter case, the magnetization precession can be
modified by surface acoustic waves (SAWSs) in spintronic
and magnonic devices. In particular, MEC effects in the
sub-GHz regime have allowed SAW induced ferromag-
netic resonance (SAW-FMR) to be observed in Ni [7],
(Ga,Mn)(As,P) [8] and (Ga,Mn)(As) [9] thin films. In-
deed, resonant MEC is so efficient that spin pumping ef-
fects could be generated in Co/Pt bilayer at 1.5 GHz [10],
and magnetization of (Ga,Mn)(As,P) or (Ga,Mn)(As)
thin films could be irreversibly switched [11, 12]. The
main advantage of this strain-mediated approach, based
on the SAW mature technology, is that phonons can be
excited remotely and trigger local magnetization dynam-
ics once they interact with FM materials. This can be
done with minimal energy dissipation, very high tunabil-
ity [13] and high directionality [14].

However, most ferromagnetic materials have preces-
sion frequencies well above 5 GHz, i.e. above the highest
frequency easily reached by today’s SAW technologies.
Moreover, their precession frequency increases dramati-
cally with magnetic anisotropy K and saturation magne-
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tization Mj, limiting the ability of research in the field
of SAW-FMR. As reported in Fig.1(a) (see the green
dashed line) the precession frequency, vy, calculated us-
ing the Smit and Beljer approach [15] in the emblematic
case of Fe thin film, a very important system for spin-
tronic and magnonic applications, is already 10 GHz at
zero field. It turns out that vg increases with increas-
ing M4 B+ when an external field B.,; is applied along
the easy axis [100]. Such high frequencies restrict the re-
search on SAW-FMR to low magnetization and/or low
magnetic anisotropy materials, such as (Ga,Mn)As or
(GaMn)(As,P) [8, 9, 11, 12], Ni [3, 7, 10, 14, 16-18], and
YIG [19, 20]. Additional requirements for materials for
future SAW-based spintronic or magnonic devices is room
temperature SAW-FMR, relatively high magnetization
for easy detection, a significant magnetoelastic coupling
and a low Gilbert damping coefficient «. Here, we show
that thin films of Fe epitaxially grown on GaAs(001),
a spintronic and magnonic compatible [21] magnetoelas-
tic and piezoelectric heterostucture, give the opportunity
to bridge the material gap and to obtain SAW-FMR, at
room temperature, below 1 GHz despite the high Fe mag-
netization (M ~ 1.7 x 10° A.m~1), namely around 3 and
40 times larger than in Ni and (Ga,Mn)(As), respectively.
Moreover, we show that the resonance is obtained when
the field is applied in a very tiny angular range (£0.1°),
with respect to the magnetic hard axis. The method
to lower vy below the GHz regime consists in applying
B..: along the in-plane hard axis of Fe, namely [110]
and [110] directions. This strategy of using an applied
B..t was used previously in GaMnAsP [8] and probably
in polycrystalline Co at 1.5 GHz [10].

In this configuration, the Smit and Beljer approach
predicts a softening of the effective magnetic stiffness, at
the saturation field (Bg ~ 55 mT, see experimental mag-
netization in Fig.1(b)). As shown in the inset of Fig.1(a),
at B, the precession frequency vy decreases to a value
close to the typical SAW frequencies, permitting reso-
nant MEC [22]. Readers interested in the full calculation
can find details in Ref.[23]. Such a softening is extremely
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FIG. 1. (a) Calculated precession frequencies in a thin Fe
layer (in-plane magnetization) versus applied field amplitude.
Field is applied either along easy axis [100] (¢ = —45°) or
along hard axis [110] (¢ = 0°). The effect of the magneto-
elastic coupling is to increase the minimum value of vy. Inset:
Calculated precession frequencies for various small applied
field angles ¢ with respect to [110]. Calculation parameters
are M, = 1.7 x 105 A.m™!, cubic anisotropy K = 4.7 x
10* Jm™3, By = =7 x 10° J.m™® [24], C11 = 230 GPa, C12 =
134 GPa, C4s = 116 GPa. (b) Measured magnetization along
the [100] and [110] axis, by Vibrating Sample Magnetometer,
at room temperature. (c) Sketch of the sample.

angular dependent as shown in the inset of Fig.1(a): 1y
increases dramatically when the magnetic field direction
is only 1° off the [110] or the [110] directions. For this
reason highly oriented Fe crystals are required to get res-
onant MEC.

II. EXPERIMENTAL SETUP

In order to obtain high quality and well oriented sam-
ples, Fe thin films were grown by molecular beam epi-
taxy (MBE) on GaAs(001) substrates (undoped). Fe
thin films were deposited on a ¢(2 x 2) Zn-terminated
ZnSe epilayer at 180 °C, grown on a GaAs sub-
strate covered by a thin GaAs buffer, a prototype
of a low reactive iron/semiconductor interface [25].
The thickness of the Fe layer is 67 nm. The sam-
ples were covered by a protective 10 nm gold cap-
ping layer. Fe thin films present the expected epitax-

ial growth conditions, i.e. [100]rc//[100]znse//[100]Gaas
and (001)pe//(001)znse//(001)Gaas and biaxial mag-
netic anisotropy, as reported in previous works [25]. A
4 x 4 mm? mesa is then defined by ion etching.

Figure 1(c) represents a sketch of the device under
test. We adopted an all electrical excitation/detection of
SAWs via the piezoelectric effect in the semi-insulating
GaAs substrate, using interdigital transducers (IDTs)
[26]. The emitter IDT orientation is such that the acous-
tic wave vector Kgq,, is parallel to [110], the most favor-
able direction for SAW excitation. The split 44 design
[27] is used to excite SAW at four harmonic frequencies
nv where v = 119 MHz and n = 1,3,5,7. Pulsed exci-
tation is used with 500 ns duration. An identical IDT
acts as a detector. kg, 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 refer-
ence field Bext, the magnitude of which is B.y = 0.4 T,
saturating the sample in the field direction. Then, the
field intensity is decreased down to zero, while mea-
suring the amplitude and phase of the acoustic signal.
We deduce the relative change in SAW phase velocity,
AV/V = (V(Begt) = V(Byres))/V (Byrey), and the change
in SAW attenuation AT' = I'(Beyt) — I'(Brey) as a func-
tion of the field amplitude B..:, at a given field direction
1 and at a given acoustic frequency vgq,,. We recall that
the acoustic attenuation I'; in dB per unit length (cm), is
I' = (20/1n10)L~! where L characterizes the exponential
decay exp(—x/L) of the acoustic wave amplitude versus
propagation distance x. All experiments are performed
at room temperature.

III. RESULTS

Figures 2 and 3 display our main results. Figure 2
shows the highly directional acoustic properties at 833
MHz. We observe attenuation peaks with a maximum
amplitude when B, is parallel, within the experimental
accuracy of £1°, to the in-plane hard axis [110] (¢» = 0°).
The variation is rather large (5 dB.cm~!) and maximum
attenuation is obtained for 0.055 T, which corresponds
to the saturation field (Fig.1(b)) and to the minimum of
the magnetization precession frequency (Fig.1(a)). The
very strong angular dependence of the effect is a strik-
ing result: rotating the field from 0.0° to 0.1° divides
the attenuation peak by a factor of five. Consequently,
the experiments require a 0.05° experimental resolution,
at least. It can also be noted that the magnitude of
the attenuation peak depends on whether the acoustic
wave vector Kgq,, is parallel or anti-parallel to the ap-
plied field B.;;, as shown in the inset of Fig.2. Such
non-reciprocity effects are well known and are frequently
observed in magnetic systems [28-30]. In the following we
will only consider the anti-parallel configuration, where
the attenuation peak is slightly larger.

In order to put into evidence the effect of the SAW-
FMR on the experimental curves, we compare in Fig.3
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FIG. 2. Variation of acoustic attenuation versus applied mag-
netic field amplitude Beg:. Applied field Bey: is in-plane, at
an angle ¢ with respect to [110] (hard axis). Field ampli-
tude is decreasing. AT’ = I'(Begt) — I'(Brey), Brey = 0.4 T.
Acoustic frequency is 833 MHz. The SAW wavevector Ksqw
is parallel to [110] direction and anti-parallel to Beg:. Inset:
same magnetic configuration, 1) = 0°. Ksa, is either parallel
or anti-parallel to Beg:.
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FIG. 3. Variation of acoustic attenuation I' and velocity V'
versus applied magnetic field amplitude Bez:. Field Beg: is
applied in-plane, parallel to [110] (hard axis, ¥ = 0°), or to
[100] (easy axis, ©p = —45°). Field amplitude is decreasing.
Acoustic frequencies range from 119 MHz to 833 MHz. ksaw
is parallel to [110]. At ¢ = 0°, Ksew and Bey: are anti-
parallel. (a) AT = I'(Beat) — I'(Bref), Brey = 0.4 T. Inset:
Magnitude of the attenuation peak versus frequency (¢ = 0°).
(b) AV/V = (V(Beat) — V(Bres)/V(Bref); Bref = 0.4 T.
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FIG. 4. Computed acoustic attenuation and velocity versus
amplitude of the applied field. Field Bes: is applied in the
(001) plane, at an angle ¢ from [110] (hard axis). Field am-
plitude is decreasing. (a) Attenuation at various small angles
1 off [110], at 833 MHz. (b) Attenuation at several acoustic
frequencies, from 119 MHz to 833 MHz, at ¢ = 0°. (c) Veloc-
ity relative variations at several acoustic frequencies, from 119
MHz to 833 MHz, at 1) = 0°. Calculation parameters in (a),
(b) and (c) are identical to those in Fig.1(a) and o = 0.005.

both SAW attenuation AI' and phase velocity variations
AV/V at several acoustic frequencies vsq,, and for two
magnetic field directions. Let us first consider B.,; par-
allel to the in-plane hard axis [110] (¢p = 0°). At high
external field, both SAW attenuation and velocity are
constant, indicating that there is no coupling between
SAW and magnetization. Below 0.08 T, we observe ve-
locity and attenuation variations indicating an effective
magneto-elastic coupling with a maximum close to the
saturation field Bs. In the inset we show that the mag-
nitude of the attenuation peak is roughly proportional to
v3 .- Moreover, the velocity depends on the frequency
and also on small angular variation around this configu-
ration (not shown here). It is also worthwhile to notice
the kink in the velocity variations at 833 MHz around
0.055 T which fades away when the frequency decreases.
A totally different behavior is observed when the field is
applied along [100] (¢ = —45°). The attenuation is con-
stant (not shown) and the velocity changes smoothly up
to high fields (see Fig.3(b)).



IV. PHENOMENOLOGICAL MODEL

In order to evaluate how resonant MEC affects the field
dependence of velocity and attenuation, we study magne-
tization dynamics in the framework of Landau-Lifshitz-
Gilbert (LLG) equations.

d—m—f mxB -'+amxd—m
a ! el di

; Bepr=-Vmf (1)
where m is the normalized magnetization M/M;. ~ is
the absolute value of the gyromagnetic factor, « is the
Gilbert damping coefficient. f is the normalized free en-
ergy F/M; of the layer. The free energy F is the sum
F=F,+F;+ Fp.+ Fpee+ Fei, where the various terms
are the Zeeman, the demagnetizing, the magnetocrys-
talline anisotropy, the magnetoelastic and the elastic en-
ergy terms. The relative weights of each terms depends
on the intensity and the direction of the external mag-
netic field (see for example [23]). The magneto-elastic
free energy of a cubic solid reads :

Free = By [5xT(m?~ - %) + Eyy(mi - %) + €Zz(m§ - %)}
+2Bs [€zymmmy + Egmym, + EyZ’r'ﬁLyTnz]
(2)

Bj and Bj are phenomenological coupling constants [31].
€;; are the strain components, expressed in the standard
cubic frame. For small deviations from equilibrium, the
LLG equation can be linearized [23, 32]:

do
a0y = K1 00 + ko 5(p + Z Kij (Sé‘ij
dc(lsto = (3)
i C1 00 + G2 60+ D Cij Ogyj
t i<j

0 and ¢ are the magnetization M polar and azimuthal
angles (with respect to [001] and [100], respectively). The
x and ¢ terms are related to the second order derivatives
fo.0, fo,p and fo , of the normalized free energy (for de-
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wave, propagating along [110] may catch the physics of
the interaction between the acoustic wave and M. Such
a simple model has already been used [33]. More sophis-
ticated calculations would improve certainly the agreee-
ment with the experimental data but at the expense of
complexity [34-36]. Then, the displacement field u and
precession angles variations d¢ and 06 read:

uy = Uexp(i(wt — kz'))
uy = ujy=0 (@)
do = Pexp(i(wt — ka'))
50 = Oexp(i(wt — ka'))

(here, and in the following, any component expressed
in the rotated frame ([110], [110],[001]) will be primed).
From Eqs.(3) and (4), we derive:

—ik i —

S = 7 . (zw <1>K12 + (12K1 Ull (5)
2 (iw— ko) (iw —C1) — K12

The acoustic wave dynamics is governed by the Newton

equation. In our case:

2,/ /
0“uy  Jdoyy

p otz Oz (6)

where p is the mass density of the magnetic layer and
the strain o, = g’a—lf is derived from the magnetic free
11

energy F":
oty = C110e1; + B2 cos2¢ (7)

@ is the equilibrium value of the azimuthal angle ¢. The
relation between ¢ and 1 can be derived in a Stoner and
Wohlfarth approach, by minimizing the free energy. At
saturation, ¢ and @ are linked by ¢ = @ — w/4. Cf; is
the C1; 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°. From equations
5, 6 and 7, we derive:

tails, see [23]). In our experiments, the deviations de;; pw?= 6’?1 k2 (8)
are due to the surface acoustic wave. To simplify the
calculations, we crudely assume that a bulk longitudinal  where:
J
— B2 (w2 — w%) vfo.0 — 20wt +i [QOJT_l’}/fgﬁ + aw (w2 — wg)]

cos?(2p)

C _ C/ 27
11 11+ Vi

S

T is the relaxation time and wy = 271y is the magnetiza-
tion precession resonant radial frequency also defined in
[23] as:

_ 1 ay
T iyt fee) (10)
wo =7 f@,efap,go (11)

(w? — w§)2 + 4w2r 2

(1, is an effective elastic modulus governing the prop-
agation of a bulk longitudinal wave along [110], 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
penetration depth of a SAW is roughly equal to its wave-
length A. Then, we assume that the relevant effective



modulus, governing the propagation of the SAW, is the
average of the layer and substrate modulus, weighted by
d and (X — d), respectively:

, dCL+ (A —d)C

¢ )

(12)

C! is the Cy; 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’ [37]:

Av_ dAR(CT) o _ @ S(Chy)
c! ’  4m? C

v 2\

(13)

We show now that this simple model catches the physics
of the observed phenomena, i.e. a highly directional res-
onant process. As discussed above, magnetoelastic reso-
nance can be achieved close to By, as shown in the inset of
Figl(a). A careful inspection of Egs. (9) and (13) reveals

the resonant character of C7; modulus with a maximum
when wy and wg,,, match, leading to maximum attenu-
ation and velocity variations. This is visible in Fig.4(a)
which shows the calculated attenuation for several small
angles ¢ with respect to [110], at 833 MHz.

It should be noted that our simple model predicts at-
tenuation peaks exhibiting a strong dependance on 1,
in agreement with the experiments. This is related to
the sensitivity of the frequency matching condition with
respect to ¢ (see inset of Fig.1(a)). Figure 4(b) also dis-
plays the attenuation at various frequencies, at ¥ = 0°.
At 833 MHgz, the attenuation is much larger than at lower
frequencies, due to the matching condition wggy = wp-
The magnitude of the calculated peak is close to the ex-
perimental value (5 dB.cm~!) and decreases drastically
at lower frequencies. The experimental curves are wider
than the theoretical ones. We ascribe this observation to
the mosaicity of the sample (FWHM of the (002) planes
~ 0.3°, measured by X Ray diffraction), responsible for
a spreading of the resonance frequencies at a given B.y;.
At low frequencies, the calculation underestimates the
coupling since the measured attenuation is slightly larger
than the one predicted by our simple model. Concern-
ing the sound velocity, our calculation gives the correct

order of magnitude and describes the trend of the mag-
netic field dependence as reported in Fig.4(c). A sharp
variation is observed at all frequencies for B.,; = Bs. At
833 MHz, we notice that the variation is maximum and
it is characterized by two kinks just above and below the
sharp step. The wider kink well reproduces the one ob-
served in experiments at 833 MHz (Fig.3(b)), indicating
that the condition wse,w = wp is fullfilled. This point is
expected from the analysis of Eq.(9). The narrower kink
is not observed experimentally because of a convolution
effect due to the mosaicity of the sample (not shown).

Finally, the wsqw = wo condition is certainly fulfilled
even at 595 MHz since we observe a small kink below the
sharp step at 595 MHz (see Fig.3(b)).

V. CONCLUSION

Our experimental findings prove that resonant phonon-
magnon coupling is comfortably obtained in epitaxial Fe
thin films on piezoelectric GaAs(001), even in the sub-
GHz regime. Magnetization dynamics can be switched
on/off by a slight variation of the magnetic field direction.
Inevitably, resonant magneto-elastic coupling leads to
magnetization dynamics triggering and to modifications
of the spin waves amplitude and phase, paving the way
to a remote control of spin wave propagation via acoustic
waves that are characterized by millimeters decay length.
Consequently, SAWs might be a valuable tool for spin
wave and spin currents excitation and spin wave manip-
ulation (dephasing, amplitude modulation and even gap
opening) in common FM materials, like bee Fe, Fep_,Ga,,
and Py, characterized by magnetocrystalline or induced
magnetic anisotropy [38].
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