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Abstract

We report the observation of surface acoustic wave (SAW)-driven ferromagnetic

resonance (FMR) on polycrystalline FeRh in its ferromagnetic phase. A strong hys-

teresis of the magnetic fields at resonance is observed and is found to correlate with the

static coercivity of the sample, as confirmed by temperature-dependent measurements.

The angular dependence of SAW-FMR is furthermore measured and found to exhibit

a wide variety of shapes that differ from commonly observed resonance curves. By

modeling the hysteresis of the sample using a simple macrospin approach, we show

that the observed features result from the softening of the magnetic eigenfrequency

and of the magnetoelastic field allowed by hysteresis. This observation opens up the

possibility of coupling resonantly SAWs to magnetization dynamics for both low mag-

netic fields and low frequencies, which is normally possible only for samples presenting

magnetic anisotropy. Long considered a problem to be reckoned with, hysteresis may
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now instead offer an appealing alternative for on-chip integration of magnetic SAW

sensors.
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1 Introduction

Great progress has been achieved over the past decade in understanding how spin waves

or magnons interact with bulk and surface acoustic waves (SAWs) via magnetoelasticity.1

Since magnetic properties finely depend on interatomic distances, strain waves are an in-

teresting nonthermal and tunable lever to manipulate a magnetic system, especially when

they resonate with magnetic eigenfrequencies. Experiments involving piezoelectrically ex-

cited SAW are typically performed on metallic, semiconducting, or insulating ferromagnets

such as nickel, cobalt or Fe3Si,
2–6 GaMnAs,7 or YIG,8 as well as synthetic 2D ferro- and

antiferromagnets.9–11 Special attention has been paid to the very general features of this in-

teraction, in particular the influence of SAW frequency and power, the magnetic anisotropy

of the layer, and the direction of the applied magnetic field.

Paralleling such developments in the ferromagnetic resonance community, the magnetic

field sensing community has developed devices, models, and systems that rely on the same

physics but approach questions from an acoustic perspective.12–17 Measurement of the vari-

ations of elastic wave properties with the magnetic field, even very far from magnetic reso-

nance, has indeed proven to offer an interesting alternative to traditional field sensors that

are based on magnetoresistance or the Hall effect, with the potential advantage of wireless

operation.

Whether using magnetoelasticity to manipulate magnetization or to perform on-chip field

measurements via acoustic properties, magnetic hysteresis is at best avoided and at worst
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constitutes a real problem to deal with. Magnetic hysteresis appears when SAW attenuation

or velocity is measured while the magnetic field is swept along an easy magnetic axis.3,4,14,18

It is rarely taken into account when modeling the magnetoacoustic interaction.

In this work, we show that coercivity is in fact an alternative way to reach the SAW-

driven ferromagnetic resonance (SAW-FMR) regime, allowing resonance at much lower fields

and over a much wider range of field angles than when only exploiting the case of (quasi)

positively aligned magnetization and magnetic field. For this purpose, we chose an atypical

material, FeRh, because of its easily tunable coercivity. This equiatomic alloy exhibits

a first-order transition from a ferromagnetic (FM) to an antiferromagnetic (AFM) phase

upon cooling. The reduction in FM domain nucleation sites during the transition results

in a significant increase in coercivity with decreasing temperature, whereas the remaining

magnetic parameters vary much less. We make use of this property to assess the effect of

coercivity on SAW-FMR, only focusing on the resonance of the FM fraction of the sample.

We then develop a simple model to describe SAW-FMR taking hysteresis into account.

Assuming relatively conservative hypotheses such as macrospin rotation, we reproduce the

main observed experimental features, such as the dependence with the SAW frequency, the

applied temperature, and the field angle.

2 Experimental section

The considered magnetic system consists of a FeRh(h=270 nm) / Ta(100 nm) mesa on a

GaAs(001) substrate, over which interdigitated transducers (IDTs) are directly thermally

evaporated, as shown in Fig. 1(a) (see Supplemental Information (SI) section A for details

on sample fabrication). IDTs are composed of pairs of 4:4 equipotential digits ensuring the

excitation of surface acoustic waves of frequency f = n
Vr,0
λ0

, with λ0 = 9.5 µm, n = 1, 3, and

where VR,0(T ) is the temperature-dependent Rayleigh velocity of GaAs.

Magnetization is measured versus temperature on an unpatterned sample grown in the
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Figure 1: Schematics of the experimental setup. (a) Magnetic properties of the
FeRh/Ta/GaAs sample (not to scale, simplified IDT design, see text for details) are mea-
sured using longitudinal Kerr microscopy. SAWs are excited and received by IDTs along
a ⟨110⟩ direction of the GaAs substrate. (b) Magnetization measured by SQUID magne-
tometry is shown versus temperature (red line) for a sample grown in the same batch and
is overlaid with the relative acoustic phase velocity variations (f=299 MHz, blue line and
symbols, no field applied). The negative slope caused by the decrease of acoustic velocity
with temperature was removed and the value at Tref = -40◦C was taken as a reference.

same batch (red curve in Fig. 1(b)). A broad AFM to FM transition is apparent, with

the magnetization M dropping to 71 kAm−1 at −40◦C. The patterned sample is then glued

onto a chip, micro-bonded, and placed in a variable-temperature cryostat regulated by a

continuous flow of liquid nitrogen and a heating resistance.

At T = 130◦C, for which the sample is in a uniform FM phase, surface acoustic waves are

excited at f=299 and 889MHz in 300-ns-long bursts every 10µs. After propagation across

the delay line (width of the FeRh mesa L=3.4mm, inter-IDT separation L∗=3.547 mm, tran-

sit time τ(f)), they are detected by the facing IDT using an oscilloscope, thanks to which

the acoustic echo and the electromagnetic parts of the signal can be clearly separated.7,19

The arrival time of the echo gives an estimate of the group velocity at the correspond-

ing frequency. It matches well with values calculated using the elastic constants of FeRh,

Ta and GaAs (see numerical details in SI section B). The centermost part of the acoustic

echo is fitted with function A sin (2πft+ ψ), from which the relative SAW amplitude and

phase velocity variations are computed from relations ∆Γ(H,T )=
20

L
log

(
A(H,T )

A(Href, T )

)
and
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∆V

V
(H,T )=

ψ(H,T )− ψ(Href, Tref)

2πfτ(f)
, respectively.

We first measure the SAW phase velocity without applied field versus temperature, start-

ing from −40◦C. As expected for acoustic waves, a steady decrease of the phase velocity is

observed with temperature, on top of which appears a clear hysteretic behavior, resulting

from the presence of the FeRh layer. Once this negative slope has been removed, a clear

opening appears (blue curve in Fig. 1(b)), due to the significantly different elastic constants

of FeRh in the AFM and FM phases.20 The SAW phase velocity variations with temperature

match perfectly those of magnetization (red curve in Fig. 1(b)). Those variations are thus an

excellent indication of the ferromagnetic fraction explored by surface acoustic waves. This

fraction, that will be labeled xFM in the following, varies between 0 (AFM phase) and 1 (FM

phase).

3 Results and discussion

3.1 Field parallel to the SAW wavevector

We first conduct SAW-FMR experiments in the uniform FM phase at T = 130◦C. The SAW

amplitude and phase velocity are monitored as the magnetic field is swept from µ0Href = 200

to −200 mT and back, and are normalized to their value at saturation. Judging from hys-

teresis cycles obtained for a very similar sample,21 this field is sufficient to saturate the

magnetization in the uniform FM phase. The field is first applied parallel to the SAW

wavevector (ϕH = 0◦ in the reference frame of Fig. 1(a)). Decreasing the field from positive

saturation, Fig. 2 shows that both SAW phase velocity and amplitude first slowly decrease.

As the field overshoots zero, a clear hysteretic behavior appears. For f = 299 MHz, both

amplitude and velocity variations drop around |µ0Hmax| = 3.2 ± 0.1mT down to about

−1.3 dB cm−1 and −2.9 10−4, respectively. For f = 889 MHz a similar behavior is observed,

with the maximum amplitude variations reaching -38 dB cm−1 at about 2.7±0.1mT, whereas

the maximum velocity variations only double to −4.5 10−4. Similar hysteretic signals under
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SAW excitation have been observed before on nickel, FeGa, and FeCoSiB, with the field

giving the position (respectively depth) of the maximum attenuation varying weakly (re-

spectively strongly) with SAW frequency.3,4,14,18,22,23 In-depth modeling, however, has not

yet been proposed. We demonstrate in the following that the observation we make is indeed

SAW-driven FMR, and anticipate this interpretation by renaming fields at the maximum

attenuation/velocity variations as ”resonance fields” Hres.

Figure 2: SAW-FMR experiment at T=130◦C, with the field applied along the SAW wave-
vector for f=299 and 889MHz. SAW phase velocity (a) and amplitude (b) variations are
shown versus applied field. The inset in (b) is a zoom on the 299MHz curve. (c) Longitudinal
Kerr cycle obtained by averaging a microscopy image of the FeRh mesa taken in front of the
exciting IDT.

In order to relate acoustic data with the static magnetic behavior, we then record a lon-

gitudinal Kerr microscopy (LMOKE) hysteresis cycle in front of the excitation transducer1.

The hysteresis cycle is relatively square, with coercitive field µ0Hc = 3.3 mT (Fig. 2(c)),

and aligns with the resonance fields seen in the SAW-FMR data. Magnetization goes from

1A linearly polarized 635 nm LED source is focused in the back focal plane of a 0.4 NA objective. Reflected
light is detected through a partially crossed analyzer and measures the projection of the magnetization along
the SAW direction. Averaging the signal over the 220 × 240 µm2 FeRh area, the hysteresis cycle can be
reconstituted.
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positive to negative saturation over a range of about 1 mT, with data points in the switching

step indicating the presence of multiple domains.

Systematic SAW-FMR experiments are then performed following an identical procedure,

decreasing temperature from the fully uniform phase at T = 130◦C until the signal is dom-

inated by noise, around T = 20◦C (Fig. 3(a)). The signal maintains a similar shape but

decreases in amplitude, as expected from the decreasing FM fraction of the layer.24 The res-

onance fields for f=299 and 889 MHz are then plotted versus temperature, along with the

coercivity measured as detailed above (Fig. 3(b)). The resonance field for f= 889 MHz is

systematically fractions of mT lower than for f= 299 MHz. Both closely follow coercivity at

all temperatures. Coercivity diverges from its high temperature value as the ferromagnetic

fraction decreases from 1 (dashed orange line in Fig. 3(b)).

Figure 3: (a) Relative amplitude variations (offset for clarity) at varying temperature for
f=889MHz and applied field parallel to k (ϕH=0◦). See SI section E for velocity variations
at f=889 MHz and data for f=299 MHz. (b) Resonance fields obtained from amplitude
variations for f=299 and 889 MHz are overlaid with the coercive field measured by LMOKE
microscopy. The dashed orange line is the FM fraction deduced from the relative velocity
measurement (see Fig. 1(b)).
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3.2 Angular dependence of SAW-FMR

Having identified that the resonance field matches the coercivity when H is parallel to k,

we now perform SAW-FMR at varying field angles, in order to probe the dependence of

the effective magneto-elastic field with the magnetization direction. In particular, if the

magnetization is strictly in-plane and follows the field direction, no torque is expected when

H is perpendicular to the wave-vector k of a Rayleigh wave.3,25,26

Figure 4: SAW-FMR at selected field angles (see the animations in the SI for the other
angles) for (a) f=299MHz and (b) f=889MHz. (c) The resonance field Hres for f=299
MHz (open circle symbols in panel (a)) is shown as a function of the field angle ϕH . ϕH is
counted with respect to the SAW wavevector direction (shown with the green arrow).

The field angle is varied between ϕH = −90◦ and +120◦ in steps of 7.5◦, for both fre-

quencies. Since the hysteresis cycles cover both positive and negative (ϕH + π) fields, this

setting conveniently provides partial redundancy in the data. A selection of amplitude curves

is presented in Fig. 4(a,b) (other field angles and SAW phase velocity data are provided in

SI section E and animations). Strikingly, hysteresis persists at all angles and resonance

never disappears. Resonance is the shallowest around ϕH = −45◦ and the deepest around

ϕH = 67◦. Its shape also varies from that of a single Lorentzian dip at ϕH = 0◦ to a double
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dip, e.g. at ϕH = 80−90◦, or a Lorentzian-derivative-like shape, e.g. at ϕH = 22◦, 30◦. This

variable shape makes it difficult to pinpoint a single resonance field, so we tentatively select

the local minima indicated with open symbols in Fig. 4(a). We then plot the resonance field

versus field angle in Fig. 4(c). The envelope of the polar plot varies between 2.5 and 3.6mT

and exhibits slight uniaxial anisotropy along ≈ −(10− 15)◦. For f = 299 MHz a weak non-

reciprocity appears, since ∆Γ(+Hres) ̸= ∆Γ(−Hres) and
∆V

V
(+Hres) ̸= ∆V

V
(−Hres). For

f = 889 MHz, non-reciprocity is extremely marked and completely distorts the ”double-dip”

lines. Changing the field angle to ϕH = −90◦ confirms the sign of the non-reciprocity (full

and dashed lines in Fig. 6(d)). We show later that most features of the SAW-FMR data can

be qualitatively explained by modeling the system as a hysteretic macrospin system.

4 SAW-FMR model

4.1 Overview of the SAW-FMR model

In a SAW-FMR transmission experiment, an acoustic wave propagates across a magnetic

layer that is usually much thinner than the wavelength. The amplitude and velocity of the

SAW is modified through the dynamic interaction of strain and magnetization. Along the

past decade, various reports have demonstrated for various ferromagnetic and even antiferro-

magnetic systems that this effect can be modeled using a simple FMR-like approach.3,9,25,27,28

Specifically, the magnetization dynamic equation is solved with magnetoelastic coupling in-

troduced in the form of an effective field bme oscillating at frequency f . The effective field is

derived from the magnetoelastic energy Eme as bme = −∇MEme. Very much like the rf field

in a coplanar waveguide, it forces magnetization precession. The problem is then treated

from a magnetic point of view by equating the power gained by the magnetic system, ∆Pmag,

with the power lost by the acoustic system, ∆Pac (see Eq. 1). Variations of the acoustic

power are then expressed as a function of those of the acoustic wavevector using a first order
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expansion3

∆Pac = −2 ∆k L Pac,0 = ∆Pmag, (1)

with Pac,0 =
1

2
W ρ VR ω

2

∫
FeRh

|ui(z)|2dz. (2)

In this expression, Pac,0 is the acoustic power within the magnetic layer before traveling

across the delay line,29 ρ is the mass density of FeRh, W the width of the IDT or acoustic

aperture, and ui are the components of displacements. Pac,0 is calculated explicitly for

each frequency by solving the elastic propagation equation in the FeRh/Ta/GaAs stack (see

details and numerical values in SI section B). ∆Pmag is the magnetic power acquired by the

layer. It depends on the magnetoelastic field (explicited in the following section) and on the

susceptibility χ (in Tesla units, see SI section C). Note that the latter peaks at the magnetic

eigenfrequency, i.e. for f0(H) = f . The expression for ∆Pmag is

∆Pmag = −iωMs

2

∫
Vmag

b∗me · [χ] bmedV. (3)

Finally, the SAW amplitude and phase velocity variations are computed with respect to a

reference state (Href) from the dissipative/dispersive components of the complex wavevector

variations ∆k 
∆Γ =

20

L
log [exp(L [−ℑ(∆k) + ℑ(∆kref)])] ,

∆V

V
= −ℜ [∆k]−ℜ [∆kref ]

k
.

(4)

4.2 Magnetoacoustic interaction

FeRh is known for its strong volume magnetostriction across the phase transition.30,31 It has

indeed been recently exploited to shift the transition of FeRh by a few degrees using surface

acoustic waves.32 There is however very little information on its Joule magnetostriction,31
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which here will be assumed to yield a magneto-elastic energy of the form:33,34

Eme = Bs

(
εxxm

2
x + εzzm

2
z

)
+ 2(Bsεxz +Keffωzx)mxmz. (5)

In this expression, mi=
Mi

Ms

are the reduced magnetization components and εxz, εxx, εzz and

ωzx are the strain and rotation components of the Rayleigh wave traveling along x. Bs

(in Jm−3 units) is an isotropic magnetoelastic constant. Keff encompasses all out-of-plane

anisotropy terms of the form −Keffm
2
z, such as out-of-plane uniaxial anisotropy and shape

anisotropy2 Keff = K⊥ − µ0M
2
s

2
. The two components of the magneto-elastic effective field,

bθ(z, x, t) = − 1

Ms

∂Eme

∂θ
, and bϕ(z, x, t) = − 1

Ms sin θeq

∂Eme

∂ϕ
, are perpendicular to the static

position of the magnetization given by (θeq, ϕeq) (the full expression is given in SI section

D). For the particular case of θeq = π/2 (in-plane magnetization)


bθ(x, t) = −2

(
Bs

Ms

εxz +
Keff

Ms

ωzx

)
cosϕeq exp(i (kx− ωt)),

bϕ(x, t) =
Bs

Ms

εxx sin(2ϕeq) exp(i (kx− ωt)).
(6)

The magnetoacoustic interaction is here treated in the linear regime, so that the ampli-

tude and velocity variations should not vary with incoming rf power, as verified experimen-

tally. The model reflects this linearity. Strain amplitudes appearing in bme and the acoustic

power in the layer Pac,0 are both calculated from displacements ui (Eq. 2). The depth of the

resonance depends finely on the frequency-dependent weights of the different strain compo-

nents, and in particular on the longitudinal strain εxx compared with shear strains εxz and

ωxz. We calculate and average their values over the FeRh layer. We observe in particular

that the relative weight of shear strains increases with the SAW frequency (see Table 1 in

SI section B).

2See the particularly relevant discussion and mathematical proof by Yamamoto et al.35 on why and up

to what extent it is legitimate to consider the static shape anisotropy term
µ0M

2
s

2
as a prefactor in the

magneto-rotation energy.
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4.3 Modeling hysteretic SAW-FMR: case study for M ∥ k

In order to discuss the ϕH = 0◦ data using simple analytical formulae, we need a simple model

of the hysteretic behavior. Although the dimensions of the FeRh mesa allow for the existence

of a complex domain structure at coercivity (Fig. 2(c)), we make the strong approximation

of a domain-free Stoner-Wohlfarth macrospin system, and show that it describes correctly

the main features of the data. The energy of the system is assumed to be simply

E0 = −µ0M ·H −Ku cos
2(ϕ− ϕu) sin

2 θ +
µ0M

2
s

2
cos2 θ. (7)

Angles θ and ϕ are defined with respect to the sample normal z and to the SAW wavevector,

respectively (Fig. 1(a)). Because the data appear to evidence uniaxial anisotropy close to

the x axis (Fig. 4(c)), we will moreover assume ϕu = 0◦ in this section, but small deviations

around this axis would not change the following derivation. The ϕeq(H) hysteresis cycle is

first calculated (Fig. 5(a)). As expected when the field is applied along an easy axis (ϕH = ϕu)

a sharp switching step is obtained for µ0Hc = ±2Ku

Ms

.

Assuming a fully in-plane magnetization (θeq = π/2) , the angular eigenfrequency ω0(H) =

2πf0 (the full expression is given in SI section C) then simply reads

ω0(H) =
γ

Ms(1 + α2)

√
2Ku cos 2ϕeq + µ0HMs cosϕeq

×
√
µ0HMs cosϕeq + 2Ku cos2 ϕeq + µ0M2

s (1− P00(k)) , (8)

where γ is the gyromagnetic ratio, α accounts for damping, and P00 (k) = 1−(1−exp(−kh))/kh

(see SI sections B and C for numerical values of these parameters). The eigenfrequency varies

weakly with the SAW wavevector (red and blue curves in Fig. 5(b)). A clear hysteresis ap-

pears in the eigenfrequency between fields ±µ0Hc = ±2Ku

Ms

, as compared to the case where

the magnetization is always collinear to the field (thick gray line in Fig. 5(b)). Allowing H

and M to be anti-aligned moreover induces a strong softening of the eigenfrequency when
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H = Hc. Eq. (8) shows that this is due to the canceling of the first square root term at this

field. Note that a similar conclusion had been reached to explain out-of-resonance dynamic

∆E measurements performed on FeCoSiB with Love waves.14 The same phenomenon would

also occur were we to choose a cubic anisotropy along x, or even a depinning term of the form

−Kdep cos(ϕH − ϕeq)
2, as long as there is a field range over which H and M are anti-parallel

(e.g. ϕeq = π when H > 0). Eigenfrequency softening is very convenient to couple SAWs

of arbitrary low frequency to magnetic systems whose eigenfrequencies are normally beyond

typical SAW frequencies (up to 2-3 GHz).

When magnetization is completely in-plane and along x, the magneto-elastic field has

only one non-zero component of amplitude bθ,0 = 2

(
Bs

Ms

⟨|εxz|⟩+
Keff

Ms

⟨|ωzx|⟩
)
cosϕeq, with

ϕeq = 0 [π]. The magnetic power is simply ∆Pmag = −iωMs

2
Vmag|bθ,0|2χ11, with χ11 the first

diagonal component of the susceptibility tensor (see SI section C). The SAW amplitude and

phase velocity relative variations can now be calculated using Eqs. (1-4) by injecting the

field-dependence of bθ,0(ϕeq) and χ11(ϕeq), and the numerical values for the average strain

and reference acoustic power Pac,0 (Table I of SI). They are plotted for the two frequencies

in Fig. 5(c,d). They evidence the same hysteresis as the eigenfrequency (Fig. 5(b)), with a

dip at the magnetic field for which f0 intersects the SAW frequency. The resonance field is

thus slightly lower for 889 MHz compared to 299 MHz (see the vertical red and blue arrows

in Fig. 5(d)), as also observed experimentally (see comments on the temperature-dependence

of Bres, Fig. 3).

The depth of the resonance is 0.25×10−4 (resp., 0.8×10−4) for the phase velocity and

-0.8 dB cm−1 (resp., -10 dB cm−1) for the amplitude at f=299 MHz (resp., at 889 MHz).

This agrees qualitatively with experimental observations of a global increase of amplitude

with SAW frequency, but a weaker dependence for velocity variations. The model, however,

underestimates both SAW velocity variations and high frequency amplitude variations. A

better adjustment could be obtained, e.g. by introducing a somewhat artificial proportion-

ality constant between ∆Pmag and ∆Pac as done by previous authors,3,27 or by increasing
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Figure 5: Simplified model in case the magnetic field is aligned with k : uniaxial anisotropy is
along ϕu = 0◦ and there is no depinning term. (a) The hysteresis cycle is plotted as a function

of the field normalized to the coercive field µ0Hc =
2Ku

Ms

. (b) The spin wave eigenfrequency

f0 is calculated with Eq. (8) assuming hysteresis, for k=0.69 µm−1 (f=299 MHz, red line)
and k=2.27 µm−1 (f=889 MHz, blue line). The thick gray line is the calculation for k=0.69
µm−1 assuming no hysteresis. The acoustic wave frequencies f=299 or 889 MHz are indicated
by the red and blue dashed horizontal lines, respectively. (c, d) Relative SAW amplitude
and velocity variations calculated using Eqs. (3,4) for f=299 and 889 MHz, assuming Bs=5
MJm−3. Vertical arrows in (d) point to the resonance fields, that are slightly lower at higher
frequency.
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the magnetoelastic constant. This will be discussed further on.

4.4 Modeling angular SAW-FMR

Analysis of the ϕH = 0◦ data has shown that a hysteresis of the equilibrium angle is respon-

sible for hysteretic SAW-FMR. Measurement of the magnetic hysteresis of the FeRh layer at

varying field angles in its FM phase would have then allowed us to calculate the correspond-

ing variations ∆Γ(H,ϕH) and ∆V/V (H,ϕH). Unfortunately this type of characterization

was not possible due to the joint requirements of high temperature operation (130◦C) and

application of an in-plane rotating field. Instead, hysteresis was modeled phenomenologically

using a combination of various energy terms in order to reproduce the observed angular de-

pendency (Fig. 4). Keeping in mind that (i) hysteresis is needed at all angles and that (ii) a

weak uniaxial anisotropy seems to exist slightly off the SAW axis (see Fig. 4(c) for instance),

the following energy form was assumed

E = −µ0M ·H +
µ0M

2
s

2
cos2 θ −Ku cos

2(ϕ− ϕu) sin
2 θ

−Kdep cos
2(ϕ− ϕH) sin

2(ϕH − ϕu) sin
2 θ (9)

The additional Kdep depinning term leads on its own to a sharp switching at µ0Hdep =

±2Kdep

Ms

at all field angles. It is multiplied by sin2(ϕH − ϕu) in order to come into play

only at field angles away from ϕu. Indeed, in the absence of any term other than Ku, the

hysteresis cycle would completely close for ϕH = ϕu + π/2, with magnetization saturating

along the hard axis at ±2Ku

Ms

.

For each field angle, the following procedure was implemented:(i) the ϕeq(H) cycle was

computed numerically by searching for a local minimum of the total energy; (ii) the magneto-

elastic fields and magnetic eigenfrequency were computed; (iii) ∆Γ(H) and ∆V/V (H) were

computed. Using the unique set of parameters Ku = 4700 Jm−3, Kdep = 3200 Jm−3, ϕu=-6◦

and Bs=5 MJm−3 reproduces qualitatively the shapes observed experimentally. Some dis-
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crepancies persist in the exact position of the resonance fields and the depth of the resonance,

which are likely due to the strong hypotheses of the model, and will be discussed further. A

selection of the calculated amplitude variations is shown in Fig. 6.

Figure 6: Field angle dependence of SAW FMR. Data in the top row and corresponding
modeled curves in the bottom row are calculated using the energy form of Eq. ( 9) with Ku

= 4700 Jm−3, Kdep = 3200 Jm−3, ϕu = -6◦, and Bs=5 MJm−3. Different shades on a given
graph correspond to the up and down field-sweep branches. Selected angles for f = 299 MHz
are (a,e) ϕH = 0◦, (b,f) ϕH = 37◦, and (c,g) ϕH = ±90◦. Selected angles for f=889 MHz
are (d,h) ϕH = 90◦ (full lines) and (d) ϕH = -90◦ (dashed lines).

As observed experimentally, the resonance gradually evolves from a single dip shape

(Fig. 6(a)) to a Lorentzian-derivative shape around ϕH = 30-37◦ (b), and finally to a double

dip around ϕH = 90◦ (c). Let us focus in particular on the latter curve. To understand its

unusual shape, it is useful to explicit how amplitude variations are impacted by the position

of the magnetization via magnetoelastic field components, (bθ, bϕ) (ϕeq) and the magnetic

eigenfrequency ω0(ϕeq)

∆Γ ∝ ℜ (∆Pmag) = −2πfMs

2
ℑ
(
|bθ|2χ11 + |bϕ|2χ22 + 2iχ12|bϕbθ|

)
∝ ω2αMs (|bθ|2 + |bϕ|2) (ω2 − ω2

0)− γBα [γ (|bθ|2Eϕϕ + |bϕ|2Eθθ) + 2ω|bϕbθ|Ms]

(ω2
0 − ω2)

2
+ (ωγBα)

2
(10)
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In these expressions it is assumed that the magnetization lies fully in-plane. Eij are the

second derivatives of the total energy with respect to angular coordinates θ, ϕ. Their full

expressions, as well as that of Bα, are given in SI section C. What is noteworthy here is that

bϕ = 0 and Eϕϕ ≈ 0 when ϕeq = ϕH = 0◦ and is at a minimum when ϕeq = 0◦ and ϕH = π/2.

Finally, Bα ∝ α(Eϕϕ + Eθθ), so that SAW amplitude variations are clearly proportional to

α, as expected for wave absorption.

Figure 7 shows plots for up and down field-sweeps of the equilibrium angle, the magne-

toelastic fields, and the eigenfrequency f0 when ϕH = 90◦. Fig. 7(d) shows that resonance

would be expected around 0.9 mT, when the SAW frequency is closest to the eigenfrequency

minimum. However, at this precise field ϕeq = 0 (Fig. 7(b)), so that bϕ(ϕeq) = 0 (Fig. 7(c))

and Eϕϕ is minimum. From Eq. 10 it follows that in this case a ”hole” is carved out of the

expected resonance curve, around which two dips form at ±0.5 mT and ±1.2 mT. Hence

they do not correspond to distinct resonance positions, or hysteretic switching steps as could

have been expected from data analysis for ϕH = 0◦. Indeed, the hysteresis cycle (Fig. 7(b))

shows that the switching step is in fact much higher, around ±4.6 mT.

We finally briefly comment on amplitude non-reciprocity of ∆Γ. As mentioned by other

authors,25 non-reciprocity stems from the competition between the π antisymmetric cos(ϕeq)

term and the sin(2ϕeq) term in the magneto-elastic field (Eq. 6). It does not come into

play when magnetization is strictly parallel or perpendicular to k. This was the case for

ϕH = 0◦ when we had simplified the system by taking ϕu = 0◦. A weak non-reciprocity

has now appeared for ϕH = 0 and 90◦ when ϕu = −6◦ (Fig. 6(e,g)), because this leads

to a static equilibrium position of the magnetization that is not rigorously aligned with

the SAW wave-vector. At the higher frequency, it becomes very pronounced, a feature

reproduced by the hysteretic SAW-FMR model (Fig. 6(d,h)). It stems from the growing

weight of the shear strain and rotation terms in the magneto-elastic field (Eq. 6), combined

with a tilt of the magnetization away from 0◦ or 90◦ off the SAW wavevector. The shapes

of the modeled curves for ϕH = 90◦ remain slightly different from experimental ones, due
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Figure 7: Explanation of the double-dip shape of the amplitude variation curve for ϕH = 90◦

(f = 299 MHz, same model curve as in Fig. 6(g)). The panels shown (a) SAW amplitude
variations, (b) equilibrium angle, (c) amplitude of the magneto-elastic field components, and
(d) eigenfrequency. SAW frequency f=299 MHz is indicated by the horizontal red dashed
line. See SI section C and equations within the text for the full analytical expressions of
the eigenfrequency and the magneto-elastic fields. The dashed vertical line is a guide for the
eyes to follow the position of the eigenfrequency minimum (±0.9 mT).
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to the presence of an additional non-hysteretic V-shaped background slope in the data,

that is also present in velocity variations curves. This could be due to the presence of an

out-of-plane magnetization component, caused by either a slight field misalignment or an

out-of-plane anisotropy inducing weak stripes in the sample at low fields. However, our

sample characterization setup is not presently sufficient to test these hypotheses further.

4.5 Discussion

While providing a good qualitative description of experimental data, the model discussed in

the previous section relies on a strong simplification of the physical system that obviously

limits the quantitative match between numerical computations and experiments. We discuss

in particular discrepancies on resonance position, depth, and overall curve shape.

As explained above, the position of the resonance is governed by the static magnetization

orientation. The latter has been obtained by minimizing a macrospin energy including

depinning and uniaxial terms. Whereas the former is likely related to the polycrystalline

nature of the layer,21 the latter can tentatively be attributed to the presence of a Rh gradient

across the layer (see SI section A for details on sample growth), and is compatible with the

tilted anisotropy axis that appears in the angular dependence of the resonance field (Fig.

4(c)). However it is well-known that hysteresis is a macroscopic phenomenon involving

defects and inhomogeneities, with the coercive field potentially smaller than the Stoner-

Wohlfarth switching field, µ0Hsw. As such, a better quantitative agreement with resonance

fields over the entire span of field angles would require an independent characterization of

the hysteresis, which could not be performed due to the technical constraints mentioned

above. The correct prediction of the resonance field also affects the shape of the curve. To

illustrate this, let’s comment on the case of a field applied along the SAW wavevector. If the

magnetization switching occurs before µ0Hsw, which is the field softening the eigenfrequency,

the resonance will not present the rounded minimum of Fig. 6(e), but the sharp minimum

experimentally for ϕH=0 (Fig. 6(a)).
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The SAW resonance depth on the other hand is impacted by two factors: the magnetoe-

lastic constant and the overlap of spin and acoustic waves. Our model estimates it correctly

for field angles that are close to the SAW wavevector direction, but overestimates amplitude

variations as the angle ϕH increases. The magnetoelastic constant Bs is the main lever for

SAW-driven FMR. The value we have converged to, 5 MJm−3, corresponds to a magne-

tostriction coefficient33 λs = − Bs

3C44,iso,FeRh

= 22 ppm (C44,iso,FeRh being one of the elastic

constants of FeRh, see SI section B), a value that is difficult to compare to the experiments

of Levetin et al.31 that were performed at high fields. This value however allows to coun-

terbalance the Ms-dependent magneto-rotation term in Eq. 6 and to reproduce the strong

non-reciprocity at f = 889 MHz for ϕH = 90◦ (Fig. 6(d,h)). Secondly, the present model

relies on the crude approximation of thickness-averaged dynamic strain and magnetization.

A more correct approach would involve calculating the actual overlap of strain and spin

waves in the thickness of the sample, at varying field angles.36 In particular, as the static

magnetization is more and more misaligned with the SAW wavevector, the spin wave will

tend to localize increasingly at one interface or the other (the so-called Damon-Eschbach

mode configuration).

Finally, the description of hysteresis in a macrospin formalism, while convenient, does

not take into account the presence of magnetic domains, and how they could affect or be

affected by the traveling SAW.Whereas the domain walls themselves are probably too narrow

(< 100 nm) to be felt by the SAW (λ > µm), one could imagine the case of an organized

domain structure perpendicular to the SAW wavevector for which the wavelength would

be commensurate with their period. This could induce a measurable attenuation at very

particular field angles. However, since our measurement is only sensitive to acoustic waves

whose wavevector points perpendicular to the IDTs, only k-conserving scattering effects

would be detectable in the phase velocity variations.
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5 Conclusion

Hysteretic SAW-FMR has been observed experimentally in FeRh and a clear correlation

between resonance and coercivity was highlighted. Using a very simple phenomenological

macrospin model of hysteresis, the effect has been tracked down to a combination of two

phenomena: (i) coercivity of the eigenfrequency whose softening allows for the resonance,

(ii) hysteresis of the effective magneto-elastic field. This explains how to reach resonance

for both low magnetic fields and low SAW frequency, without relying on the presence of a

magnetic hard axis. This is a particularly appealing perspective in view of applications. The

microscopic origin of hysteresis (domain-wall depinning, uniaxial or biaxial anisotropy, etc.)

is not of particular importance here, the only relevant information being the field-history

of the static magnetization. The frequency-dependence of the observed features are also a

clear illustration of the necessity to take into account the frequency-dependence of the strain

components, in particular of the weight of shear strain and rotation terms, even at relatively

low frequencies. Looking towards SAW-based applications such as field sensors, resonators,

and magnetic delay lines, for which clever solutions have been devised to avoid hysteresis,

such a model could be used to harness hysteresis to obtain a large, resonant device response

at very moderate magnetic fields.
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The Supplementary information contains 5 different sections:

• A: Details on sample fabrication

• B : Details on calculation of acoustic properties

• C : Susceptibility tensor and eigenfrequency

• D: General form of magneto-elastic fields
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There are also two animated movies showing the full angular dependence of SAW amplitude

and phase velocity variations for the two frequencies.
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res, W.; Lemâıtre, A.; Gourdon, C.; Duquesne, J.-Y.; Thevenard, L. Resonant magneto-

acoustic switching: influence of Rayleigh wave frequency and wavevector. Journal of

Physics: Condensed Matter 2018, 30, 244003.

(20) Ourdani, D.; Castellano, A.; Vythelingum, A. K.; Arregi, J. A.; Uhĺı̌r, V.; Perrin, B.;
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Liao, L.; Chen, F.; Luo, W.; Maekawa, S.; Otani, Y. Strongly Coupled Spin Waves and

Surface Acoustic Waves at Room Temperature. Physical Review Letters 2024, 132,

56704.

(27) Rovillain, P.; Duquesne, J.-y.; Christienne, L.; Eddrief, M.; Pini, M. G.; Rettori, A.;

Tacchi, S.; Marangolo, M. Impact of Spin-Wave Dispersion on Surface-Acoustic-Wave

Velocity. Physical Review Applied 2022, 18, 064043.

(28) Hwang, Y.; Puebla, J.; Xu, M.; Lagarrigue, A.; Kondou, K.; Otani, Y. Enhancement of

acoustic spin pumping by acoustic distributed Bragg reflector cavity. Applied Physics

Letters 2020, 116, 252404.

25



(29) Royer, D.; Chenu, C. Experimental and theoretical waveforms of Rayleigh waves gen-

erated by a thermoelastic laser line source. Ultrasonics 2000, 38, 891–895.

(30) Ibarra, M. R.; Algarabel, P. A. Giant volume magnetostriction in the FeRh alloy.

Physical Review B 1994, 50, 4196–4199.

(31) Levitin, R.; Ponomarev, B. Magnetostriction of the Metamagnetic Iron-rhodium Alloy.

Soviet Journal of Experimental and Theoretical Physics 1966, 23, 984.

(32) Wu, H.; Liu, Q.; Gao, R.; Mi, S.; Jia, L.; Wang, J.; Liu, H.; Zhang, S.; Wei, J.; Wang, X.;

Han, G.; Wang, J. Acoustic Wave-Induced FeRh Magnetic Phase Transition and Its

Application in Antiferromagnetic Pattern Writing and Erasing. ACS Nano 2024, 18,

12134–12145.

(33) du Tremolet de la Lacheisserie, E. Magnetostriction theory and applications of magne-

toelasticity ; CRC Press, 1993.

(34) Maekawa, S.; Tachiki, M. Surface acoustic attenuation due to surface spin wave in ferro-

and antiferromagnets. AIP Conference Proceedings 1976, 29, 542–543.

(35) Yamamoto, K.; Maekawa, S. Magnetostatic Field Induced by Mechanical Deformations.

Annalen der Physik 2024, 536, 1–11.

(36) Yamamoto, K.; Xu, M.; Puebla, J.; Otani, Y.; Maekawa, S. Interaction between surface

acoustic waves and spin waves in a ferromagnetic thin film. Journal of Magnetism and

Magnetic Materials 2022, 545, 168672.

26


