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Performing ferromagnetic resonance (FMR) experiments on a polycrystalline FeRh (270nm)/Ta7

(100nm)/GaAs film, we evidence a low-field hysteretic signal, in addition to the usual non-hysteretic FMR8

absorption peaks. Its coercivity coincides with the static coercivity of the sample, which can be strongly tuned9

with temperature, thanks to the first order nature of the antiferromagnetic to ferromagnetic transition of FeRh.10

The sample was made using a graded composition technique which allows to obtain the Fe/Rh stoechiometry re-11

quired for the presence of an antiferromagnetic-ferromagnetic transition. We show that the low-field microwave12

absorption (LFMA) signal can be well modelled by simply introducing the hysteresis of the static magnetization13

in the dynamic magnetic susceptibility. Finally, previous observations of LFMA on a cobalt thin film are also14

reproduced by this model.15

INTRODUCTION16

Ferromagnetic resonance (FMR) is an inestimable exper-17

imental technique to probe the magnetic properties of thin18

films[1], be it their magnetic anisotropy, gyromagnetic ratio,19

intrinsic and extrinsic damping or exchange constant. It re-20

lies on using an external radiofrequency (rf) field to set the21

magnetization into forced precession, and an rf power detec-22

tor (typically a diode) to probe the electromagnetic losses as a23

function of a static magnetic field. In typical experiments, one24

takes care to remain outside the magnetic hysteresis range of25

the material. This is achieved by either working at fixed field26

sign, or by ramping the field down from the saturated state.27

However, intriguing hysteretic FMR signals (also known as28

"low-field microwave absorption", or LFMA) have been ob-29

served in various polycrystalline metallic systems [2–8], with30

the hysteresis occurring at fields neighbouring the DC co-31

ercivity of the samples. Despite previous attempts at inter-32

pretating this effect, in particular by correlating it to a simi-33

lar low-field coercivity observed in giant magneto-impedance34

experiments[9], no clear model has emerged so far to explain35

the origins of LFMA.36

In this report, we reproduce and model these observations37

by performing positive and negative-field swept FMR on a38

polycrystalline film of FeRh/Ta/GaAs. The main interest in39

using this material for this study lies in the convenient varia-40

tion of its coercivity with temperature, which allows us to con-41

firm unambiguously the correlation between the rf coercivity42

observed in the FMR experiments and the DC coercivity of43

the magnetization. FeRh is an antiferromagnet (AFM) which44

undergoes a first order phase transition to a ferromagnetic45

state around room-temperature. The coexistence of AFM and46

FM phases during this transition is responsible for the strong47

temperature-variation of the coercivity [10]. Although it was48

discovered almost 90 years ago [11], FeRh is currently gener-49

ating renewed interest for spintronics thanks to its bistable AF50

state [12], for very fundamental studies on laser-pulse trig-51

gered phase changes[13–16] and for energy harvesting be-52

cause of its sizable magnetocaloric effect [17]. Its FM mag-53

netization dynamics are of high relevance to these studies,54

and have been measured by various FMR techniques[18–23].55

Up to now, none of these studies had explored the low-field56

range necessary to evidence LFMA experimentally. We fill57

this gap by performing field-swept FMR at various temper-58

atures. Clear LFMA signals are obtained up to 25 GHz. We59

show that taking into account the hysteresis in the usual Polder60

susceptibility is sufficient to reproduce the important features61

of our data, as well as that of previous authors[24]. This pro-62

vides a definitive explanation for the up-to-now elusive origins63

of the LFMA phenomenon.64

SAMPLE GROWTH BY GRADED COMPOSITION65

TECHNIQUE AND CHARACTERIZATION66

FMR studies on FeRh were up to now[18–23] systemati-67

cally done on thin (≤90 nm) films grown over MgO. Here68

we grew instead a comparatively thick (270nm) film over69

Ta(100nm)/GaAs, by using a graded composition sputtering70

technique[25, 26] which we briefly describe below.71

In FeRh, there is only a narrow window of element stoe-72

chiometry that allows the appearance of the AFM state[11].73

This is usually achieved with an equiatomic target, or two sep-74

arate Fe and Rh targets and by very regularly re-calibrating75

powers and gas flows, since both materials have slightly dif-76

ferent sputter etch rates. Here instead, a Rh foil is positioned77

over half a Fe target, as shown in Fig. 1(a), so that differ-78

ent parts of the (non-rotated) sample will see different ratios79

of Fe and Rh during the growth. A 100 nm thick Tantalum80

buffer layer is first deposited to prevent intermixing of FeRh81

and GaAs, using an Ar pressure of 5×10−4 mbar and a ra-82

diofrequency (rf) power of 100 W (deposition rate of around83

15 nm min−1). This is followed by the growth of the 270 nm84

thick FeRh film at the same Ar pressure and rf power, lead-85

ing to a deposition rate of 4.2 nm min−1. After the growth,86

the ordered B2 phase is obtained by a post-growth annealing87

process at 823 K for 90 minutes (see Appendix).88

A straightforward indication of whether the growth has89

been successful is a simple visual observation of the wafer:90

a clear demarcation line appears as the contrast changes from91

dark to bright when the Rh composition allows for the exis-92
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FIG. 1. Graded composition growth technique[25, 26]: (a) A piece
of Rh rests on a Fe sputter target, which faces the non-rotating sam-
ple holder. (b) Sample after annealing: a reflectivity contrast clearly
appears between the Fe-rich, low reflectivity FM zone and the Rh-
rich high reflectivity AFM zone. (c) SQUID measurement of the
magnetization versus temperature under a 50 mT in-plane field. The
diamagnetic contribution of the GaAs substrate was not removed.
Sample numbering refers to that of (b). The data for sample 3 is
indicated by black symbols, and only the down-ramp is shown for
sample 1.

tence of a room-temperature AFM phase (Fig. 1(b)). FeRh is93

indeed known to exhibit a 3-5 % reflectivity drop upon tran-94

siting from the AFM to the FM phase[25, 27, 28]. To char-95

acterize quantitatively the magnetic behavior of the film, the96

central-most part of the wafer was cut into 2×2 mm2 sam-97

ples along the Rh concentration gradient (Fig. 1(b)). Magne-98

tization versus temperature curves were taken using SQUID99

magnetometry (Fig. 1(c)). A clear evolution of the magnetic100

behavior is observed, from the Fe-rich sample (#1) exhibiting101

a very small low-temperature AFM contribution, to the opti-102

mal Rh concentration (#3), and finally the #5 Rh-rich sam-103

ple exhibiting a wide transition, but low magnetization in the104

high-temperature FM state. In particular, sample 3 exhibits105

a high 400 K magnetization, and a very weak 7% residual106

FM phase at low temperature, similar to state-of-the art epi-107

taxial FeRh samples[10]. The transition is however wider -108

around 60 K (defined as the 10-90% level of the transition)109

- and at lower temperatures: the warming/cooling branches110

are centered around 345 K/298 K. Finally, X-Ray diffraction111

indicated the layer to be polycrystalline (see details in the Ap-112

pendix).113

To summarize, this technique gives in a single growth a se-114

ries of samples with varying Rh concentration among which115

a few will always present the right Fe/Rh stoechiometry for116

room-temperature AFM behavior, independently of the his-117

tory of the target.118

FERROMAGNETIC RESONANCE119

Experimental conditions120

Previous variable-temperature FMR studies on FeRh have121

used coplanar waveguide (CPW) or cavity geometries, vary-122

ing either the frequency (at fixed field [19]), or the field (at123

FIG. 2. VSM on the sample measured by field-modulated FMR: (a)
Low-field zoom of the hysteresis cycles across the transition: the
temperature is decreased down from 400 K. (b) Static (resp. LFMA)
coercivity in open (resp. closed) symbols extracted from the DC
hysteresis cycles of (a) (resp. the 15 GHz FMR data of Fig. 3(d)).

fixed frequency [18, 21–23]). Here we use the latter approach,124

with an additional field-modulation to increase the signal to125

noise ratio [29]. A 3×5 mm² sample is cut out from the re-126

gion whose Rh concentration allows an AFM↔FM transition,127

and its magnetic hysteresis characterized by Vibrating Sam-128

ple Magnetometry at various temperatures across the transi-129

tion (Fig. 2(a)). Notice that as expected for FeRh[10, 30],130

the static coercivity diverges when entering the AFM phase131

from the FM phase. This is known to originate from the de-132

crease of available FM nucleation sites, due to the decreasing133

proportion of FM phase in the film[10].134

The sample is then inserted in a Physical Property Measure-135

ment System (PPMS). It is installed magnetic face down onto136

a broadband CPW generating an rf field hhhCPW (Fig. 3(a)).137

The CPW is surrounded by two small modulation coils, and138

the measured signal is the field-derivative of the FMR sig-139

nal, dVFMR/dH. The static field is applied along the sample140

edge (<110> axis of GaAs). The sample was brought to a FM141

state at 400 K, and field-modulated FMR was performed cy-142

cling the field as Bmax → −Bmax → Bmax at varying frequen-143

cies ( f =0.3 to 25 GHz). The procedure was repeated at de-144

creasing temperatures until reaching the AFM state.145

We plot in Fig. 3(b-d) the component of the signal that is146

in-phase with the modulation field, dVX/dH. Two features147

can clearly be identified, which both disappear when entering148

the AFM phase: a clear, non-hysteretic (FMR) signal at high149

field (150 mT for instance in the 400 K, 15 GHz data of Fig.150

3(d)), and a low field, hysteretic one (zoom in Fig. 3(e)). We151

detail each of these contributions below.152

Resonance fields, and gyromagnetic ratio153

The FMR signal is unipolar, quite far from the expected154

bipolar Lorentzian-derivative shape. This can be accounted155

for by the Oersted field hhheddy generated by eddy currents156

Ieddy created in the sample by the time-varying rf field [31,157

32]. The total field seen by the ferromagnetic film is then158

hhhr f (t)=hhhCPW (t)+hhheddy(t). The fairly resistive nature of FeRh159

yields an electromagnetic skin depth between 2 and 10 µm160

at our working frequencies: δ (B) =
√

2ρ

ωµ0µr(B)
, µr being the161

magnetic permeability[33], ω=2π f the angular rf frequency,162
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FIG. 3. Temperature-dependent field-modulated FMR experiment at different rf frequencies: (a) Schematics of the set-up and sample. (b)-(d)
Normalized field scans of the derivative of the FMR signal. (e) Zoom on the low-field microwave absorption occurring in the FM phase at
varying temperatures, f =15 GHz. (f) Excitation frequency versus resonance field at temperatures exhibiting an appreciable proportion of FM
phase. The continuous line is a high-field fit to Eq. 1. yielding a gyromagnetic ratio of γ = 1.82×1011 ±0.01 rad s−1 T−1.

and ρ the resistivity of the film[34]. The rf field therefore163

penetrates deep into the FeRh film and the Ta film with five164

times higher conductivity. As described at length by Flovik165

et al.[31] and Gladii et al.[32], in the ideal case of zero in-166

ductance in the film where the eddy currents are created, the167

phase lag between hhheddy and hhhCPW is exactly 90° (since Ieddy ∝168

∂hr f
∂ t = iωhr f ). In reality, the inductance and resistance of169

the conducting films (here FeRh and Ta) induce an additional170

phase shift φ as follows: hhhr f (t) = hhhCPW eiωt + hhheddyei(ωt−φ).171

This dephasing has been shown to distort FMR lineshapes172

from Lorentzian derivatives to lineshapes even with respect173

to the resonance field [31, 32]. We further adopt the notation174

of Flovik et al.[31] who introduce the alternative parameters175

βy,βz and effective rf field hhh to express the in-plane and out-176

of-plane components of the total rf field: hr f ,y=hy(1− iβy) and177

hr f ,z=hz(1− iβz). βy,βz are directly related to the phase φ , and178

have been found [31, 32, 35] between -2.8 and +70.179

The resonance field was thus taken at the maximum of180

the FMR signal and plotted versus the frequency at differ-181

ent temperatures (Fig. 3(f)). At low frequencies, this FMR182

peak merges with the low-field, hysteretic signal, prevent-183

ing precise pointing of the resonance. As seen by previous184

authors, when the temperature decreases, the area under the185

FMR curve decreases and the linewidth broadens while the186

resonance field for a given frequency varies weakly. This is187

expected[22, 36] from the decrease of the total moment of the188

film upon nucleation of the AFM phase, while the anisotropy189

constants and saturation magnetization Ms of the FM fraction190

governing the resonance position vary weakly in this temper-191

ature range. The high-field part of the f (Bres) data is fitted by192

the Kittel equation giving the resonance frequency (or Eq. 1,193

with m0,x=1 , Ba the applied field, and the uniaxial anisotropy194

field Bu taken here as null) taking Ms=1101 kA m−1 from the195

VSM data of Fig. 2(a).196

ω0 = γ
√

[m0,x (µ0Ms +Bu)+Ba] [Ba +Bumx,0] (1)

This yields a gyromagnetic ratio γ = 1.82×1011 ± 0.01197

rad s−1 T−1, i.e. a g-factor of 2.07± 0.01, in agreement with198

the g=2.05± 0.06 value found by Mancini et al.[22]. Finally199

we note that the resonance linewidth increases non-linearly200

with frequency, with a strong zero-field intercept. This points201

to a large inhomogeneous broadening, compatible with the202

polycristalline nature of the film. We believe a precise de-203

termination of α by fitting the FMR linewidth with respect to204

frequency is not relevant here, given the the strong mixing of205

real and imaginary parts of the susceptibility.206

Low field microwave absorption207

Fig. 3 (and in particular the low-field zoom in (e)) shows208

the first evidence of a hysteretic FMR (LFMA) signal in FeRh.209

LFMA had been seen before up to 9.5 GHz on other poly-210

crystalline ferromagnetic metals such as cobalt [24], FeSi [4],211
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NiMnSn [3], FeBN and FeCoSiB [2, 5] or ferrites[7], but212

never up to such high frequencies as 25 GHz. The quantitative213

analysis of this feature is complicated at the lower frequen-214

cies for which it distorts the incoming FMR signal, eventually215

completely merging with it at around 2 GHz. Therefore, we216

focus for the discussion on frequencies above 8 GHz.217

The coercivity of this signal, which will be called "LFMA218

coercivity" , does not vary significantly with rf frequency, but219

increases as the temperature decreases and the AFM fraction220

grows. Fig. 2(b) shows for f = 15 GHz that this coercivity221

is nearly identical to the static coercivity of the sample[37]222

This is compatible with the previous observations of Modak223

et al.[3] who evidenced a very close correspondance between224

LFMA and static coercivities. In this case, the coercive field225

was varied by applying the field at different angles from a226

uniaxial anisotropy axis. One also notices that for frequencies227

allowing the two contributions to be well separated, the ra-228

tio of the peak-to-peak amplitude of LFMA and FMR signals229

(taken respectively at Ba=0 and Bres) decreases with increas-230

ing frequency (by a factor of two in the studied range, Fig.231

5(a)). Again, a similar observation had been made by Lee et232

al.[24] on cobalt up to 5 GHz. In order to explain our data, we233

now propose a simple macrospin model capable of reproduc-234

ing these features, as well as observations made by previous235

authors.236

FMR MODEL CAPABLE OF RENDERING LFMA237

Magnetization dynamics equations238

We model the magnetization dynamics in the usual way by239

linearizing the Landau-Lishitz-Gilbert equation as a function240

of the normalized magnetization components, mmm=MMM/Ms. We241

assume small variations of the magnetization δδδmmm(t), around242

an equilibrium mmm000 driven by small variations µ0δδδHHHeff(t) of243

the effective field around µ0HHHeff,0, and a damping α , reflect-244

ing both intrinsic and extrinsic sources of damping. The ef-245

fective field and its derivative are given by the gradient of the246

magnetic energy, µ0HHHeff = -∇MMME, with:247

dδδδmmm
dt

=−γ(mmm0 ×µ0δδδHHHeff +δδδmmm×µ0HHHeff,0)+αmmm0 ×
dδδδmmm

dt
(2)

E =−µ0MMM ·
(
HHHa +hhhr f (t)

)
+

µ0M2
s

2
m2

z −Kum2
x , (3)

The static field BBBaaa = µ0HHHaaa is applied along the x direction.248

The total rf field hhhr f is expressed as detailed above using βy/z249

and hhh. Ku is an x-axis uniaxial anisotropy term used to model250

the coercivity of the layer, with the hysteresis occurring in a251

Stoner-Wohlfarth macro-spin switching model at Bc=Bu= 2Ku
Ms

.252

This choice will discussed further on. Searching for solutions253

of the type δmy/z(t)=δmy0,z0eiωt upon solving Eq. (3) leads to254

a 2×2 determinant from which are derived in a standard way255

the Polder susceptibility tensor δδδmmm=[χP]µ0h (Eq. 4), and the256

magnetic eigenfrequency ω0=2π f0 (Eq. 1):257


[χP] = 1

D

 m0,xBa+Bu+
αiω

γ

(1−βyi)
iω

γm0,x(1−βzi)

− iω
γm0,x(1−βyi)

µ0Ms+Bu+m0,xBa+
αiω

γ

(1−βzi)


D =

ω2
0−(1+α2)ω2−αγBα iω

γ2(1−βyi)(1−βzi)

Bα = µ0Ms +2Bu +2Bamx,0

(4)

In these expressions, instead of assuming as usual mx,0 = +1258

(resp. mx,0 = -1) for Ba>0 (resp. Ba<0), we take the ex-259

plicit hysteretic field-dependence of the static magnetization260

mx,0. To begin with, we take a square mx,0(Ba) loop cross-261

ing zero at Bc= 2Ku
Ms

, with Ms=1101 kA/m from the magne-262

tometry data (Fig. 2(a)) and Ku=3250 J/m3 taken to repro-263

duce the experimentally observed high-temperature 5.9 mT264

coercive field (Fig. 2). In Fig. 4(a) we plot the eigen-265

frequency given by Eq. (1), using the gyromagnetic ra-266

tio value γ=1.82×1011 rad s−1 T−1 determined experimentally267

above. Because of the magnetic hysteresis, it is naturally268

also hysteretic. Allowing field and magnetization to be an-269

tialigned over a small field range moreover results in the270

eigenfrequency dropping to zero at |Ba| = Bc (see inset of271

Fig. 4(a)). The power absorbed by the magnetic system is272

given by Pabs=− 1
2 ℜ
∫

Vmag
iω([χP]µ0hhhr f ).µ0hhh†

r f dV , where Vmag273

is the ferromagnetic volume exposed to the CPW field. In274

field-modulated FMR, the detected signal is proportional to275

the field-derivative of Pabs, i.e. to the derivative of the imagi-276

nary part of the diagonal components of [χP] (Eq. 5, in which277

the double-prime indicates the imaginary part).278

dPabs

dH
=−Vmag

ω

2

(
∂ χ

′′
yy

∂H
|µ0hr f ,y|2 +

∂ χ
′′
zz

∂H
|µ0hr f ,z|2

)
(5)

Modelling hysteretic FMR279

We then plot the absorbed power (Fig. 4(b)) and its field-280

derivative (Fig. 4(c)) taking into account the static hysteresis281

in the Polder tensor. As highlighted in the low-field zooms282

of the figure insets, the positive (resp. negative) slope for up283

(resp. down) field ramp direction in Pabs(H) naturally give an284

up (resp. down) level in dPabs(H)/dH, and the opening of a285

small hysteresis cycle.286

The 400 K hysteresis cycle measured on the FM-FMR sam-287

ple does not switch abruptly (Fig. 2(a)). There is a slight288

slope, likely due to a dispersion of one of the magnetic pa-289

rameters, the most probable being the saturation magneti-290

zation, Ms. This could result from a slight Rh gradient291

across the sample, which will translate into a spread of the292

saturation magnetization at a given temperature (see for in-293

stance the variation of Ms(400 K) with Rh content in Fig.294

1(c)). A final refinement in the modelling involves includ-295

ing this experimental dispersion of the coercivity through that296

of Ms. Modelling it as a Gaussian distribution around a cen-297

tral value < Ms >, P(Ms)= 1√
2πσMs

exp
(
− (Ms−<Ms>)2

2σ2
Ms

)
, we298
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FIG. 4. Different steps in the modelling of the field-modulated FMR response, assuming here no dispersion on the saturation magnetization,
βy=βz=10, µ0hy=µ0hz=0.1 mT, and f =15 GHz. Red arrows indicate the field ramp direction, and insets show a ±12 mT zoom of each plot. (a)
Eigenfrequency calculated using Eq. 1. (b) Absorbed power. Note the Lorentzian derivative shape given by the eddy-current induced mixing
of reactive and dissipative parts. (c) Field-derivative of the absorbed power to which the measured signal is proportional, calculated using Eq.
5.

FIG. 5. Frequency-dependence of FMR data and modelling : (a) Data at different frequencies, normalized to the maximum value (T = 400 K).
(b) FMR signal calculated using Eq. 5 weighted by a Gaussian distribution (σMs =300 kA m−1), normalized to the maximum value.
µ0hy=µ0hz=0.1 mT and β=10 for all curves except the dashed one for which β=0. (c) Modelling of the hysteresis of the static magneti-
zation entering Eqs. 4 without (black line), or with (orange line) dispersion on Ms - normalized cycles. (d) Low-field zoom of the calculated
FMR plots of (b).

can for instance compute the normalized average mx,0(B) cy-299

cle (Fig. 5(c), orange plot). The expected FM-FMR sig-300

nal is then calculated by weighting Eq. 5 with this distri-301

bution: 1
NMs

∑
NMs
i=1 P(Ms,i)

dPabs
dH (Ms,i). To begin with we set302

µ0hy=µ0hz=0.1 mT and βy=βz=β=10. We need an effective303

damping parameter of α=0.05 to reproduce the lineshapes,304

compatible with previous estimates of the effective damping305

(e.g. α=0.076 found by Heidarian et al. [21]). The results306

for different rf frequencies ( f = 5, 8, 15 or 25 GHz) and T =307

400 K are shown in Fig. 5(b), normalized to their maximum308

value.309

Discussion310

The main features of the data are now compared to those of311

the model, plotted using identical colors in Fig. 5(a), and also312

normalized to the maximal value.313

Firstly, the model replicates the central, hysteretic absorp-314

tion. This hysteresis reflects the dependency of the magnetic315

susceptibility and eigenfrequency on the static magnetization316

orientation, mx,0(B) (Eqs. 3, 4, and Fig. 4(a)). The sharpness317

of the low-field hysteresic switch is directly related to the dis-318

persion of coercivity introduced by that of Ms. The FMR peak319

eventually merges with this signal at low frequency ( f =5 GHz320

for instance, as shown in the low-field zoom of Fig. 5(d)).321
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Secondly, the increasing relative importance of the LFMA322

signal with respect to the FMR peak as the rf frequency is323

lowered is also reproduced: this model shows it is roughly324

multiplied by two when the rf frequency is divided by three, as325

observed experimentally (Fig. 5(b)). At fixed frequency, we326

find the calculated LFMA/FMR ratio to increase with both the327

damping α and the dispersion σMs . This clearly appears when328

comparing σMs =0 and 300 kA m−1 calculated FMR signals329

for f =15 GHz (Figs. 4c and 5b,d) . α and σMs will indeed both330

decrease the amplitude of the FMR signal by broadening it,331

while weakly affecting the LFMA signal. Reproducing both332

the experimental lineshapes and LFMA/FMR ratio therefore333

results from a subtle interplay between these parameters. We334

obtain in the end an underestimation of this ratio, by a factor335

of about 3.2±0.2 at 8 GHz for instance.336

Thirdly, the unipolar FMR lineshape is reproduced via the337

β parameter, which conveys the presence of dephased eddy-338

currents fields, as already evidenced by Flovik and Gladii et339

al.[31, 32]. This clearly shows up when computing β=0 and340

β=10 plots for a set frequency (e.g. f =25 GHz in full and341

dotted lines in Fig. 5(b)). Whether using cavity FMR[18, 21]342

or CPW-FMR[19, 22], previous resonance data on FeRh has343

consistently been taken on fairly thin films (30 to 90 nm)344

grown over insulating substrates. Here instead, the thick345

metallic FeRh layer on-top of the 100 nm-thick metallic tan-346

talum are the source of strong eddy-current fields. Increasing347

β gradually deforms the lineshape from fully bipolar (β=0) to348

unipolar (β ≥10). Pushing β above 10 does not induce any349

further modification to the lineshape, but only modifies the350

absolute amplitude of the signal. Finally, we note that the rel-351

ative weight of by to bz effective rf field components, and βy352

to βz dephasing parameters influences very little the lineshape353

and relative amplitude of the LFMA and FMR signals. Their354

value is however bound to depend critically on the geometry355

of the sample and its positioning on the CPW.356

As detailed above, this simple macrospin model repro-357

duces accurately the main features of the data. We now con-358

front it to previous approaches used to describe the hysteretic359

LFMA observed in amorphous materials[3–5, 7–9, 24, 38].360

It has in particular been suggested that LFMA and low-field361

giant magneto-impedance (GMI) reflect identical processes362

of electromagnetic absorption[5, 9, 38, 39], since coerciv-363

ity was found to appear at similar fields in both types of364

experiments[3, 9]. In the case of GMI, an rf current is made to365

go through the sample and its complex impedance measured366

as a function of the field. For conductive magnetic samples,367

both microwave absorption and impedance measurements are368

often analyzed in terms of the AC surface impedance Zs =369
Es
Hs

given by the ratio of the surface magnetic and electric370

fields[5]. The field-derivative of the absorbed power is then371

expressed as dPs
dH = H2

s
2

dℜ(Zs)
dH with [8] Zs ∝

(1+i)ρ
δ

. Any hys-372

teresis in the static magnetization will thus reflect onto the373

penetration depth of the AC current or field, δ (B)=
√

2ρ

ωµ0µr(B)
374

via the magnetic permeability. Beyond this general frame-375

work, there has been no specific analytical model describ-376

ing the role of hysteresis in LFMA and GMI experiments.377

One approach however focuses on the role of domain walls378

which appear at the coercive field. Machado et al.[8, 38] stud-379

ied their contribution to δ (B) in the particular geometry of380

magnetic ribbons hosting alternating ↑ / ↓ domains along a381

transverse easy axis. The magnetic permeability was taken as382

µ=µ0(1+χP(B)+χDW (B)), sum of the non-hysteretic Polder383

susceptibility χP, and a lower-frequency susceptibility due to384

the damped breathing of domain-walls, χDW . Introducing this385

term in the surface magnetoimpedance via δ (B) reproduced386

with success the frequency dependence of the GMI amplitude387

of Co70.4Fe4.6Si15B10 ribbons[38]. The contribution of the388

domain-walls was found to vanish at around 1 MHz, which389

makes this effect unlikely to be at play in our high frequency390

LFMA signal, in addition to the fact that the magnetic geom-391

etry of Machado’s model is very different from ours.392

Lee et al. [24] suggested instead, without modelling it,393

that these features could stem from the scattering of the FMR394

mode with magnetic inhomogeneities of the multi-domain395

state, a hypothesis compatible with GHz excitation frequen-396

cies. In their work on a thin cobalt film, FMR data quite sim-397

ilar to that of Fig. 5(a) was obtained, with a high-field, non-398

hysteretic FMR signal coexisting with a low-field hysteretic399

opening. Focusing on their f =5 GHz curve in which both sig-400

nals are well separated, we show in Fig. 6 that their data can401

be reproduced quite well using the hysteretic FMR model pre-402

sented above, without introducing any scattering effects. For403

this Eq. 5 was used to calculate the expected field derivative404

of the absorbed power, with µ0hy=µ0hz=0.1 mT and their ex-405

perimental magnetic parameters. A dephasing term βy = βz =406

-0.6 was necessary to obtain their slightly asymmetric FMR407

lineshapes. A depinning field of Bdep = 2.2 mT (0.7Bu with408

Bu = 3.4 mT given by Lee et al. [24]) and σMs=100 kA/m409

were used to reproduce at best the hysteresis. The shape of410

the data is overall very well reproduced. The ratio of LFMA411

to FMR contribution is slightly underestimated, as in Fig. 5(b)412

for FeRh. Overall however, this comparison shows that, de-413

spite its simplicity, a macrospin hysteretic FMR model is a414

viable route to explain the hysteretic LFMA part of the FMR415

data of Lee et al. as well, contributing consistently to the over-416

all picture of the phenomenon.417

We now discuss two strong hypotheses of this model: (i)418

that of a macrospin switching, (ii) that of a uniaxial anisotropy419

in Eq. 3. As illustrated in Fig. 4, what is necessary for420

LFMA to appear is essentially a hysteresis in the magnetic421

eigenfrequency, which results from a hysteresis of the magne-422

tization, i.e. the possibility for applied field and magnetiza-423

tion not to lie parallel over a particular field-range (see Eq. 1).424

In order to use a very simple macrospin framework in which425

to express the magnetization dynamics, a unixial anisotropy426

term was introduced, but we could equally have taken a cubic427

anisotropy, an isotropic depinning term or any combination of428

anisotropies term giving an open hysteresis loop. Naturally,429

the large magnetic volume implies that switching will prob-430

ably occur at a fraction of the macrospin switching field by431

domain nucleation/propagation. This will simply imply mod-432

elling the hysteresis of m0,x with the experimentally observed433

coercive field, as done when interpreting the LFMA data of434

Lee et al. (switching field Bc taken as 0.7Bu, see above and435

Fig. 6). We note finally, that while it is very unlikely that436
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FIG. 6. Using the hysteretic FMR model presented in this work to
reproduce the hysteresis in the FMR data of Lee et al.[24], taken on
a 40 nm-thick cobalt film sputtered on a Si substrate. (a) f =5 GHz
curve (adapted from Fig. 3 of Ref. 24). (b) FMR signal calculated
using Eq. 5, magnetic parameters γ , Ms, Ku and α taken from Ref.
24, and by = bz=0.1 mT, βy = βz=-0.6, and σMs =100 kA/m. Both
curves are normalized between -1 and +1.

domain-wall resonance could intervene in LFMA, taking into437

account the presence of multiple magnetic domains might al-438

low a better description of the LFMA/FMR ratio, a value that439

is slightly underestimated in the current model.440

CONCLUSIONS441

In this study we report the successful growth of FeRh over442

GaAs. Although the piezoelectric nature of this substrate did443

not play any role in the observation of LFMA, it presents the444

broader interest of allowing the straightforward implemen-445

tation of an electrical control of the magnetic properties of446

FeRh via its magnetoelasticities[40]. This moderately piezo-447

electric but non ferroelectric material is indeed an interesting448

alternative to the brittle and pricy PMN-PT (lead magnesium449

niobate-lead titanate), or multi-ferro-electric-domain BaTiO3450

substrates currently used for the electric-field tuning of the451

magnetic properties of FeRh[41–43].452

We moreover performed field-modulated FMR experiments453

on polycristalline FeRh films. Unipolar non-hysteretic FMR454

peaks were observed, for which the shape likely derives from455

the presence of the large metallic volume (thick Tantalum and456

FeRh layers), inducing substantial eddy currents. More no-457

tably, we evidenced like previous authors[2–5, 7, 8] on various458

polycristalline ferromagnets a hysteretic low-field microwave459

absorption. The rf coercivity matched perfectly the DC coer-460

civity of the sample, a correlation that was made possible to461

observe thanks to the strong temperature-dependence of the462

coercivity of FeRh, with a lesser variation of other parame-463

ters such as the saturation magnetization or anisotropy. This464

effect was modelled by including the hysteresis of the magne-465

tization in the susceptibility tensor. The newly gained knowl-466

edge on the underlying origin of this effect - often considered467

spurious and discarded - should enable low-frequency FMR468

experiments to be performed in clearer conditions.469
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APPENDIX : DETAILS ON THE GROWTH AND480

STRUCTURAL CHARACTERIZATION481

The graded composition FeRh growth approach presented482

here on 2" GaAs(001) substrates was also realized success-483

fully on Si, PMN-PT and PZT substrates by some of the484

authors[25], and for FePt by Hong et al.[26]. As explained485

in the main text, it relies on exposing the substrate to a486

25×50 mm2 Rh foil positioned over half of a 75 mm diam-487

eter Fe target. The final Fe/Rh gradient depends finely on488

the target-to-sample holder distance. For example, when it is489

around 50 mm, a gradient of ≈ 5.4 at. % of Rh per centimeter490

in the direction normal to the Fe/Rh foil interface was mea-491

sured by Energy-dispersive X-ray spectroscopy (EDXS) on a492

sample grown by the same method on a silicon substrate[25].493

There is a strong lattice mismatch between FeRh (∼2.9930Å),494

Ta (a≈ 3.3029Å[]) and GaAs (a≈ 5.65325 Å), so no epitaxial495

growth can be expected in this stack.496

The structural characterizations of the annealed FeRh films497

were performed by high resolution x-ray θ − 2θ scans, us-498

ing a 5-circle diffractometer (Rigaku SmartLab) with Cu Kα1499

radiation (λ ≈ 1.540593Å) coming from a rotating anode and500

extracted by a channel-cut Ge(220) 2-reflection monochroma-501

tor. The X-ray spot size on the wafer was approximately 2.5502

mm in length and 5 mm in width.503

The X-ray out-of-plane diffraction (XRD) pattern obtained504

for the wafer presented in Fig. 1 is shown in Fig. 7. It clearly505

shows peaks corresponding to the FeRh film (in magenta and506

yellow), the GaAs substrate (in black) and the Tantalum buffer507

layer. The large peak directly at the left of the GaAs (200) is508

believed to come from a reaction of the Tantalum buffer layer509
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FIG. 7. XRD pattern of the sample of Fig. 1. The different FeRh
phases are indicated in magenta (B2) and yellow (fcc).

with the GaAs substrate during the annealing process as this510

peak is also observed for samples where only the Tantalum511

layer was deposited. The (400) peak of an epitaxied TaAs512

compound is a possibility for explaining such emergence. It513

should be noted that the Tantalum buffer layer grown on GaAs514

is in the tetragonal β phase.515

The different FeRh phases are indicated in magenta (B2516

phase) and yellow (fcc). The appearance of the FeRh (100)517

peak in all measurements confirmed the formation of the B2518

phase in all of our FeRh/Ta/GaAs samples. We estimated the519

lattice parameter of the FeRh B2 phase as a ≈ 2.9906Å, which520

is in a good agreement with the value of the B2 phase of521

bulk FeRh[] (∼2.9930Å). In short, the XRD patterns of the522

FeRh films suggest a good quality film, in line with the ob-523

served ferromagnetic-antiferromagnetic transition in the mag-524

netic measurement (Fig. 1(c)). Finally, the in-plane and out-525

of-plane rocking curve measurements confirmed that the FeRh526

is polycristalline with no specific texture.527
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