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We report on ballistic Hall photo-voltammetry as a contactless probe of localized spin excitations.
Spins resonating in the near-field of a two-dimensional electron system are shown to induce a long
range electromotive force which we calculate. We use this coupling mechanism to detect the spin
wave eigenmodes of a single ferromagnet of sub-100nm size. The high sensitivity of this detection
technique, 380 spins/

√
Hz, and its non-invasiveness present advantages for probing magnetization

dynamics and spin transport.

Electrically detected spin resonance is a pivotal tech-8

nique for probing the spin excitations of nano-sized ferro-9

magnets [1–8] which underpin the coding of information10

in magnonic crystals [9, 10]. The anisotropic magnetore-11

sistance [11] and anomalous Hall effect [1] are examples12

of nonlinear mechanisms which convert the oscillations of13

magnetic moments into a d.c. voltage. The use of a high14

mobility two-dimensional electron system (2DES) as a15

photodetector of stray magnetic fields [8, 12–17] creates16

new opportunities for probing localized spin resonances17

contactlessly, in magnetic volumes smaller than the wave-18

length of light [5, 6, 18, 19] with sensitivity comparable19

to superconducting detection [20, 21]. The mechanism20

by which near-field magnetic oscillations induce an elec-21

tromotive force however remains unclear. Firstly, a 2D22

photodetector experiences zero net magnetic flux when a23

ferromagnet is placed in its proximity. This a priori sug-24

gests that any electromotive force is local. Secondly most25

physical quantities including magnetization and currents26

vanish under time averaging.27

Here, we investigate the dipolar interactions of mag-28

netic moments oscillating at microwave frequencies with29

a 2DES. We demonstrate that inductive coupling pro-30

duces a long range electromotive force (emf ) in the31

2DES. We experimentally observe this emf in a modula-32

tion doped GaAs/Al.33GaAs quantum well and use it to33

measure the spin wave eigenmodes of a single cobalt bar34

or disk of sub-100nm size. The photovoltage originates35

from the breaking of rotational symmetry by the mag-36

netization whose vector components oscillate at different37

frequencies in the directions parallel and perpendicular to38

the Larmor magnetic field. The emf is found to be pro-39

portional to 〈MµṀν −MνṀµ〉, {µ,ν} ≡ {x, y, z} which40

does not cancel under time averaging as magnetization41

components Mx, My and Mz oscillate at different fre-42

quencies of precession, nutation [22] or ensemble-average43

Rabi cycling [23]. These frequencies are mixed and recti-44

fied by the Hall effect. We obtain a theoretical expression45

for the emf in the form of a Hall rectified Lenz law. The46

surface integral of the magnetic flux gives the strength47

of dipolar interaction. Ballistic Hall photo-voltammetry48

has a high detection sensitivity of 380 spins/
√
Hz which49

arises from the emf being proportional to the very high50

mobility of 2D electrons. Electrically detected spin res-51

onance spectra are compared to micromagnetic simula-52

tions.53

We synthesized hybrid structures consisting of a sin-54

gle cobalt nanomagnet at the centre of a semiconduc-55

tor Hall bar (Fig.1(a)). The heterojunction hosting the56

2DES was set 30nm below the surface. The nanomag-57

nets were fabricated through a combination of precision58

electron beam lithography and lift-off of a 30nm cobalt59

film deposited by magnetron sputtering. Preliminary60

quantum transport measurements gave electron mobil-61

ity µ = 1.3 × 106cm2.V−1.s−1 (4.2K) and areal electron62

density ns = 1.6×1011cm−2. The applied magnetic field,63

Ba, was then rotated in the plane of the 2DES so that the64

only perpendicular magnetic field was the normal com-65

ponent of the fringing field. Ba was used to magnetize66

the bar magnet in the x − y plane. Ba and the local67

demagnetizing field set the precession frequency of mag-68

netic moments. We studied magnetic resonance over the69

36 − 118GHz bandwidth using 3 backward wave oscilla-70

tors covering the Q, V and W bands. An over-moded71

circular waveguide terminated by a linear polarizer was72

used to guide microwaves to the sample space of a super-73

conducting magnet. The polarizer aligned the microwave74

magnetic field parallel to the long axis of the nanomag-75

net (Fig.1(a)). The amplitude of the microwave magnetic76

field on the sample surface was b ≈ 10−5T as deduced77

from the 0.5mW microwave power output by the source78

through a 5.7mm×2.9mm waveguide section. Attenua-79

tion was −3dB and power losses were negligible. Mi-80

crowave power was modulated at 830Hz. We measured81

the emf induced across a 8µm length of 2DES encom-82

passing the nanomagnet (Fig.1(a)). Measurements were83

taken at 1.3K using lock-in detection.84

The principle of ballistic Hall photo-voltammetry is85

schematically described in Fig.1(a). The fringing field of86

the bar magnet modulates the 2DES with spatially vary-87

ing magnetic field Bm(x) (Fig.1(b), black line). Time88

dependent oscillations of the magnetization induce eddy89
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FIG. 1. (color online) Principle of ballistic Hall photo-
voltammetry. (a) A micromagnet (Co) modulates a 2DES
with stray magnetic field Bm(x). External magnetic field Ba
magnetizes the bar magnet in the plane of the 2DES - either
along the short or the long axis. Microwaves (ω, b) drive os-
cillations of the magnetization M , and subsequently of the
magnetic modulation Bm and of the induction electric field
EF . Eddy current loops form in the 2DES (red dashed line).
These currents are deflected by the Hall effect through elec-
tric field EH ∝ 〈EF Bm〉 which gives a longitudinal emf. (b)
Spatial variation of Bm(x) and EF (x). (c) Spatial variation
of the photovoltage V (x) = −

∫
dχEH(χ) across the magnet-

ically modulated 2DES. Device dimensions: magnet height
h = 30nm, width d = 100nm, depth of 2DES z0 = 30nm. ω0

is the angular frequency of Larmor precession.

current loops in the 2DES (Fig.1(a)) which are driven90

by the rate of change of the magnetic modulation Ḃm.91

Note that both the magnetic modulation Bm(x) and the92

induction electric field EF (x) have asymmetrical profiles93

with respect to the centre of the bar (Fig.1(b)). Hence,94

the modulation field deflects eddy currents in the same95

direction on both sides of the magnet. The resulting Hall96

electric field, EH(x) ∝ EF (x) × Bm(x), is symmetrical97

and generates a finite photovoltage V (x) = −
∫
dχEH(χ)98

across the magnetic element (Fig.1(c)). The temporal99

oscillations of the photovoltage are rectified during mag-100

netic resonance. At resonance, both Bm and EF become101

a superposition of signals of different frequencies. For ex-102

ample, the dipolar magnetic field includes a contribution103

σ‖ σ⊥ ιx ιy〈
µ

1+µ2B2
m

〉
0 −

〈
µ2

1+µ2B2
m
BmEF

〉
0

TABLE I. Local time averaged conductivities and currents.

from magnetic poles perpendicular to Ba which oscillate104

at the Rabi frequency Ω = µBb/~ and from magnetic105

poles parallel to Ba which oscillate at the Larmor fre-106

quency ω0 where µB is the Bohr magneton. The resulting107

Hall electric field is an aperiodic signal with side bands108

ω0 ±Ω. The mean value of the photovoltage is therefore109

finite. In addition, because the amplitude of eddy cur-110

rents increases with frequency, the photovoltage induced111

by the eddy current component oscillating at frequency112

ω0 does not cancel out the photovoltage induced by eddy113

currents oscillating at frequency Ω.114

We calculate the emf of a 2DES with a single occupied115

subband. At low magnetic field (µBm < 1), the conduc-116

tivity is weakly affected by radiation [24, 25] hence is:117

σ(x, t) =
nseµ

1 + µ2B2
m

(
1 µBm

−µBm 1

)
, (1)

where µ depends on Bm through quantum corrections118

to the conductivity (supplemental material [26]). µ im-119

plicitly depends on x and t through its dependency on120

Bm. Ohm’s law gives the instantaneous current density121

JJJ(x, t) = σσσ(x, t)EEE(x, t) where the electric field EEE(x, t)122

incorporates the three following contributions: (i) the123

microwave electric field, eee(t) = e cos(ωt) eeex, (ii) the elec-124

tric field of Faraday induction, EEEF (x, t) due to the rate125

of change of the modulation field, ∂BBBm/∂t = −∇∇∇ ∧EEEF126

and, (iii) the Hall rectified electric field, EEEH(x).127

As no current is injected in the Hall bar, the require-128

ment that 〈JJJ(x, t)〉 = 0 gives the longitudinal and trans-129

verse components of EEEH as solutions of:130

{
σ‖(x)EH,x(x) + σ⊥(x)EH,y(x) = ιx(x)

−σ⊥(x)EH,x(x) + σ‖(x)EH,y(x) = ιy(x)
, (2)

where σ‖(x), σ⊥(x) are the time averaged conductivi-131

ties and ιx(x), ιy(x) the time averaged current densities.132

These local coefficients are calculated in Table.I. The133

non-diagonal conductivity σ⊥ and the transverse current134

ιy vanish by time averaging. In addition, the spatial de-135

pendence of ιy is the same as that of the flux of the136

magnetic modulation hence ιy also cancels by integration137

over space. From Eq.2, the Hall electric field only has a138

longitudinal component EH(x) = ι(x)/σ‖(x) (Fig.1(a)).139

In order to capture the essential physics while keeping140

the derivation analytical, our model considers the mag-141

netization MMM to be the average density of magnetic mo-142

ments. This average incorporates the spin waves formed143
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FIG. 2. (color online) Photo-voltammetry of individual
sub-100nm magnets (a) Magnetic resonance spectrum of a
cobalt bar magnet magnetized along its short axis (blue line)
and long axis (red line) at 36GHz. The volume resonance
of magnetic moments gives the main peak. Kinks in photo-
voltage spectrum (dot symbols) arise from spin excitations
localized at the edges of the bar. Top inset : cobalt bar mag-
net of cross-section d × h = 98nm × 30nm fabricated at the
surface of a 2µm wide GaAs/AlGaAs Hall bar. Lower inset :
frequency dispersion of the main resonance for Ba ‖ x (square
symbols) and predicted (full line). (b) Resonance spectrum
of a cobalt disk at 38, 50 and 60GHz. Inset : cobalt disk of
diameter � = 87nm and height h = 30nm on a Hall bar.

at the edges and in the bulk of the magnet which we144

calculate in detail below. With this approximation, the145

electric field of Faraday induction is transverse and equal146

to:147

EF (x, t) = −
∫ x

−∞
dξ µ0

[
αx(ξ)Ṁx(t) + αz(ξ)Ṁz(t)

]
,

(3)
and the stray magnetic field is:148

Bm(x, t) = αx(x)µ0Mx(t) + αz(x)µ0Mz(t), (4)

whose spatial variation is given by form factors [14]:149

αx(x) = − 1

2π

[
g+0 (x)− g−0 (x)− g+h (x) + g−h (x)

]
αz(x) = − 1

2π

[
f+0 (x)− f−0 (x)− f+h (x) + f−h (x)

], (5)

where f±z (x) = arctan x±d/2
z0+z

and g±z (x) =150

ln
√

(z0 + z)2 + (x± d/2)2. d and h are the width151

and height of the bar magnet and z0 is the depth of152

the 2DES (Fig.1(a)). Eqs.3-5 are exact solutions of153

Maxwell’s equations in both the far-field and near-field.154

Inserting EF (x, t) (Eq.3) and Bm(x, t) (Eq.5) into ιx(x)155

(Table.I), one obtains the Hall rectified electric field156

EH(x). The spatial variation of the photovoltage V (x)157

generated by the Hall electric field follows from space158

integration as:159

V (x) =
1

σ‖

〈
µ2µ2

0Mx(t)Ṁz(t)

1 + µ2B2
m

〉
Axz(x)

+
1

σ‖

〈
µ2µ2

0Mz(t)Ṁx(t)

1 + µ2B2
m

〉
Azx(x). (6)

The dipolar field emanating from magnetic pole Mz160

threads the following area of 2DES:161

Axz(x) =

∫ x

−∞
dξ

∫ ξ

−∞
dζ αx(ξ)αz(ζ), (7)

The dual area Azx(x), obtained by permutation of in-162

dices, is threaded with field emanating from pole Mx.163

We have used Eq.6 to plot the profile of the photovoltage164

in Fig.1(c). The emf is obtained by calculating V (x) in165

the far field (x→ +∞). The effective areas obey the sum166

rule Axz(+∞) +Azx(+∞) = 0. As long as the magnetic167

modulation is not too large (µBm < 1), the emf takes168

the simple form:169

emf = µµ2
0A 〈MzṀx −MxṀz〉. (8)

This is effectively a Hall rectified Lenz law. The emf170

is proportional to the rate of change of the magnetic171

flux created by resonating magnetic moments Ṁx (resp.172

Ṁz). The time averaged term in Eq.8 cancels off-173

resonance when Mx and Mz oscillate at the same fre-174

quency. However when the system crosses resonance,175

Ṁz = ω0Mz and Ṁx = ΩMx giving a finite emf.176

The emf is proportional to the strength of dipolar cou-177

pling between the magnet and the 2DES through area178

A ≡ Azx(+∞) which depends on magnet dimensions179

and separation from the 2DES. The emf is also propor-180

tional to the electron mobility, µ, which can be as high181

as 36× 106cm2.V−1.s−1 [27, 28] and critically grants ex-182

ceptional sensitivity to the detection of spin resonance.183

Figs.2(a) and (b) show the magnetic resonance spec-184

tra which we obtained by measuring the emf across a185

single cobalt bar magnet and a sub-100nm disk respec-186

tively. The position of the main resonance follows the187

frequency dispersion predicted by Kittel’s equation for188

the bar when shape anisotropy dominates over magne-189

tocrystalline anisotropy (Ba ‖ x) [26]. When Ba ‖ y, the190

reverse occurs and although the resonance does shift to191

lower magnetic field, this shift is smaller than that an-192

ticipated from shape anisotropy alone. For example at193

36GHz (Fig.2(a)), the peak shifts from 1.35T (Ba ‖ x)194

to 1.15T (Ba ‖ y) instead of the predicted 0.55T due to195

magnetocrystalline anisotropy pinning the resonance po-196

sition at 1.05T [26]. The emf spectra of both Co bar197
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FIG. 3. (color online) Theoretical photo-voltammetry spectra (a) emf spectrum of a cobalt bar magnet of cross-section
d × h = 80nm × 30nm when the magnetization is either along the short axis (black line) or the long axis (blue line). (b)
Maps of the local amplitudes of magnetic moment oscillations corresponding to the emf peaks I-IV and A-B. (c) emf spectrum
of a cobalt disk of diameter � = 80nm and height h = 30nm. (d) Spin wave eigenmodes corresponding to the emf peaks
I-III. (e) Dependence of the emf on the dimensions of a bar magnet of constant cross-section. Parameters: cobalt saturation
magnetization, µ0Ms = 1.8T; Gilbert damping, α = 0.05; exchange interaction constant, A = 30× 10−12 J/m.

and disk (Fig.2(b)) show a fine structure superimposed198

on the main peak (circle symbols) which follows the same199

frequency dispersion as the main peak [26]. The small200

amplitude of kinks suggests low-dimensional spin waves201

quantized by the inhomogeneous dipolar field near the202

poles [5, 6, 29]. The ability to inductively detect these lo-203

cal resonances, which involve of a few hundred thousand204

Bohr magnetons, relies on the long-lived eddy currents205

of ballistic electrons. This implies magnet sizes smaller206

than the electron mean free path, and Hall bars narrower207

than the mean free path to minimize thermalization of208

eddy currents between the Co disk and Hall bar edges.209

In order to test our theory, we performed micromag-210

netic calculations of the emf for both magnet geome-211

tries. These calculations are intended to predict qualita-212

tive features of the resonant peaks rather than the exact213

peak positions as magnetocrystalline anisotropy of poly-214

crystalline cobalt and interfacial magnetoelastic effects215

were not included [26]. We computed the magnetization216

as a time series using mumax3 [30] and inserted this in217

Eq.8 to obtain the emf. The magnetic volume was par-218

titioned into 5nm×5nm cells for the bar and 2nm×2nm219

cells for the disk, to resolve the dipolar-exchange spin220

waves localized at the edges. The magnetic field Ba was221

varied in the range −4T→ +4T in steps of 25mT. Dur-222

ing each step, a microwave magnetic field b = 10−5T223

was applied and the time dependence of the magnetiza-224

tion was calculated [26]. The instantaneous magnetiza-225

tion was obtained by averaging the magnetic moments in226

each cell. The Mx(t) and Mz(t) time series data were227

inserted in Eq.8 to calculate the emf and its depen-228

dence on Ba. Time averaging was weighted by probabil-229

ity e−t/τ that Hall voltage oscillations remain coherent230

at time t. The damping rate τ−1 = τ−1γ + τ−1µ com-231

pounded the Gilbert damping time of the magnetization,232

τγ = (αγMs)
−1 ≈ 63 ps, with the decay time of eddy233

currents τµ = m∗µ/e ≈ 48ps. α = 0.05 is Gilbert’s234

damping (Co), γ is the gyromagnetic ratio, e and m∗ are235

the electron charge and effective mass respectively.236

The calculated emf spectra are shown in Fig.3. Res-237

onance in the bulk of the bar magnet (Fig.3(a)) gives238

a resonance peak (peak A) which shifts from 0.5T to239
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0.95T (peak II) as the magnetization rotates from the240

long axis to the short axis. The theoretical spectra ex-241

hibit a series of satellite peaks (I-III-IV) as in experi-242

ments. These peaks correspond to spin wave eigenmodes243

confined near the poles by wells of demagnetizing field244

(Fig.3(b)) [6, 29]. These modes are increasingly localized245

as Ba increases [5]. A distinguishing feature of the cobalt246

disk (Fig.3(c)) is the subsidiary peak (peak III) after the247

main resonance (peak II), also observed in experiments.248

Simulations ascribe peaks II and III to the dipolar and249

quadrupolar spin wave eigenmodes plotted in Fig.3(d).250

Fig.3(e) shows the dependence of the emf on the251

strength of dipolar coupling between the magnet and the252

2DES as a function of h/z0 for bar magnets of differ-253

ent aspect ratios d/h. Smaller 2DES-magnet separations254

or thicker magnets increase the emf. For our disk of255

dimensions h = z0 =30nm and radius=43nm, we esti-256

mate the detection sensitivity to be 380spins/
√
Hz [26].257

This sensitivity is comparable to that of quantum cir-258

cuits at mK temperatures, 65spins /
√
Hz [20, 21], while259

our detection method retains the versatility of less sensi-260

tive induction methods, ≈ 1010 spins /
√
Hz [31]. Other261

techniques such as the photo-ionization of nitrogen va-262

cancies in diamond [32] or Coulomb blockaded quantum263

dots [33–35] achieve greater spin detection sensitivities264

but are less versatile. The emf detected with the present265

technique varies as a square root of microwave power as266

expected from Eq.8 [26]. This is in contrast to the power267

dependence of spin rectification by anisotropic magne-268

toresistance effects which is linear [1].269

We have observed magnetic resonance in the photo-270

voltage at temperatures between 1.3K and 85K [26].271

Photodetected spin resonance may be observed at even272

higher temperatures using non polar 2D materials, such273

as graphene, which have high mobility at room tempera-274

ture [28]. In summary, ballistic Hall photo-voltammetry275

is a non-invasive and sensitive probe which has significant276

advantages for studying local spin dynamics.277

This research was supported by the European Union278

FP7 IRSES 318973.279

∗ A.R.Nogaret@bath.ac.uk280

[1] M. Harder, Y. Gui, and C. M. Hu, Phys.Rep. 661, 1281

(2016).282

[2] Y. S. Gui, S. Holland, N. Mecking, and C. M. Hu,283

Phys.Rev.Lett. 95, 056807 (2005).284

[3] S. T. B. Goennenwein, S. W. Schink, A. Brandlmaier,285

A. Boger, M. Opel, R. Gross, R. S. Keizer, T. M. Klap-286

wijk, A. Gupta, H. Huebl, C. Bihler, and M. S. Brandt,287

Appl. Phys. Lett. 90, 162507 (2007).288

[4] A. A. Awad, G. R. Aranda, D. Dieleman, K. Y. Gus-289

lienko, G. N. Nakazei, B. A. Ivanov, and F. G. Aliev,290

Appl. Phys. Lett. 97, 132501 (2010).291

[5] J. P. Park, P. Eames, D. M. Engebretson, J. Berezovsky,292

and P. A. Crowell, Phys.Rev.Lett. 89, 277201 (2002).293

[6] J. Jorzick, S. O. Demokritov, and B. Hillebrands,294

Phys.Rev.Lett. 88, 047204 (2002).295

[7] S. Jain, V. Novosad, F. Y. Fradin, J. E. Pearson,296

V. Tiberkevich, A. N. Slavin, and S. D. Bader, Nature297

Comm. 3, 1330 (2012).298

[8] P. Saraiva, A. Nogaret, J. C. Portal, H. E. Beere, and299

D. A. Ritchie, Phys.Rev.B 82, 224417 (2010).300

[9] A. V. Chumak, A. A. Serga, and B. Hillebrands, Nature301

Comm. 5, 4700 (2014).302

[10] K. Vogt, F. Y. Fradin, J. E. Pearson, T. Sebastian, S. D.303

Bader, B. Hillebrands, A. Hoffmann, and H. Schultheiss,304

Nature Comm. 5, 3727 (2014).305

[11] H. Zhou, X. Fan, F. Wang, C. Jiang, J. Rao, X. Zhao,306

Y. S. Gui, C. M. Hu, and D. Xue, Appl. Phys. Lett. 104,307

102401 (2014).308

[12] A. K. Geim, S. V. Dubonos, J. G. S. Lok, I. V. Grigorieva,309

J. C. Maan, L. Theil Hansen, and P. E. Lindelof, Appl.310

Phys. Lett. 71, 2379 (1997).311

[13] D. N. Lawton, A. Nogaret, S. J. Bending, D. K. Maude,312

J. C. Portal, and M. Henini, Phys.Rev.B 64, 033312313

(2001).314

[14] A. Nogaret, J.Phys.Cond.Mat. 22, 253201 (2010).315

[15] D. Uzur, A. Nogaret, H. E. Beere, D. A. Ritchie, C. H.316

Marrows, and B. J. Hickey, Phys.Rev.B 69, 241301317

(2004).318

[16] A. Nogaret, D. N. Lawton, D. K. Maude, J. Portal, and319

M. Henini, Phys.Rev.B 67, 165317 (2003).320

[17] A. Nogaret, P. Mondal, A. Kumar, S. Ghosh, H. Beere,321

and D. Ritchie, Phys.Rev.B 96, 081302 (2017).322

[18] G. Gubbiotti, S. Tacchi, G. Carlotti, N. Singh,323

S. Goolaup, A. O. Adeyeye, and M. Kostylev, Appl. Phys.324

Lett. 90, 092503 (2007).325

[19] U. Ebels, J. L. Duvail, P. E. Wigen, L. Piraux, L. D.326

Buda, and O. K., Phys.Rev.B 64, 144421 (2001).327

[20] A. Bienfait, J. J. Pla, Y. Kubo, M. Stern, X. Zhou, C. C.328

Lo, C. D. Weis, T. Schenkel, M. L. W. Thewaldt, D. Vion,329

D. Esteve, B. Julsgaard, K. Mølmer, J. J. L. Morton, and330

P. Bertet, Nature Nanotech. 11, 253 (2016).331

[21] S. Probst, A. Bienfait, P. Campagne-Ibarcq, J. J. Pla,332

B. Albanese, J. F. Da Silva Barbosa, T. Schenkel,333

D. Vion, D. Esteve, K. Mølmer, J. J. L. Morton,334

R. Heeres, and P. Bertet, Appl.Phys.Lett. 111, 202604335

(2017).336
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