
 

Ballistic Hall Photovoltammetry of Magnetic Resonance in Individual Nanomagnets

Alain Nogaret,1,* Maksym Stebliy,2 Jean-Claude Portal,3 Harvey E. Beere,4 and David A. Ritchie4
1Department of Physics, University of Bath, Bath BA2 7AY, United Kingdom

2School of Natural Sciences, Far Eastern Federal University, Vladivostok 690091, Russia
3High Magnetic Field Laboratory, Centre National de la Recherche Scientifique,

25 Avenue des Martyrs, Grenoble 38042, France
4Cavendish Laboratory, J.J. Thomson Avenue, Cambridge CB3 0HE, United Kingdom

(Received 17 June 2018; revised 20 March 2021; accepted 26 April 2021; published 20 May 2021)

We report on ballistic Hall photovoltammetry 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 that we calculate. We use this coupling mechanism to detect the spin wave eigenmodes
of a single ferromagnet of sub-100 nm size. The high sensitivity of this detection technique,

380 spins=
ffiffiffiffiffiffi
Hz

p
, and its noninvasiveness present advantages for probing magnetization dynamics and

spin transport.
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Electrically detected spin resonance is a pivotal tech-
nique for probing the spin excitations of the nanosized
ferromagnets [1–8] that underpin the coding of information
in magnonic crystals [9,10]. The anisotropic magnetoresist-
ance [11] and anomalous Hall effect [1] are examples of
nonlinear mechanisms that convert the oscillations of
magnetic moments into a dc voltage. The use of a high
mobility two-dimensional electron system (2DES) as a
photodetector of stray magnetic fields [8,12–17] creates
new opportunities for probing localized spin resonances
contactlessly in magnetic volumes smaller than the wave-
length of light [5,6,18,19] with a sensitivity comparable to
superconducting detection [20,21]. The mechanism by
which near-field magnetic oscillations induce an electro-
motive force (emf), however, remains unclear. First, a 2D
photodetector experiences zero net magnetic flux when a
ferromagnet is placed in its proximity. This a priori
suggests that any emf is local. Second, most physical
quantities, including magnetization and currents, vanish
under time averaging.
Here, we investigate the dipolar interactions of magnetic

moments oscillating at microwave frequencies with a 2DES.
We demonstrate that inductive coupling produces a long
range emf in the 2DES.We experimentally observe this emf
in a modulation doped GaAs=Al:33GaAs quantum well and
use it tomeasure the spinwave eigenmodes of a single cobalt
bar or disk of sub-100 nm size. The photovoltage originates
from the breaking of rotational symmetry by the magneti-
zation whose vector components oscillate at different
frequencies in the directions parallel and perpendicular to
the Larmor magnetic field. The emf is found to be propor-
tional to hMμ

_Mν −Mν
_Mμi, fμ; νg≡ fx; y; zg, which does

not cancel under time averaging as magnetization

components Mx, My, and Mz oscillate at different frequen-
cies of precession, nutation [22], or ensemble-average Rabi
cycling [23]. These frequencies are mixed and rectified by
theHall effect.Weobtain a theoretical expression for the emf
in the form of a Hall rectified Lenz law. The surface integral
of the magnetic flux gives the strength of the dipolar
interaction. Ballistic Hall photovoltammetry has a high
detection sensitivity of 380 spins=

ffiffiffiffiffiffi
Hz

p
, which arises from

the emf being proportional to the very high mobility of 2D
electrons. Electrically detected spin resonance spectra are
compared to micromagnetic simulations.
We synthesized hybrid structures consisting of a single

cobalt nanomagnet at the center of a semiconductor Hall
bar [Fig. 1(a)]. The heterojunction hosting the 2DES was
set 30 nm below the surface. The nanomagnets were
fabricated through a combination of precision electron
beam lithography and lift-off of a 30 nm cobalt film
deposited by magnetron sputtering. Preliminary quantum
transport measurements gave the electron mobility μ ¼
1.3 × 106 cm2 V−1 s−1 (4.2 K) and areal electron density
ns ¼ 1.6 × 1011 cm−2. The applied magnetic field Ba was
then rotated in the plane of the 2DES so that the only
perpendicular magnetic field was the normal component of
the fringing field. Ba was used to magnetize the bar magnet
in the x–y plane. Ba and the local demagnetizing field set
the precession frequency of magnetic moments. We studied
magnetic resonance over the 36–118 GHz bandwidth using
three backward wave oscillators covering the Q, V, and W
bands. An overmoded circular waveguide terminated by a
linear polarizer was used to guide microwaves to the
sample space of a superconducting magnet. The polarizer
aligned the microwave magnetic field parallel to the long
axis of the nanomagnet [Fig. 1(a)]. The amplitude of the
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microwave magnetic field on the sample surface was
b ≈ 10−5 T, as deduced from the 0.5 mW microwave
power output by the source through a 5.7 mm × 2.9 mm
waveguide section. Attenuation was −3 dB, and power
losses were negligible. Microwave power was modulated at
830 Hz. We measured the emf induced across a 8 μm
length of the 2DES encompassing the nanomagnet
[Fig. 1(a)]. Measurements were taken at 1.3 K using
lock-in detection.
The principle of ballistic Hall photovoltammetry is

schematically described in Fig. 1(a). The fringing field
of the bar magnet modulates the 2DES with a spatially
varying magnetic field, BmðxÞ [Fig. 1(b), black line]. Time
dependent oscillations of the magnetization induce eddy
current loops in the 2DES [Fig. 1(a)], which are driven by

the rate of change of the magnetic modulation _Bm. Note
that both the magnetic modulation BmðxÞ and the induction
electric field EFðxÞ have asymmetrical profiles with respect
to the center of the bar [Fig. 1(b)]. Hence, the modulation
field deflects eddy currents in the same direction on both
sides of the magnet. The resulting Hall electric field,
EHðxÞ ∝ EFðxÞ × BmðxÞ, is symmetrical and generates a
finite photovoltage, VðxÞ ¼ −

R
dχEHðχÞ, across the mag-

netic element [Fig. 1(c)]. The temporal oscillations of the
photovoltage are rectified during magnetic resonance. At
resonance, both Bm and EF become a superposition of
signals of different frequencies. For example, the dipolar
magnetic field includes a contribution from magnetic poles
perpendicular to Ba, which oscillate at the Rabi frequency
Ω ¼ μBb=ℏ, and from magnetic poles parallel to Ba, which
oscillate at the Larmor frequency ω0 where μB is the Bohr
magneton. The resulting Hall electric field is an aperiodic
signal with sidebands ω0 � Ω. The mean value of the
photovoltage is therefore finite. In addition, because
the amplitude of eddy currents increases with frequency,
the photovoltage induced by the eddy current component
oscillating at frequency ω0 does not cancel out the photo-
voltage induced by eddy currents oscillating at frequencyΩ.
We calculate the emf of a 2DES with a single occupied

subband. At low magnetic field (μBm < 1), the conduc-
tivity is weakly affected by radiation [24,25] and hence is

σðx; tÞ ¼ nseμ
1þ μ2B2

m

�
1 μBm

−μBm 1

�
; ð1Þ

where μ depends on Bm through quantum corrections to the
conductivity (see the Supplemental Material [26]). μ impli-
citly depends on x and t through its dependency on Bm.
Ohm’s law gives the instantaneous current density
Jðx; tÞ ¼ σðx; tÞEðx; tÞ, where the electric field Eðx; tÞ
incorporates the three following contributions: (i) the
microwave electric field, eðtÞ ¼ e cosðωtÞex; (ii) the elec-
tric field of Faraday induction, EFðx; tÞ, due to the rate of
change of the modulation field ∂Bm=∂t ¼ −∇ ∧ EF; and
(iii) the Hall rectified electric field EHðxÞ.
As no current is injected in the Hall bar, the requirement

that hJðx; tÞi ¼ 0 gives the longitudinal and transverse
components of EH as solutions of

�
σkðxÞEH;xðxÞ þ σ⊥ðxÞEH;yðxÞ ¼ ιxðxÞ
−σ⊥ðxÞEH;xðxÞ þ σkðxÞEH;yðxÞ ¼ ιyðxÞ;

ð2Þ

where σkðxÞ, σ⊥ðxÞ are the time averaged conductivities
and ιxðxÞ, ιyðxÞ the time averaged current densities. These
local coefficients are calculated in Table I. The nondiagonal
conductivity σ⊥ and the transverse current ιy vanish by time
averaging. In addition, the spatial dependence of ιy is the
same as that of the flux of the magnetic modulation; hence,
ιy also cancels by integration over space. From Eq. (2), the
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FIG. 1. Principle of ballistic Hall photovoltammetry. (a) A
micromagnet (Co) modulates a 2DES with a stray magnetic field,
BmðxÞ. The 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 oscillations of the magnetization M and
subsequently of the magnetic modulation Bm and of the induction
electric fieldEF. Eddy current loops form in the 2DES (red dashed
line). These currents are deflected by the Hall effect through
electric field EH ∝ hEFBmi, which gives a longitudinal emf.
(b) Spatial variation of BmðxÞ and EFðxÞ. (c) Spatial variation
of the photovoltage VðxÞ ¼ −

R
dχEHðχÞ across the magnetically

modulated 2DES. Device dimensions: magnet height h ¼ 30 nm,
width d ¼ 100 nm, depth of 2DES z0 ¼ 30 nm. ω0 is the angular
frequency of the Larmor precession.
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Hall electric field only has a longitudinal component:
EHðxÞ ¼ ιðxÞ=σkðxÞ [Fig. 1(a)].
In order to capture the essential physics while keeping

the derivation analytical, our model considers the magneti-
zation M to be the average density of magnetic moments.
This average incorporates the spin waves formed at the
edges and in the bulk of the magnet, which we calculate in
detail below. With this approximation, the electric field of
Faraday induction is transverse and equal to

EFðx; tÞ ¼ −
Z

x

−∞
dξμ0½αxðξÞ _MxðtÞ þ αzðξÞ _MzðtÞ�; ð3Þ

and the stray magnetic field is

Bmðx; tÞ ¼ αxðxÞμ0MxðtÞ þ αzðxÞμ0MzðtÞ; ð4Þ

whose spatial variation is given by the form factors [14]

αxðxÞ ¼ −
1

2π
½gþ0 ðxÞ − g−0 ðxÞ − gþh ðxÞ þ g−h ðxÞ�

αzðxÞ ¼ −
1

2π
½fþ0 ðxÞ − f−0 ðxÞ − fþh ðxÞ þ f−h ðxÞ�; ð5Þ

where f�z ðxÞ ¼ arctan½ðx� d=2Þ=ðz0 þ zÞ� and g�z ðxÞ ¼
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðz0 þ zÞ2 þ ðx� d=2Þ2

p
. d and h are the width and

height of the bar magnet, and z0 is the depth of the 2DES
[Fig. 1(a)]. Equations (3)–(5) are exact solutions of
Maxwell’s equations in both the far field and near field.
Inserting EFðx; tÞ [Eq. (3)] and Bmðx; tÞ [Eq. (5)] into ιxðxÞ
(Table I), one obtains the Hall rectified electric field EHðxÞ.
The spatial variation of the photovoltage VðxÞ generated by
the Hall electric field follows from space integration as

VðxÞ ¼ 1

σk

�
μ2μ20MxðtÞ _MzðtÞ

1þ μ2B2
m

�
AxzðxÞ

þ 1

σk

�
μ2μ20MzðtÞ _MxðtÞ

1þ μ2B2
m

�
AzxðxÞ: ð6Þ

The dipolar field emanating from magnetic pole Mz
threads the following area of the 2DES:

AxzðxÞ ¼
Z

x

−∞
dξ

Z
ξ

−∞
dζαxðξÞαzðζÞ: ð7Þ

The dual area AzxðxÞ, obtained by permutation of
indices, is threaded with a field emanating from pole
Mx. We have used Eq. (6) to plot the profile of the

photovoltage in Fig. 1(c). The emf is obtained by calculat-
ing VðxÞ in the far field (x → þ∞). The effective areas
obey the sum rule Axzðþ∞Þ þ Azxðþ∞Þ ¼ 0. As long as
the magnetic modulation is not too large (μBm < 1), the
emf takes this simple form:

emf ¼ μμ20AhMz
_Mx −Mx

_Mzi: ð8Þ

This is effectively a Hall rectified Lenz law. The emf is
proportional to the rate of change of the magnetic flux
created by resonating magnetic moments _Mx (resp. _Mz).
The time averaged term in Eq. (8) cancels off resonance
whenMx andMz oscillate at the same frequency. However,
when the system crosses resonance, _Mz ¼ ω0Mz and
_Mx ¼ ΩMx, giving a finite emf. The emf is proportional
to the strength of dipolar coupling between the magnet and
the 2DES through area A≡ Azxðþ∞Þ, which depends on
the magnet dimensions and separation from the 2DES. The
emf is also proportional to the electron mobility μ, which
can be as high as 36 × 106 cm2 V−1 s−1 [51,52] and
critically grants exceptional sensitivity to the detection of
spin resonance.
Figures 2(a) and 2(b) show the magnetic resonance

spectra that we obtained by measuring the emf across a
single cobalt bar magnet and a sub-100 nm disk, respec-
tively. The position of the main resonance follows the
frequency dispersion predicted by Kittel’s equation for the

TABLE I. Local time averaged conductivities and currents.

σk σ⊥ ιx ιy

hμ=ð1þ μ2B2
mÞi 0 −h½μ2=ð1þ μ2B2

mÞ�BmEFi 0

FIG. 2. Photovoltammetry of individual sub-100 nm magnets.
(a) Magnetic resonance spectrum of a cobalt bar magnet
magnetized along its short axis (blue line) and long axis (red
line) at 36 GHz. The volume resonance of magnetic moments
gives the main peak. Kinks in the photovoltage spectrum (dot
symbols) arise from spin excitations localized at the edges of the
bar. Top inset: cobalt bar magnet of cross section d × h ¼
98 nm × 30 nm fabricated at the surface of a 2 μm wide
GaAs/AlGaAs Hall bar. Lower inset: frequency dispersion of
the main resonance for Bakx (square symbols) and predicted (full
line). (b) Resonance spectrum of a cobalt disk at 38, 50, and
60 GHz. Inset: cobalt disk of diameter ∅ ¼ 87 nm and height
h ¼ 30 nm on a Hall bar.
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bar when shape anisotropy dominates over magnetocrystal-
line anisotropy (Bakx) [26]. When Baky, the reverse occurs
and, although the resonance does shift to a lower magnetic
field, this shift is smaller than that anticipated from shape
anisotropy alone. For example, at 36 GHz [Fig. 2(a)], the
peak shifts from 1.35 T (Bakx) to 1.15 T (Baky), instead of
the predicted 0.55 T, due to magnetocrystalline anisotropy
pinning the resonance position at 1.05 T [26]. The emf
spectra of the Co bar and disk [Fig. 2(b)] show a fine
structure superimposed on the main peak (circle symbols)
that follows the same frequency dispersion as the main
peak [26]. The small amplitude of kinks suggests low-
dimensional spin waves quantized by the inhomogeneous
dipolar field near the poles [5,6,53]. The ability to induc-
tively detect these local resonances, which involve of a few
hundred thousand Bohr magnetons, relies on the long-lived
eddy currents of ballistic electrons. This implies magnet
sizes smaller than the electron mean free path and Hall bars
narrower than the mean free path to minimize thermal-
ization of eddy currents between the Co disk and Hall
bar edges.
In order to test our theory, we performed micromagnetic

calculations of the emf for both magnet geometries. These
calculations are intended to predict qualitative features of

the resonant peaks rather than the exact peak positions as
magnetocrystalline anisotropy of polycrystalline cobalt and
interfacial magnetoelastic effects were not included [26].
We computed the magnetization as a time series using
MUMAX3 [54] and inserted this in Eq. (8) to obtain
the emf. The magnetic volume was partitioned into
5 nm × 5 nm cells for the bar and 2 nm × 2 nm cells for
the disk to resolve the dipolar-exchange spin waves local-
ized at the edges. The magnetic field Ba was varied in the
range −4T → þ4T in steps of 25 mT. During each step, a
microwave magnetic field b ¼ 10−5 T was applied, and the
time dependence of the magnetization was calculated [26].
The instantaneousmagnetizationwas obtained by averaging
the magnetic moments in each cell. The MxðtÞ and MzðtÞ
time series data were inserted in Eq. (8) to calculate
the emf and its dependence on Ba. Time averaging was
weighted by probability e−t=τ that Hall voltage oscillations
remain coherent at time t. The damping rate τ−1 ¼ τ−1γ þ τ−1μ
compounded theGilbert damping time of themagnetization,
τγ ¼ ðαγMsÞ−1 ≈ 63 ps, with the decay time of eddy cur-
rents τμ ¼ m�μ=e ≈ 48 ps. α ¼ 0.05 is Gilbert’s damping
(Co), γ is the gyromagnetic ratio, and e and m� are the
electron charge and effective mass, respectively.

FIG. 3. Theoretical photovoltammetry spectra. (a) emf spectrum of a cobalt bar magnet of cross section d × h ¼ 80 nm × 30 nm
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–IVand A–B. (c) emf spectrum of a cobalt disk of diameter ∅ ¼ 80 nm
and height h ¼ 30 nm. (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 ¼ 1.8 T; Gilbert damping, α ¼ 0.05;
exchange interaction constant, A ¼ 30 × 10−12 J=m.
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The calculated emf spectra are shown in Fig. 3.
Resonance in the bulk of the bar magnet [Fig. 3(a)] gives
a resonance peak (peak A) that shifts from 0.5 T to 0.95 T
(peak II) as the magnetization rotates from the long axis to
the short axis. The theoretical spectra exhibit a series of
satellite peaks (I–III–IV) as in experiments. These peaks
correspond to spin wave eigenmodes confined near the
poles by the wells of a demagnetizing field [Fig. 3(b)]
[6,53]. These modes are increasingly localized as Ba
increases [5]. A distinguishing feature of the cobalt disk
[Fig. 3(c)] is the subsidiary peak (peak III) after the main
resonance (peak II), also observed in experiments.
Simulations ascribe peaks II and III to the dipolar and
quadrupolar spin wave eigenmodes plotted in Fig. 3(d).
Figure 3(e) shows the dependence of the emf on the

strength of dipolar coupling between the magnet and the
2DES as a function of h=z0 for bar magnets of different
aspect ratios d=h. Smaller 2DES-magnet separations or
thicker magnets increase the emf. For our disk of dimen-
sions h ¼ z0 ¼ 30 nm and radius ¼ 43 nm, we estimate
the detection sensitivity to be 380 spins=

ffiffiffiffiffiffi
Hz

p
[26]. This

sensitivity is comparable to that of quantum circuits at mK
temperatures, 65 spins=

ffiffiffiffiffiffi
Hz

p
[20,21], while our detection

method retains the versatility of less sensitive induction
methods, ≈1010 spins=

ffiffiffiffiffiffi
Hz

p
[27]. Other techniques such as

the photoionization of nitrogen vacancies in diamond [55]
or Coulomb blockaded quantum dots [56–58] achieve
greater spin detection sensitivities but are less versatile.
The emf detected with the present technique varies as a
square root of microwave power, as expected from Eq. (8)
[26]. This is in contrast to the power dependence of spin
rectification by anisotropic magnetoresistance effects,
which is linear [1].
We have observed magnetic resonance in the photo-

voltage at temperatures between 1.3 and 85 K [26].
Photodetected spin resonance may be observed at even
higher temperatures using nonpolar 2D materials such as
graphene that have high mobility at room temperature [52].
In summary, ballistic Hall photovoltammetry is a noninva-
sive and sensitive probe that has significant advantages for
studying local spin dynamics.
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