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Quantitative Magneto-Mechanical
Detection and Control of the
Barkhausen Effect
J. A. J. Burgess,1,2 A. E. Fraser,1 F. Fani Sani,1,2 D. Vick,2 B. D. Hauer,1

J. P. Davis,1,2 M. R. Freeman1,2*

Quantitative characterization of intrinsic and artificial defects in ferromagnetic structures is critical
to future magnetic storage based on vortices or domain walls moving through nanostructured devices.
Using torsional magnetometry, we observe finite size modifications to the Barkhausen effect
in the limiting case of a single vortex core interacting with individual pointlike pinning sites in a
magnetic thin film. The Barkhausen effect in this limit becomes a quantitative two-dimensional
nanoscale probe of local energetics in the film. Tailoring the pinning potential using single-point
focused ion beam implantation demonstrates control of the effect and points the way to
integrated magneto-mechanical devices incorporating quantum pinning effects.

The Barkhausen effect refers to the sto-
chastic jumps in magnetization resulting
from the pinning of magnetic domain pat-

terns (1). Of current interest is how the phenom-
enon is modified at the smallest scale and the
consequent technological implications. Thin-
film magnetic disks exhibit a ground-state vortex
(2–4) and offer a convenient platform to study
a single vortex core. The magnetic vortex core
is equivalent to a zero-dimensional domain wall
and is often restricted to a radius of less than
10 nanometers (5). The high density of exchange
energy within the core enhances local interactions
(6–8). A single pointlike pinning site, together
with a vortex core, constitutes the simplest sys-

tem to exhibit the Barkhausen effect. Previous
work has shown indirect signs of the Barkhausen
effect for the vortex state. Local variation in films
has been found to cause a stick-slip motion (9)
and to increase the frequencies of dynamic modes
of the vortex (10–13).

Technologically, domain-wall pinning, and con-
sequently Barkhausen effects, present an oppor-
tunity to enhance spintronic memory (14) and
construct magnetic logic devices (15, 16). In wire
geometries, film imperfections affect domain-wall
velocity and energy loss (17), whereas thermal
motion of wall structures in wire kinks has been
exploited to learn about nonadiabatic spin torque
(18). Artificial control of pinning potentials will be
important for device applications (16), and fo-
cused ion beam modification (19) is emerging
as a leading technique.

Nanomechanical torque magnetometry (20, 21)
provides an ideal method of measuring minute
magnetization (M ) changes with minimal influ-

ence on the sample (Fig. 1A). The device is con-
structed as a paddle supported by thin rods that
act as a torsion spring. A single 1-mm-diameter,
42-nm-thick, permalloy disk exhibiting a vor-
tex ground state is fabricated on the paddle. As
the field (H) is increased, the vortex core is de-
flected orthogonally to the field direction, moving
it through the film. This permits a torque to be
applied to the in-plane magnetic moment by an
out-of-plane field, inducing a deflection of the
paddle linearly proportional to the magnetization.
The deflection is measured by a laser interferom-
eter (21). Energetic interactions between the core
and imperfections in the film—thickness variations,
grain boundaries, or material impurities—alter the
energy cost of shifting the core, leading to con-
comitant variations in the differential magnetic
susceptibility, dM/dH (Fig. 1B). During pinning,
the differential susceptibility is suppressed but,
crucially, does not vanish, whereas transitions be-
tween pinning sites appear as steep sections.

At room temperature all intersite transitions
appear continuous and reversible; however, at
T = 77 K, some transition states become minor
hysteresis loops. Bistable states are masked at
room temperature by thermally activated inter-
site hopping. When the hopping rate exceeds
the measurement bandwidth (∼30 Hz), a time-
averaged magnetization, weighted by the oc-
cupancy of the participating states, is recorded.
Investigation at intermediate temperatures shows
the convergence of the experimental bandwidth
and the hopping frequency as the thermal noise
slows (Fig. 2A). This makes the mechanism for
the emergence of hysteresis at low temperature
clear. Stopping at fixed fields around the hys-
teresis loop allows traces of Barkhausen telegraph
noise to be captured (Fig. 2B). Incrementing the
field demonstrates that the lifetimes of the states
have strong field dependence. Computation of
the lifetimes of the states from telegraph noise
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traces enables calculation of hopping energy
barriers for varied temperatures and fields. An
Arrhenius relation is used to describe the dy-
namics t = fo

−1 exp(∆E/kBT) (with fo = 200 MHz
approximating the gyrotropic mode frequen-
cy). For separate data runs, the measured energy
barrier and hysteresis loop position change slight-
ly, indicating very fine scale instability in the
hopping pathway. In the example traces shown
in Fig. 2C, the barrier at which occupancy of the
two sites is equal is found to be ∼0.14 eV in
the 80- and 90-K traces, whereas it is ∼0.1 eV in
the 60-K trace.

In a perfect disk, the deflection of the core
by the applied bias field would lead to a straight
path orthogonal to the field. However, the im-
perfections that introduce pinning and telegraph
noise present the possibility of two-dimensional
(2D) path deviations from the ideal path. Add-

ing a second in-plane orthogonal field, Hy, to the
primary bias field, Hx, allows 2D measurements
(Fig. 3A). Using secondary field values equiv-
alent to path shifts on the nanometer scale to
explore a prominent minor hysteresis loop shows
the strong influence of the 2D distribution. On
the low-field side of the loops, a single site with a
clear circular interaction profile dominates. On
the high-field side, multiple pinning sites can be
identified by counting the distinct magnetization
levels in the minor hysteresis loops.

To perform a quantitative analysis of theM-H
curves in 1D and 2D, a deformable vortex pin-
ning model was developed (22, 23) based on the
rigid vortex model (24, 25) and the two-vortex
model (26, 27). This model captures the field
dependence of both the core position and the

flexing of the disk magnetization in response to
the presence of imperfections, whether they are
strong enough to locally trap the vortex or merely
modify its progression across the disk (22) (fig.
S3). More details are in the supplementary mate-
rials (22) and in (23), which also contains ex-
tensive evaluation of model performance against
micromagnetic simulation. The model may be
applied by fitting to the measured magnetization
data, enabling the extraction of a quantitative pin-
ning potential. Consequently, this allows compu-
tation of potential energy barriers separating
bistable states and the associated thermal dy-
namics. The steps necessary to accurately fit the
model to the data are described in the supple-
mentary materials (22). This fitting approach
is applied to Fig. 1B to extract a quantitative

Fig. 1. Device schematic and magnetization curves
showing the Barkhausen effect. (A) A silicon nitride
nanomechanical torque magnetometer holding a
ferromagnetic disk is read out using laser interfer-
ometry. Inducing magnetization with a static field
in-plane (along x) and applying an AC out-of-plane
(z) field drives the torsional resonance of the pad-
dle with an amplitude proportional to the magne-
tization. (B) Low-field M-H loops show the influence
of pinning sites on dM/dH. At 77 K, bistable states
appear in the up (red) and down (blue) sweeps, and
at 295 K (offset for clarity) up (green) and down
(blue) sweeps are identical. Magnetic field is rescaled
as Hscaled = H [MS(T = 0)/MS(T)] to normalize the field
position of features independently of temperature
(25, 31). An analytic fit (dotted line), including ther-
mal effects (22), to the 77-K data is used to extract
the disorder potential (inset). Recomputing using the
same potential at room temperature, the hopping
rates exceed the measurement bandwidth and mask
the bistability.

Fig. 2. Barkhausen telegraph noise across a bistable transition. (A) The strong temperature depen-
dence of minor hysteresis is probed over a bistable state (the first minor loop in Fig. 1B) with a field
sweep rate of 0.45 Am−1s−1. (B) At 77 K and various fixed fields (labeled in kA/m), telegraph noise
traces show strong field dependence. The gray bar indicates the normalized magnetization scale. (C)
For three temperatures the average lifetimes of the upper and lower states are calculated as a function
of field using an Arrhenius fit to the observed lifetime distribution of telegraph noise traces. Analytical
estimates of the lifetimes computed from the vortex pinning model show that the two sites are sep-
arated by ∼10 nm in y. For equal state occupancy, the barriers range between 100 and 140 meV. The
inset is a cartoon depicting the hopping process.

Fig. 3. Quantitative 2D mapping of the pinning potential. (A) Field sweeps taken with various secondary,
Hy, field values (labeled in A/m) probe the landscape around a strong pinning site. The circular profile of
the central site is clearly visible; a dashed line indicates a circle with radius 10 nm computed analytically,
assuming no pinning. The inset is a cartoon of the idealized paths overlaid on a representative 50-nm-
square transmission electron microscopy (TEM) image showing the grain structure of the permalloy disk.
The gray bar indicates the normalized magnetization scale. (B) A 2D potential is constructed that yields
minimum energy paths (solid lines) and estimated hopping trajectories (dashed lines) with profiles
matching those extracted from the hysteresis loops in (A). The field values are labeled in A/m. For the Hy = 0
path, the broad overlap of bistable paths provides a multitude of diagonal hopping paths with energy
barriers in the 100- to 200-meV range, consistent with Fig. 2C.
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potential as a function of the real, pinned position
of the core. Typical pinning site energies be-
tween 0.6 and 2.0 eV are found. Fitting to the
measured field evolution of the state lifetimes
shown in Fig. 2C results in two pinning sites
spaced out by approximately 10 nm with a steep
barrier. Considering the size limitations on en-
ergetic profiles imposed by the core, this implies
a diagonal hopping path.

Analysis in 2D presents additional chal-
lenges. For any single magnetization trace, the
potential extracted is a 1D projection of the de-
fect potential encountered along the 2D path of
minimum energy (22) (fig. S4). From each loop
shown in Fig. 3A, a 1D potential was extracted.
Subsequently, a 2D potential (Fig. 3B) was con-
structed that yields minimum-energy path pro-
files that match each extracted 1D potential when
the appropriate secondary, Hy, field value is in-
cluded. The details of constraining the constructed
2D potential can be found in the supplemen-

tary materials (22). This provides an estimate
of the 2D pinning site distribution probed by
the vortex core.

A better idea of the morphology of the nat-
ural pinning may be gleaned from the 2D data.
The strongest individual sites used in the re-
construction are 2.0 to 2.5 eV deep, whereas the
weakest are ~0.3 eV, corroborating the range
found in the 1D fit. Site sizes range from 7 to
10 nm in standard deviation, matching closely
with the 7.3-nm standard deviation of the sim-
ulated exchange energy distribution of a vortex
core in this size of disk (fig. S5). Any defect pro-
file will be convolved with the energy profile
of the core, indicating that the pinning sites are
typically very small, effectively pointlike up to a
few nanometers in width.

The minimum energy paths in the 2D con-
structed potential shown in Fig. 3B reveal the
complexity of the situation. Minor hysteresis can
arise for transitions between bistable positions
along the same path or between separate paths.
Both types of hopping are observed. The ex-
istence of two paths raises the possibility of
hysteresis loops where the path on the sweep
up is different from that on the sweep down.
This is seen in Fig. 3A in the Hy = −430 A/m
and Hy = −200 A/m loops, where the computed
paths imply that the core traverses one side of
the repulsive site on the sweep up and the other
side on the sweep down. Near Hy = 0 (x = 0, y =
50 nm), a variety of low-barrier (100 to 200 meV)
hopping trajectories exist between paths. The
diagonal hopping trajectories accessible are con-
sistent with the field values and variability ob-
served in the hopping (Fig. 2C), as are the barrier
heights and site separations. The complexity of
the paths leads to the richness of features ex-
hibited in the minor loops in Fig. 3A. Converse-
ly, only by considering every subtle feature and
change between adjacent hysteresis loops is the
reconstruction of the 2D potential possible. The
hysteresis and analytical modeling approach
presented here is compatible with dynamical
pinning techniques (10, 11, 13), and a combined
study could extract complementary measurements
of potential well shapes with additional informa-
tion, such as local dissipation.

The detailed understanding of the quasistatic
and low-speed stochastic dynamics of the vortex
core in its natural pinning potential motivates de-
tailed exploration of artificial texturing of the local
magnetic energy to create magneto-mechanical
devices. The concept is demonstrated by the ad-
dition of three stronger pinning sites introduced
by ion milling fine dimples into the surface. Very
low current (0.3 pA), fast-shuttered (40 ms)
point exposures of a focused gallium ion beam
(∼70,000 Ga+ ions) were used (22). This is a
very much scaled-down version of the creation
of artificial pinning sites as holes through the
disk that eliminate the vortex core (28, 29). Here,
the vortex core is maintained but reduced in en-
ergetic cost by the ion damage. Ion damage–based
sites, in principle, are continuously adjustable start-

ing from zero pinning strength. Here, one dimple
was placed ∼110 nm from the disk center, whereas
on the opposite side of the disk two dimples were
placed at ∼200 and 280 nm to enable identifica-
tion of the chirality of the vortex state. All dim-
ples were placed along the y axis, where previous
measurements had characterized the natural pin-
ning potential. The modified magnetization re-
sponse as the core passes through the pinning
site is shown in Fig. 4A. Even at room tempera-
ture, strong minor hysteresis loops mark the en-
trance and exit points of the core from the dimple.
Exploring the opposite side of the disk, similarly
dramatic changes occur (Fig. 4B), including clean
minor hysteresis from direct transitions between
the proximal dimples, as seen with dual holes
(28). Applying the model, good fits are found for
Gaussian pinning sites at 110, 215, and 300 nm,
with depths between 17 and 21 eVand a common
standard deviation of 18 nm. This pinning site
strength is equivalent to the complete suppression
of magnetization in a volume equivalent to a
cylinder ∼6 nm in radius through the thickness
of the disk. The physical thinning of the disk at
the dimple, ∼2 nm depth by atomic force micros-
copy (fig. S2), or dilution of magnetic material
by Ga is insufficient. This suggests that the Ga+

ions disrupt the exchange interaction. Assuming
linear response, the efficacy of magnetic poten-
tial well excavation is ∼0.3 meV per implanted
ion. In this polycrystalline sample, artificial pin-
ning sites down to the natural energetic corruga-
tion will remain detectable. However, in a single
crystal sample, energetic scales well below this
should be accessible. Variable strength of pinning
with preservation of the core structure indicates
the possibility for pointillist rendering of a full,
quantitative 2D energy landscape. Recent work
demonstrates the applicability of very weak gra-
dient dose pinning (16).

The technological potential of controlled mag-
netic pinning spans applications from spin transfer
oscillator devices to integrated magneto-mechanical
memories. With demonstrated sensitivities for mea-
surement and modification that extrapolate to the
meV level, the techniques for characterization
and control reported here offer a route all the way
down to the range of artificial corrugations rele-
vant to quantum devices exploiting tunneling of
the magnetization (30).
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Coherence and Indistinguishability
of Single Electrons Emitted by
Independent Sources
E. Bocquillon,1 V. Freulon,1 J.-M Berroir,1 P. Degiovanni,2 B. Plaçais,1 A. Cavanna,3

Y. Jin,3 G. Fève1*

The on-demand emission of coherent and indistinguishable electrons by independent synchronized
sources is a challenging task of quantum electronics, in particular regarding its application
for quantum information processing. Using two independent on-demand electron sources, we
triggered the emission of two single-electron wave packets at different inputs of an electronic
beam splitter. Whereas classical particles would be randomly partitioned by the splitter, we
observed two-particle interference resulting from quantum exchange. Both electrons, emitted
in indistinguishable wave packets with synchronized arrival time on the splitter, exited in different
outputs as recorded by the low-frequency current noise. The demonstration of two-electron
interference provides the possibility of manipulating coherent and indistinguishable single-electron
wave packets in quantum conductors.

Aswith photons, the wave-particle duality
plays a crucial role in the propagation
of electrons in quantum conductors. The

wave nature of electrons can be revealed in in-
terference experiments (1–3) probing the single-
particle coherence of electron sources through
themeasurement of the average electrical current.
The corpuscular nature of charge carriers is ap-
parent when measuring fluctuations of the elec-
trical current (4). Yet, some experiments cannot
be understood within the wave or the corpus-
cular description. This is the case when two-
particle interference effects related to the exchange
between two indistinguishable particles take

place. Such experiments have proven particularly
interesting—both from a fundamental standpoint,
as they require a full quantum treatment, and
because the on-demand generation of indistin-
guishable partners is at the heart of quantum
information protocols (5). Information coding
in few-electron states that propagate ballistically
in quantum conductors (6) thus requires the
production of coherent and indistinguishable
single-particle wave packets emitted by several
synchronized but otherwise independent emit-
ters. The collision of two particles emitted at two
different inputs of a beam splitter can be used
to measure their degree of indistinguishability.
In the case of bosons, indistinguishable partners
always exit in the same output (Fig. 1). Fermionic
statistics leads to the opposite behavior: Particles
exit in different outputs. The bunching of indis-
tinguishable photons has been observed by record-
ing the coincidence counts between two detectors
placed at the outputs of the beam splitter as a func-
tion of the time delay t between the arrival times of
the photons on the splitter. Bunching shows up in
a dip in the coincidence counts, the Hong-Ou-

Mandel (HOM) dip (7), when t is varied. The re-
duction of the coincidence counts directlymeasures
the overlap between the single-particle states at the
input. It is maximum when the arrivals are syn-
chronized and can be suppressed when the delay
becomes larger than the wave-packet widths.

The production of indistinguishable partners
is challenging, and their generation by indepen-
dent sources has only recently been achieved in
optics (8). In one-dimensional quantum conduc-
tors, a continuous stream of indistinguishable elec-
trons can be produced by applying a dc voltage
bias to two different electronic reservoirs. Be-
cause of fermionic statistics, each source fills the
electronic states up to the chemical potential −eV,
and identical electron beams are generated. With
the use of such sources, the p exchange phase of
indistinguishable fermions has been measured in
the above-described collider geometry (9) and
in a two-particle interferometer based on aMach-
Zehnder geometry (10, 11). However, as these
sources generate a continuous beam of electrons,
they do not reach the single-particle resolution of
their optical analog, and two-particle interference
cannot be interpreted as resulting from the over-
lap between two single-particle wave packets.
The manipulation of single-particle states thus re-
quires replacement of dc emitters by triggered
ac emitters that generate a single-electron wave
packet at a well-defined time.

When dealing with electrons, one can benefit
from the charge quantization of a small quantum
dot enforced both by Coulomb interaction and
fermionic statistics to trigger the emission of par-
ticles one by one (12–16). Moreover, the edge
channels of the quantum Hall effect provide an
ideal test bench to implement optic-like exper-
iments with electron beams in condensed matter,
as electron propagation is ballistic, one-dimensional,
and chiral. We will consider here a mesoscopic
capacitor (12), which comprises a small quantum
dot capacitively coupled to a metallic top gate
and tunnel coupled to a single edge channel by
a quantum point contact of variable transmis-
sion D. By applying a square-wave periodic
radiofrequency excitation on the top gate, whose
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