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Single Superparamagnetic Bead Detection and
Direct Tracing of Bead Position Using Novel

Nanocomposite Nano-Hall Sensors
Mihai S. Gabureac, Laurent Bernau, Giovanni Boero, and Ivo Utke

Abstract—We show that nanocomposite materials consisting of
superparamagnetic nanoparticles embedded in a matrix are very
good candidates for a novel generation of Hall nanosensors with
high spatial and magnetic resolution, capable of detecting super-
paramagnetic beads suspended at different heights on top of the
sensor. Two detection schemes were used: 1) static—the bead was
centered on top of the sensor and detected with a combination of ac
and dc orthogonal magnetic fields, and 2) dynamic—using nanoma-
nipulation in an electron microscope for moving the bead precisely
at different heights above the sensor and using only one mag-
netic field (ac). The Hall sensors were directly written by focused-
electron-beam-induced deposition and the active area was refined
by focused ion beam milling. A magnetic field resolution of about
300 μT(Hz)−1/2 and a spatial resolution of 230 nm(Hz)−1/2 were
measured. Both resolutions could be improved by at least an or-
der of magnitude with the suppression of the parasitic inductive
signals.

Index Terms—Hall effect, magnetic materials, nanocomposites,
nanoscale devices.

I. INTRODUCTION

NANOCOMPOSITE materials consisting of magnetic par-
ticles embedded in a matrix are good candidates for Hall

sensors with high spatial and magnetic resolution because they
have an enhanced magnetic sensitivity (giant Hall effect) [1]–[3]
and their active area can be as small as a few tens of nanometer,
without loss of magnetic sensitivity [4]. The down-scalability
of this type of material is the main advantage with respect to
the more sensitive 2-D electron gas semiconducting Hall sen-
sors that have an active area limited in the micrometer range by
charge depletion effects, which drastically decrease their mag-
netic flux resolution [5], [6]. With respect to pure ferromagnetic
materials that exhibit the extraordinary Hall effect [7], [8], the
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nanocomposite Hall sensors have one or two order of magni-
tude higher sensitivities and are linear in the zero magnetic field,
when the size of the magnetic nanoparticles is below the super-
paramagnetic limit. The low field linear behavior and the high
saturation fields of this superparamagnetic material are also the
advantages with respect to the magnetoresistive sensors [9].

We used focused-electron-beam-induced deposition (FEBID)
[10] to deposit the functional nanocomposite material. FEBID
shows great potential as it is a direct-write nanodevice pro-
totyping technique and enables prototyping of a wide variety
of materials, shapes, and related nanosensors and nanodevices,
like strain sensors [11], scanning probes [12]–[14], single elec-
tron transistors [15], magnetic logic [16], magnetic domain
transport [4], polarization gratings on telecom lasers [17], and
nanochannels in membranes [18]. Our nano-Hall sensor focused
electron beam (FEB) deposits consist of superparamagnetic
cobalt nanocrystals of a few nanometers in size, separated by a
carbonaceous matrix. Depending on the size and interdistance
of the nanocrystals, deposits with the same composition (atomic
concentration of metallic nanoparticles) can have different elec-
trical conductivities [19] and magnetic sensitivities [20], [21].

Here, we show that our nano-Hall sensors are capable of de-
tecting a single superparamagnetic bead (Dynabead M280 from
Dynal, 2.8 μm in diameter). Such beads, coated with strepta-
vidin and DNA or proteins, are routinely used as biomolecular
magnetic labels in biomedical research for studying enzymatic
DNA processes, like winding/unwinding, copying, and tran-
scription [22]–[24]. Anchoring the DNA/bead ensemble to a
magnetic sensor will enable lab-on-chip studies of such pro-
cesses [25].

II. SENSOR FABRICATION

A. FEBID of Nanocomposite Co–C Hall Nanosensors

The Hall sensors were fabricated by FEBID using cobalt car-
bonyl Co2(CO)8 and hydrocarbons from the background pres-
sure as precursors [26]. Si substrates with a 200-nm-thick ther-
mally grown SiO2 layer were used. Cr–Au electrodes (Cr 10 nm,
Au 90 nm thick) were lift-off prepatterned using standard UV
and e-beam lithography and e-beam evaporation in a physical
vapor deposition (PVD) chamber from Mantis Deposition Ltd.

FEBID was performed in a tungsten gun equipped Hitachi
3600 SEM with a background pressure of 1·10−5 mbar, and a
beam energy and current of 25 keV and 1 nA, respectively. An
Alemnis gas injection system was used to supply the molecules
inside the SEM chamber, close to the e-beam position. The
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Fig. 1. SEM images of the Hall sensors deposited by FEBID between Cr and
Au electrodes: (a) 2 × 2.5 μm2 rectangle, and (b) 200 nm wide lines. The FIB
milling (indicated by arrows) allows reducing the active area without decreasing
the magnetic sensitivity.

Fig. 2. Cobalt concentration versus the width of 20 μm long Co-FEBID lines
on Au, for a 1 nA, 25 keV beam, 2 μs/pixel dwell time, 4 nm pitch, 10 C/cm2

dose, 1 × 10−5 mbar pressure, and 776 ms refresh time. The inset shows the
line scan.

sensors shown in Fig. 1 were deposited with a serpentine scan
(see the inset in Fig. 2) and an overall dose of 20 C/cm2 for the
rectangle and 10 C/cm2 for the cross lines. In either design, the
resulting deposit is a nanocomposite material of Co nanocrystals
embedded in a carbonaceous matrix.

The Co–C ratio in the rectangle design [see Fig. 1 (a)] could
be tuned in the electrical conductive regime between 50 and
70 at.% Co, by changing the beam pulse time [26]. For line
deposits shown in Fig. 1(b), energy dispersive X-ray measure-
ments show that the line width additionally influences the Co–C
ratio, see Fig. 2. This is due to nonnegligible surface diffusion
of hydrocarbons across the deposit rims for small deposit sizes
(line widths). Since the composition of submicron deposits is
influenced both by the beam pulse time and the deposit width,
which are acting like two coupled parameters [27], it can be dif-
ficult to achieve the optimum Co concentration for narrow lines
as shown in Fig. 1(b), when large hydrocarbon contributions are
present as background gas or as surface contamination.

Two types of sensors were produced, as shown in Fig. 1,
with the active sensing area refined by focused ion beam (FIB)
milling. This approach allowed using large FEBID deposits,
as shown in Fig. 1(a), thus avoiding additional size effects on
composition aforementioned.

TABLE I
ROOM TEMPERATURE CHARACTERISTICS OF THE FEBID HALL SENSORS WITH

RESPECT TO MEASURED SENSITIVITY SI , AND CALCULATED MAGNETIC FIELD

RESOLUTION Bm in and MAGNETIC FLUX RESOLUTION Φm in AT THE SENSOR

RESISTANCE THERMAL NOISE LIMIT. Φ0 = 0.5 h/e, THE MAGNETIC

FLUX QUANTUM

B. FIB Milling

The active area of the FEBID Hall sensor was refined by
Ga+ -FIB milling [28] in a TESCAN VELA FIBSEM; for the
square deposit shown in Fig. 1(a), the active size was 600 nm,
and for one cross deposit shown in Fig. 1(b), a size smaller than
100 nm was achieved. Such small sizes allow us to constrain
the number of beads which can be placed on the sensor [29].
The lateral implantation of Ga was minimized by using very
small ion currents at 10 pA at 30 kV. The alignment of cuts was
performed with the integrated FIB lithography software which
allows defining milling patterns directly on scanned images.
Preliminary halo cut experiments showed that after the FIB
milling procedure, a two times larger current could be passed
through all the Hall sensors tested, before thermal drift was
observed. This is probably due to a better thermal conductivity
due to the Ga+ ions implanted in the SiO2 insulating layer.
Furthermore, FIB milling resulted in an increase in the resistance
of both types of sensors, confirming the reduction of the size of
the active area.

C. Sensor Specifications

The sensor specifications can be tuned via the CoxC1−x con-
centration and the active area. Specifications are summarized in
Table I for three sensors: two sensors from which bead detec-
tion results will be presented in this paper and one sensor from
a previous article of ours [30] having a better magnetic flux
resolution than published work on semiconductor-based Hall
sensors, see [20] and [30].

III. SINGLE SUPERPARAMAGNETIC BEAD DETECTION

The static bead detection was carried out using the method
described by Besse et al. [31], in the configuration with both
external magnetic fields applied perpendicular to the sensor sur-
face. This method allows the detection of the presence of a
superparamagnetic bead placed statically on the sensor, by read-
ing a difference in the ac Hall voltage when a larger external
dc field is turned ON and OFF. An alternative way to unam-
biguously detect the presence of the bead is the use of a gra-
diometry setup as proposed by Mihajlovic et al. [32], where two
inversely biased Hall sensors are used to measure the magnetic
signal of a bead placed on one of the sensors. Almost all other
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Fig. 3. (a) Schematics of the static bead detection: the dc field is varied
by changing the gap between the permanent magnet and the sensor; the ac
field is generated with a coil placed above the substrate. (b)–(d) Pick-up of
superparamagnetic bead (diameter 2.8 μm) and placing it onto the sensor by
nanomanipulation in an SEM.

contributions for the detection of single beads [33], [34] follow
these two approaches.

The detection scheme is shown in Fig 3. If a superparamag-
netic bead is present on the sensor, the dc field will polarize the
magnetic moments changing the total magnetization that gener-
ates the ac signal. If the dc field is large enough to saturate the
bead, its magnetization will no longer follow the small ac field
and the ac Hall signal will be the same as if no bead is present,
provided there is no cross-talk between the two magnetic fields
and that the sensor response is linear for all fields applied.

We have used a permanent magnet as a technical solution
for generating the dc field and varied the distance between the
magnet and the sample to obtain a variable dc field. The ac
field was generated by a homemade inductive coil with 1000
loops driven at 2 A. In order to account for any nonlinearity
of the FEBID sensor in the dc field range, we first measured
the dc field by a commercial Hall sensor for each position of
the permanent magnet. Then, we measured the Hall voltage
generated by the FEBID Hall sensor, placed at the same position
as for the predetermined dc fields, first without bead (around
8 mT) and then with bead. Bead placement was accomplished
with cantilever-based nanomanipulation and nanopositioning as
shown in Fig. 3(b)–(d).

The difference in the ac Hall voltage between the two config-
urations is plotted in Fig. 4 for discrete values of the dc magnetic
bias. As expected, when the dc field is strong enough to saturate
the bead magnetization, the weaker ac field is not able to turn the
magnetization anymore and the bead becomes magnetically in-
visible. The signal was measured on the lock-in amplifier (LIA,
EG&G 7260); the inductive part of the signal can be separated
from the Hall signal by performing first a measurement without
a dc bias current in the Hall device, i.e., Imeas = 0, because of
the π/2 phase difference between the Hall and the inductive sig-
nal. The maximum ac Hall signal related to the presence of the

Fig. 4. Hall voltages for different values of the dc field using a 4 mT ac field:
comparison of the sensor without bead and with bead placed on the sensor.
The maximum contribution of the bead is given at the zero dc field and its
value depends on the value of the applied ac field. The inset gives the formula
for the apparent susceptibility reported on the second y-axis; UHall (Bdc →
∞), defined in [31] and [35], was taken as the Hall voltage value measured at
saturation.

bead is obtained with a zero dc field. As shown in Fig. 4, for a
Dynabead M-280 with 2.8 μm diameter centered on the surface
of the sensor, we typically applied dc fields in the range of a few
tens of millitesla, and ac fields of one order of magnitude lower.

In order to eliminate drift problems, we removed the bead
and, then, validated the measurements by checking if the same
base level as that at the beginning was obtained. This routine
also automatically compensates for eventual variations of the
Hall voltage due to the nonperfect linearity in the dc field range
used, although this should not be the case for the Co–C Hall
sensors because of their high saturation fields (around 1 T).

Although this method clearly allows detecting single param-
agnetic beads, the vertical ac field configuration has the disad-
vantage of creating large inductive voltages that add up to the
Hall signal and limit the input range on the LIA. In our case,
because the ac field was generated by a large coil on the top
of our printed circuit board setup, the magnetic flux varied on
a macroscopic scale generating inductive signals a few orders
of magnitudes larger than the Hall voltage. Since both signals
are measured with the same scale on the LIA, we had to reduce
the ac frequency below 200 Hz, in order to reduce the induced
voltage while still being above the corner frequency for the 1/f
noise, to make possible the Hall voltage detection. Fig. 4 shows
the measured ac Hall voltage as a function of the applied dc
field with an ac field of 8 mT. The cross-shaped Hall sensor was
used, see Table I. The Hall voltage due to the bead is about 2 μV
over a background signal of about 7 μV. The sensing current was
Imeas = 10 mA, the Hall sensor’s sensitivity SI = 91 mV/AT, ac-
tive area was 600 × 600 nm2 , and its resistance was 34.6 Ω. The
apparent susceptibility in Fig. 4 allows making an upper bond
estimate of the magnetic susceptibility of the bead at the zero dc
magnetic field. Using the Langevin description for the magnetic
moment of the superparamagnetic bead [31], [35], it can be cal-
culated to χ = 0.7 (Langevin coefficient α = 115 Am2J−1).
This value, together with the value χ = 0.6 found by the dy-
namic measurements (see Section IV below), corresponds well



GABUREAC et al.: SINGLE SUPERPARAMAGNETIC BEAD DETECTION AND DIRECT TRACING OF BEAD POSITION 671

Fig. 5. Principle of the dynamic detection: ac field generated by the bottom
coil, bead suspended and moved on AFM cantilever above the sensor.

Fig. 6. SEM tilt view of a superparamagnetic bead fixed on a cantilever tip
and centered above the Co–C FEBID Hall sensor shown in Fig 1(a). (a) At about
z = 4.5 μm, and (b) at about 450 nm distance above the sensor.

with the value χ = 0.5 found by vibrating sample magnetometer
measurements [36].

IV. DYNAMIC SINGLE SUPERPARAMAGNETIC BEAD

DETECTION

We used the nanopositioners inside the SEM to precisely
place the bead attached to the cantilever above the Hall sensors
and a single ac magnetic field perpendicular to the sensor, also
generated inside the SEM by the homemade magnetic inductive
coil as shown in Fig. 5. Since the bead can be in situ removed
from the sensor (see Fig. 6), one can separate the two Hall con-
tributions: by removing the bead we measured the background
Hall signal from the ac field (separated from the inductive sig-
nal) which can then be subtracted from the extra signal provided
by the bead at a given position above the sensor.

The main advantage of this novel SEM-integrated cantilever
approach is that it allows moving and detecting the bead in 3-D,
at varying x–y–z positions [37]. This mimics the situation in
biological experiments where such beads (lifted by a magnetic
field gradient) are fixed by DNA strings above the sensor in
microfluidic channels and where changes in z are induced by
restriction enzymes curling up the DNA string [22], [23].

We started verifying the diamagnetic nature of the cantilever
without bead; within the experimental detection noise of our
setup (10 nV), we could not measure any influence on the Hall
voltage due to movement of the bare cantilever. Then, we pro-
ceeded with the detection of a bead attached to the top of the
cantilever, as shown in Fig. 6.

Fig. 7. Variation of the Hall voltage with time when the bead is moved above
the sensor (z is indicated). The maximum detection height is 2.1 μm; the largest
Hall voltage change is 300 nV when the bead is close to the sensor. The inset
shows the Hall voltage when the bead is moved up and down for distances of
1.5, 3, and 4.5 μm.

The variation of the Hall voltage with the position of the bead
centered on the top of the sensor (x = y = 0) and moved at
different heights z above the active area is shown in Fig. 7. For
this experiment, the rectangular-shaped sensor was used, see
Table I and Fig. 1(a).

The resolution in z (minimum variation in height that pro-
duced a measurable change in the Hall voltage using a time
constant of 1 s with an equivalent bandwidth of 0.167 Hz) de-
pends on the height of the bead [see (1)]. The main parameter
that limited the z-resolution was the large inductive signal with
respect to the low Hall signal produced by the superparamag-
netic bead (compared to a noise level of 100 nV). At an ac field
frequency of 17 Hz (1/f corner frequency was about 10 Hz), we
measured a magnetic field resolution of 20 μT(Hz)−1/2 with-
out an inductive signal; using the dynamic detection setup, the
large inductive signal limited the magnetic field resolution to
300 μT(Hz)−1/2 for this sensor.

As can be seen in Fig. 7, the Hall voltage measured with
the bead centered on the surface was about 7.1 μV, while the
signal with the bead far from the sensor was about 6.4 μV. This
gives an effective Hall signal of about 700 nV, with a noise level
around 100 nV. For comparison, the inductive voltage was about
450 μV and the sensitivity scale on the LIA was set to 500 μV,
with the minimum detectable voltage of 10 nV using the expand
option. The dynamic measurements were carried out at 17 Hz,
with a dc current of Imeas = 15 mA and an ac field of 12 mT.
The sensor had a resistance of 35.6 Ω, an active area of around
500× 500 nm2 , and a Hall sensitivity of SI = 36 mV/AT. Above
a height of 1.8 μm, it was not possible to separate the movement
in z, which defines the maximum detection range. Smaller bead
position changes can be better detected if the bead is closer to
the sensor, as this will give a higher change due to the stray
magnetic field of the bead. The Hall voltage UHall depends on
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Fig. 8. (a) Hall voltage versus bead distance from values of Fig. 7. The error
bar in the Hall signal is the standard deviation from repeated measurements at
the same height. (b) Spatial sensitivity derived from (a). Note that z denotes the
gap between the bead and sensor as shown in Fig. 6.

the bead position z centered above the sensor:

UHall =
SI · Imeas · μ0 · Δm

4π (z + z0)
3 . (1)

with SI being the sensitivity, Imeas the current, μ0 the magnetic
permeability of the vacuum, Δm the magnetic moment of the
bead, and z0 the position offset. The fit of the data shown in
Fig. 8(a) results in z0 = 2.06 μm which corresponds well to
the sum of the bead radius (1.4 μm) and the sensor thickness
measured by atomic force microscopy (660 nm). A Langevin
coefficient α = 0.95 Am2 J−1 was found, corresponding to a
magnetic susceptibility χ= 0.6 of the bead. The spatial sensi-
tivity for our sensors is shown in Fig. 8(b) [derivative of (1)]
and its maximum value was about 1 μV/μm at 0 nm distance,
decaying with z−4 to zero.

The corresponding spatial resolution is 230 nm(Hz)−1/2 with
an inductive noise limit of 100 nV (which would reduce to
23 nm(Hz)−1/2for the noise limit of 10 nV in the absence of the
parasitic inductive signal). The Hall sensor thermal noise limit
of about 1 nV(Hz)−1/2 would correspond to a spatial resolution
of better than 1 nm(Hz)−1/2 .

V. CONCLUSION AND OUTLOOK

We have demonstrated superparamagnetic bead detection
with the FEB-deposited Hall sensors. They consist of tun-
able metal-matrix nanocomposite material which can be down-
scaled to at least 100 nm active area size without losing mag-
netic detection properties. An original SEM-integrated method
was developed that allows measuring directly sensor sensi-
tivity by moving the bead precisely above the sensor by
nanomanipulation.

For the dynamic and static detection schemes reported in this
paper, the magnetic field and spatial resolutions are presently
limited by at least one order of magnitude due to the large para-
sitic inductive voltage of about 1 mV. This can be overcome by
compensating the flux loops in the printed circuit board design
or by using on-chip integrated current lines [38] to locally gen-

Fig. 9. (a) Top-view SEM image of a FEBID-integrated Hall sensor into a
microfluidic platform from Chaves et al. [25]. (b) The 65◦ tilt FIB cross section
shows three FEBID deposited materials: 1) the cobalt–carbon nanocomposite
material of the Hall sensor connecting to the prefabricated aluminum electrode;
2) the SiOx passivation material; and 3) the gold–carbon pad. The glass substrate
and the platinum protection layer for the FIB cut are also seen.

erate magnetic fields that will polarize and magnetically guide
the beads inside microfluidic channels in lab-on-chip devices.

To prove the Hall sensor integration into lab-on-chip devices
by FEBID, we used the microfluidic platform which was devel-
oped for magnetoresistive sensors on glass substrates by Chaves
et al. [25]. It consists of a 4.5 μm deep microfluidic channel in
photoresist with current loops of gold which generate a mag-
netic field and aluminum electrodes to connect to the electronics
periphery, see Fig. 9(a) and (b). In the final operative lab-on-
chip device, the magnetic field would pull a superparamagnetic
bead, fixed by a DNA to the sensor, upward and straighten the
DNA; any height changes which occur due to antigen–antibody
triggered restriction enzymes curling up the DNA will be sensed
by the sensor.

Due to its minimally invasive nature, FEBID could be per-
formed as a single postprocess step directly on the microflu-
idic platform. Fig. 9 shows the Co–C Hall cross connecting
to the electrodes, an SiOx capping layer, and a gold pad, all
directly written by FEBID using Co2(CO)8 , tetraethylsilox-
ane, and dimethyl-gold-trifluoroacetylacetonate as precursors,
respectively. The SiOx capping layer (thickness 350 nm) serves
as sensor passivation against the liquid. Its thickness needs to
be thinner than 1.8 μm to assure a good Hall sensor sensitivity,
see Fig. 8(b). The thin gold pad (80 nm) on top of the sensor
area allows for grafting of biological material, like DNAs via
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thiolization. The thickness of any of the FEBID layers can be
individually tuned by changing the beam exposure time. The
sensor characterization on this platform is in progress.
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