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ABSTRACT: Magnetic nanoparticles (MNPs) are instrumental
for fabrication of tailored nanomagnetic structures, especially
where top-down lithographic patterning is not feasible. Here, we
demonstrate precise and controllable manipulation of individual
magnetite MNPs using the tip of an atomic force microscope. We
verify our approach by placing a single MNP with a diameter of
50 nm on top of a 100 nm Hall bar fabricated in a quasi-two-
dimensional electron gas (q2DEG) at the oxide interface between
LaAlO; and SrTiO; (LAO/STO). A hysteresis loop due to the
magnetic hysteresis properties of the magnetite MNPs was
observed in the Hall resistance. Further, the effective coercivity
of the Hall resistance hysteresis loop could be changed upon field
cooling at different angles of the cooling field with respect to the
measuring field. The effect is associated with the alignment of the MNP magnetic moment along the easy axis closest to the
external field direction across the Verwey transition in magnetite. Our results can facilitate experimental realization of
magnetic proximity devices using single MNPs and two-dimensional materials for spin-based nanoelectronics.

[l Metrics & More | @ Supporting Information

KEYWORDS: magnetic nanoparticles, atomic force microscopy, nunomanipulation, Hall magnetometry, oxide heterointerfaces,
LAO—-STO interface

INTRODUCTION
Magnetic nanoparticles (MNPs) have been widely used for

oxide MNPs on the top of micro-Hall bars, such as lift-off
through a 100 nm opening in the polymer layer,'® scanning

decades in biomedical applications, such as contrast agents in
magnetic immunoassays, imaging of tissues, drug delivery, and
cancer treatment using magnetic hyperthermia.'~* In addition,
MNPs can be utilized to study the effects of local magnetic
moments on transport properties of various nanostructures
through interaction of local magnetic stray fields or magnetic
proximity effects with supporting structures.”® This is
especially important where traditional top-down lithographic
patterning of magnetic nanostructures is impeded by surface
chemical instabilities, for example in two-dimensional layered
materials, such as graphene, van der Waals materials,
topological insulators, and superconductors.” Even complex
magnetic structures may be created from several MNPs.*” For
such applications, precise alignment of MNPs with nanometer
precision is crucial, along with the control of their magnetic
moment orientation.

The manipulation of single MNPs has been previously
reported in connection with Hall magnetometry'’ and nano-
SQUID"'™"* experiments, where weak local magnetic fields
from isolated MNPs placed above the Hall bar are detected.
Several approaches have been used for alignment of single iron
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tunneling microscopy-assisted chemical vapor deposition,"’
and focused ion beam tip manipulation.'® However, these
techniques do not allow simple and reproducible nano-
manipulation or assembling of more complex structures of
individual MNPs.

Atomic force microscopy (AFM) is a versatile technique that
has been previously used for manipulation of metallic
nanoparticles and for deliberate fabrication of nanodevices in
a particle-to-particle approach with precision down to 30
nm.'”™*" There have been also attempts to use AFM for
manipulation of MNPs.””** Here, we demonstrate that AFM
can be used to locate individual MNPs on a substrate and to
push or drag them into desired positions over distances of
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Figure 1. Hysteresis loops of MNP ensembles. (a) Collective hysteresis loop of two MNP systems measured with a vibrating sample
magnetometer at T = 300 K. (b) Low-field part of the hysteresis loops showing a difference in coercive field. The measurements were
performed on an ensemble of immobilized MNPs. The magnetization values were normalized to the total mass of the sample.
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Figure 2. Magnetic force microscopy. Tapping mode AFM topography and MFM images of the BNF100 and C50 MNPs. (a, d) AFM
topography images of the BNF100 and C50 MNPs, correspondingly. (b, c and e, f) MFM frequency contrast images of the same MNPs with
magnetic moment of the tip aligned downward and upward, correspondingly. The magnetic moment alignment of the AFM tip was
performed using a permanent magnet placed in proximity before each measurement.

several micrometers with a precision of at least 25 nm. The
AFM also allows to dissect single MNPs from large clusters
and position them on the surface without deteriorating their
magnetic properties as verified by magnetic force microscope
(MFM) measurements.

We verify our approach by performing Hall magnetometry
of a single 50 nm Fe; ,O, MNP using the quasi-two-
dimensional electron gas (q2DEG) formed at the interface
between the two wide band gap insulators SrTiO; and LaAlO,
(LAO/STO).** We have chosen the oxide q2DEG as it has
several outstanding properties. High-mobility charge carriers
originate from at least two energy bands,”*° and they
condense to a superconducting state at low temperature’’
with coexisting intrinsic magnetic ordering.28 In addition, there
is a very strong Rashba spin—orbit coupling (SOC)*"*
producing highly efficient spin-to-charge interconversion
effects.’” These properties are potentially interesting for
various applications of the LAO/STO @2DEG, including
spintronics®> and topological superconductivity.”>** On the
other hand, electronic properties of the LAO/STO q2DEG are
very sensitive to the presence of metallic™®*° and organic
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overlayers.”” In this respect, utilization of MNPs is beneficial to
study local magnetic proximity with g2DEG without the need
of overlayer deposition and lithographic patterning.

A single SO nm magnetite (Fe;_,0,) MNP was placed using
an AFM tip over a 100 nm wide Hall bar fabricated in the
LAO/STO q2DEG. We observed a clear hysteresis in the Hall
effect due to the presence of a single MNP above the Hall bar
corresponding to the coercive field of the particle. The
amplitude of the hysteresis agrees with the diffusive regime of
electrical transport in the q2DEG. We also show that the
magnetic moment of the single MNP can be manipulated by
field-cooling through the Verwey transition, thus enabling
control over the magnetic moment orientation relative to the
surface plane.

RESULTS AND DISCUSSION

Characterization of MNPs. Magnetization Measure-
ments. Two different types of Fe;_ O, MNPs have been
studied: commercial multicore Bionized NanoFerrite particles
(Micromod GmbH, Rostock, Germany) with a 100 nm
average diameter (BNF100) and single-core particles with a
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diameter of S0 nm (here denoted CS0) that were synthesized
especially for this work.*®

BNF-MNPs are dispersed in water and consist of about 75%
magnetite and have a shell of hydroxyethyl starch. C50 MNPs
were synthesized by high-temperature decomposition of
Fe(III)—acetyl acetonate with decanoic acid as the capping
ligand in an organic solvent, as reported in ref 38. The CS0
particles are dispersed in ethanol.

Measured M—H curves of ensembles of both types of MNPs
are shown in Figure la. The magnetization values were
normalized to the mass of each sample. The hysteresis loop for
C50 MNPs is much steeper, with higher saturation magnet-
ization, M, at S00 mT and more than twice the magnetic
remanence, M,, as compared to the BNF100 MNPs. This is a
consequence of the single-crystal, single-domain structure of
the CS0 particles, which is also evident from the TEM
measurements (see Supporting Information Figure 1). During
the measurements, M, slowly decreased with time due to slow
magnetic relaxation after the MNP system had been magneti-
cally saturated. The determined value for the saturation
magnetization of C50, M, = 73 Am*/kg, corresponds to about
80% of the bulk value of magnetite, M, = 92 Am’/kg, at
room temperature.”” The estimated values of the remanent
magnetic moment of individual BNF100 and C50 MNPs are
2.7 %X 1077 and 3.1 X 1077 Am?, correspondingly. It turns out
that the remanent magnetic moment of the smaller C50
particles is estimated to be higher than that of the larger
BNF100 particles. Although the nominal volume of the
BNF100 MNP is higher, the magnetite mass of a single
BNF100 particle is only twice the mass of the C50 MNP due
to the presence of the starch shell. Also, since the BNF100
particles contain multiple magnetic cores with random
individual magnetic moment orientations, their total magnetic
moment is a vector sum of moments of individual domains*’
resulting in a lower remanent effective magnetic moment than
a single-domain particle with equivalent magnetite mass. At the
same time, the saturation magnetic moment of BNF100 MNP
is twice higher than that for C50 MNP due to the larger mass
and the fact that all magnetic moments in the BNF100
particles are aligned by the magnetic field.

MFM Imaging. Figure 2a,d show AFM topography images
of isolated BNF100 and a cluster of two CS50 MNPs,
correspondingly. One can clearly see the multicore structure
of the BNF100 MNP with a lateral size around 80—120 nm.
The C50 MNPs appear to be square-shaped with an average
size of 50 nm, as also evidenced by the transmission electron
microscope (TEM) images shown in Supporting Information
Figure 1. The MFM images of the same MNPs are shown in
Figure 2¢,d and Figure 2e,f correspondingly. For both types of
MNPs, the frequency contrast in the MFM images is inverted
for opposite directions of the magnetic moment of the MFM
tip. From the shape of the MFM contrast, one can obtain
information about the orientation of the magnetic moment of
the magnetic nanoparticle (for details, see the Supporting
Information). Also, the CS0 MNPs appear to show stronger
MFM contrast as compared with BNF100 particles. The
frequency contrast in the MFM signal is proportional to

AQ,,, o i/(d/2 + z + 6)°,"" where i is the magnetic
moment of a single MNP and d is the particle diameter and
accounts for the distance from the top of the particle plus lift

height z to the effective magnetic moment of the tip, emerging
from coating, amplitude set point, and other geometry, and &

the rest of the distance to the effective tip magnetic moment."”
Due to the smaller distance to the effective tip magnetic
moment and higher remanent magnetization as discussed in
the previous section, the overall MFM contrast of CS0 MNPs
is expected to be higher.

AFM Nanomanipulation. The deposition of BNF100
MNPs always results in several isolated MNPs (at least one per
100 um?*) found between the larger clusters. More details of
MNP deposition are provided in the Supporting Information.
The C50 MNPs are more prone to agglomeration. They tend
to collect in small, chain-like clusters, probably induced by the
well-defined cubic shape of C50 MNPs. Using the tip of the
AFM, isolated MNPs can be extracted from such larger
clusters; see Supporting Information Figure 2 for details of the
extraction process. It may take several attempts until a particle
is extracted.

The manipulation is performed by instructing the AFM tip
to follow a defined path at a fixed height above the surface
without feedback. As the exact distance between the tip and
the surface is not well-defined in tapping mode, we gradually
decrease the tip height until the MNP starts moving. Usually,
good results are obtained with relative heights between 30 and
50 nm and a tip with a velocity of 0.1 um/s. It was also found
that the use of electrically conductive AFM tips helps to avoid
electrostatic charging effects.

Figure 3a,b show AFM topography images of two C50
MNPs before and after nanomanipulation on the top of a 100

600 nm

Height sensor

600 nm

Height sensor

Figure 3. AFM nanomanipulation of magnetic nanoparticles
(MNPs). (a) AFM tapping mode height image of two individual
CS50 MNPs before nanomanipulation of two MNPs in the bottom
of the figure. (b) The same image after the AFM tip was used to
move particles above the Hall bar devices with a line width of 100
nm. Dashed circles and arrows indicate nanoparticles and the path
of the AFM tip, correspondingly.

nm wide Hall bar device fabricated in the LAO/STO interface.
The MNPs can be simply moved at distances of several
micrometers in one step. Since the size of the single MNP is 50
nm and that it can be positioned in the center of the 100 nm
cross-bar in one step, we estimate the precision of the AFM
manipulation to be at least 25 nm. The alignment precision can
be further improved by repeatedly adjusting the position of the
MNP in several nanomanipulation attempts and is limited
mainly by the precision of the AFM tip positioning.

Hall Effect in the Presence of MNPs. For the Hall effect
measurements, we have selected C50 MNPs due to their
higher remnant magnetic moment, as inferred from both
magnetization and MFM measurements. Two single C50
MNPs were placed on the nano-Hall bar fabricated in the
LAO/STO interface; see Figure 4. Each device had three Hall
bar crosses, which allows simultaneous independent measure-
ments of the Hall voltages using the same bias current.
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Figure 4. (a) Tapping mode AFM image of the nano-Hall bar structure with two CS0 MNPs placed above devices C1 and C3. (b) Hall
resistance R,, as a function of perpendicular magnetic field. (c) Tapping mode AFM image of the same nano-Hall bar structure after one of
the C50 MNPs was moved from device C3 to C2 by the AFM tip. (d) Hall resistance R, as a function of perpendicular magnetic field after
movement of the MNP from C3 to C2. All electrical transport measurements were performed at T = 5 K using a bias current of 1 uA.
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Figure S. (a) Single MNP hysteresis for different temperatures measured for C50 MNP placed on a C3 Hall bar with I, = 1 gA. The linear
Hall effect was subtracted and the curves were shifted for visibility. (b). Temperature dependence of the coercive field for single and
collective C50 MNPs. Hysteresis loops for single MNPs cannot be measured above 65 K due to noise. Collective MNPs show a Verwey
transition around 100 K as indicated by the change of the slope in the temperature dependence of the coercive field.

The Hall resistance (R,, = V,,/ I,.) data are taken at T = S K
after cooling in zero field and with a bias current of 1 pA. The
Hall effect measured with the out-of-plane field showed the
clear appearance of hysteresis for crosses C1 and C3, where the
MNPs were placed above, while there was no hysteresis in
cross C2, where there was no MNP placed; see Figure 4. After
the measurement, the sample was warmed up to 300 K and
one of the MNPs was moved from device C3 to C2 using the
AFM tip; see Figure 4c. After this, the sample was cooled down
again, and measurements of the Hall effect revealed that the
hysteresis in the Hall effect in cross C3 has disappeared but
became clearly visible for cross C2; see Figure 4d. This
observation proves that the hysteresis in the Hall effects is due
to the presence of the MNP.

A contribution to the Hall effect due to the stray field from
the MNP is Ryp = Ry X Hynp, where Ry = dR,,/dH,y, is the
slope of the Hall effect in the absence of the MNP. In the case
of a ballistic conduction, the Hall resistance is given by the
average of the field over the cross area, R,, = a(H)/ne, where a
accounts for collimation effects and n and e denotes carrier
concentration and electron charge, respectively.”’ In the
diffusive regime, where the electron mean free path is smaller
than the dimension of the lead, the signal is reduced since the
current is flowing into the voltage leads. This results in a larger
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effective cross area, and the response becomes more sensitive
to the position and shape of the field profile.** Assuming the
particle to be a magnetic dipole with an out-of-plane easy axis
direction, the maximum average perpendicular component of
the stray field at the surface of the @2DEG from an MNP with
a remanent magnetic moment of 3 X 1077 Am? is about (H)
~ 0.022 T; see the Supporting Information. Assuming the
slope of the Hall effect in our Hall bar to be about R, =22 Q/
T, this results in the expected contribution to the Hall effect of
about Rypp = 1 Q for the above slope in the ballistic regime.
The maximum experimental hysteresis in resistance amounts
to ~0.5 Q. This suggests that our Hall bar is operated in the
diffusive regime. Independent measurements of the Hall effect
in the absence of the MNPs in our devices yielded values for
charge density and mobility of n = 1.5 X 10" cm? and y =
1200 cm?/(V s), corresponding to the mean free path of about
75 nm.*® This agrees with a diffusive transport, as the mean
free path is smaller than the width and length of the Hall bar
devices.

The sensitivity of the Hall magnetometer depends on the
Hall coefficient (in units of Q/T) and the equivalent resistance
noise that can be calculated from the voltage noise of the
device normalized to the current bias. The LAO/STO q2DEG
has a rather high carrier concentration and rather low Hall
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coefficient of about 22 €/T. Assuming the resistance of the
device of about 10 k€2, the white voltage noise should not
exceed 10 nV/Hz'2 For the current bias of 1 uA, this
corresponds to the equivalent magnetic field sensitivity of 5 X
10~* T/Hz'/2. This is about 2 orders of magnitude higher than
in the semiconductor 2DEG Hall bar rnagnetometers,18 where
both Hall coefficient and current bias are much higher. At the
same time, we could measure the remanent magnetic moment
of the C50 MNP of about 3 X 1077 Am? = 3 X 10° u.
Assuming the estimated sensitivity of our device, we could
measure a 10 times smaller magnetic moment of about 3 X 10°
py with a signal-to-noise ratio of 10. This value is comparable
with the results presented in earlier experiments in refs 16 and
17.

The hysteresis loops show no additional Barkhausen jumps,
which agrees with single-domain alignment of the C50 MNPs.
The coercive fields of the two MNPs in the first measurement
shown in Figure 4b are comparable: B, = 80 mT and B, = 79
mT, for C1 and C3, respectively. After the second MNP was
moved from C3 to C2, the coercive field was reduced to about
52 mT. The origin of this change is believed to be magnetite’s
cubic-to-monoclinic transition at the Verwey temperature Ty
~ 120 K, where the reordering of the lattice alters the
crystalline anisotropy.*®*” The Verwey transition is reflected
by the jump in the B.(T) dependence of collective MNPs; see
Figure 5. The lower transition temgerature may be caused by a
partial oxidation of the magnetite.” When no field is applied,
the orientation of the monoclinic c-axis, associated with the
easy axis, will be arbitrary. When subject to a sufficient field
during the transition, the easy axis can be aligned with the
cubic edge closest to the field direction.47Figure 6 shows Hall

Hext 2
4

015 -0.10 -0.05 0.00 0.05 0.10 0.15
Magnetic field (T)

Figure 6. Hall effect measurements of the Hall bar device C2 as a
function of angle between the magnetic field applied during cool-
down (H,,) and the substrate normal. The magnetic field was
applied in the temperature range from 170 to S K. For the Hall
effect measurements, the external magnetic field, H,,,, was applied
in the direction perpendicular to the sample plane. The curves
were shifted along the y-axis direction for visibility.

effect measurements of the Hall cross bar C2 that was field-
cooled (FC) in B = 1 T at three different angles, ¢, between
the field direction and substrate surface normal. The field was
applied during the cooling of the sample from T = 170 K to
base temperature T = 5 K. The Hall effect was measured, as
before, with ¢ = 0° (field perpendicular to sample plane). After
field-cooling at ¢ = 0°, the coercivity was maximum, B, &~ 85
mT. However, no hysteresis (B. = 0 T) was observed after
field-cooling at ¢ = 90°. At the intermediate angle ¢ = 45°, the
coercivity was B, & 50 mT. The field-cooling at ¢ = 0°
therefore implies a primarily out-of-plane easy axis of the

particle. Since the external field in this case is parallel to the
easy axis, a maximum B_ was observed in the hysteresis loop of
the Hall effect. Inversely, ¢ = 90° aligns the easy axis
perpendicularly to the external field corresponding to zero
coercivity.

CONCLUSIONS

In summary, we demonstrated a reliable AFM-based procedure
for isolation of MNPs from larger clusters followed by precise
placement on nanodevices. We have applied this method to
place a 50 nm single MNP on the 100 nm Hall bar fabricated
in the q2DEG at the LAO/STO interface. The observed
hysteresis in the Hall effect agrees well with the calculated
average stray field produced by the MNP assuming diffusive
transport in the Q2DEG. Besides precise positioning of MNPs,
we also show a possibility to align the magnetic moment of the
MNP using field-cooling through the Verwey transition of
magnetite. This may be useful for designing determined
magnetic field profiles in proximity devices that operate at low
temperatures. Our method may be applicable to various kinds
of nanodevices, for instance spintronic nanostructures,”’ or
superconducting hybrid quantum systems to study unconven-
tional superconducting pairing and topological effects.*

METHODS

Morphology and crystal structure of C50 MNPs were determined
using a ThermoFisher Tecnai T20 transmission electron microscope
operating at 200 kV. TEM samples were prepared by placing a drop of
a diluted suspension of CS0 MNPs in ethanol onto a carbon-coated
Cu grid and letting it dry under a low vacuum. The particle size
histogram was determined by counting at least 300 particles with
ImageJ software,”’ and the resulting histogram was fitted with a log-
normal function.**

The crystal structure of C50 MNPs was determined by the analysis
of selected area electron diffraction (SAED) images and compared
with X’Pert High Score Plus patterns for bulk Fe;O, (code: 01-086-
1337). The interplanar distances (d-spaces) were calculated by
measuring the radius between the central spot and the diffracted rings
using ImageJ software. Then the reflections were indexed to (hkl)
planes by using as a reference the patterns of bulk Fe;O, (code: 01-
086-1337).

The two types of MNPs are thermally blocked at room
temperature, and their Curie temperature is around T, ~ 850 K.**
In the size range of 30—80 nm, as given for the C50 MNPs, magnetite
is expected to be primarily in the single-domain state.”*

Magnetization curves (M—H) were measured on an ensemble of
diluted particles immobilized on a paper sheet in a vibrating sample
magnetometer (Lakeshore Cryotronics model 7307) as a function of
magnetic field at 300 K.

AFM, MFM imaging, and nanoparticle manipulation have been
performed using the Bruker ICON AFM with a Nanoscope §
controller in tapping and lift scan modes. Bruker RTESP-300 AFM
probes were used for tapping mode topography measurements. For
nanomanipulation, Bruker SCM-PIT V2 probes were used. For the
MFM experiments, we used Bruker MESP-V2 probes (Figure 2d—f)
and MESP-HR10 (Figure 2a—c) with a CoCr coating.

MNPs were deposited on the surface of the sample by pipetting the
colloidal solution directly on the surface. To achieve a desirable
density of particles (5—10 clusters of MNPs per 100 pm? as
illustrated in the Supporting Information Figure 2a) on the surface
and a homogeneous distribution, MNPs were diluted to a
concentration of 10 pg/mL. The selected concentration provided
that it is unlikely that a chain lands directly on a device. The MNPs
were dispersed by using a 2 X S min ultrasonic bath first at 60%, then
for S min at 100% using 2 X 30 s vortex mixing in between these two
steps prior to deposition. To avoid agglomeration, a permanent
magnet was placed under the substrate to align the magnetic moments
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causing the particles to repel each other near the surface. The solvent
was evaporated at 75 °C on a hot plate for 1 h.

Fabrication of LAO/STO nanostructures has been described in refs
45 and SS. In brief, 10 unit cell layers (4 nm) of a thin LAO film were
deposited on heated, S X S mm TiO,-terminated STO substrates in
an oxygen atmosphere by pulsed laser deposition; see ref 56 for details
of the procedure. Nanodevices were fabricated by electron beam
lithography followed by low-energy Ar ion beam irradiation. The
width of all Hall bar lines was 100 nm. An additional advantage of this
method is that the sample surface remains fairly smooth, which aids
AFM manipulation.

Electrical transport and temperature dependence of M—H curves
were measured in a Physical Property Measurement System at
temperatures of 5—300 K and magnetic fields up to 10 T (PPMS,
Quantum Design, San Diego CA, USA).
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