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C
ontrolled autonomous motion of
micro- and nanoobjects in liquid en-
vironments is currently the focus of

intense investigations,1�6becauseof itsapplica-
tion relevance for biology andmedicine,6�10 for
example, formanipulationofcellsorpathogenic
bacteria circulating in the human body.11

Targeted drug delivery,10 hyperthermia12,13

for cancer treatment, and autonomous
microsurgery14 represent prospective tasks,
as well.
Among diverse available concepts enabling

the deterministic autonomous motion of the
objects at the micro- and nanoscale, catalytic
propulsion of the manmade particles was by
now one of the most dynamically developing
areas in the field of intelligent synthetic nano-
machines.4,5,14�21 Catalytic micro- and nano-
engines, capable of deterministic motion,
are demonstrated by Janus micro- and
nanoparticles,20,22,23 nanorods,15,17 or
tubular motors6,8,16,24 that contain ferro-
magnetic layers for being guided by a
magnetic field18,16,20,21 and a catalytic layer,
for example, platinum for maintaining the

catalytic chemical reaction in H2O2. Although
numerous impressive demonstrations of
the concept were successfully performed,
that is, directed motion16,17 or transporta-
tion of living cells and bacteria,6,11 the system
in its current state has a number of
limitations. Catalytically driven artificial mo-
tors still suffer from incompatibility of the
H2O2-based reaction with biological sys-
tems, since hydrogen peroxide is a strong
oxidizing agent and is harmful to most
biological tissues and living cells. Therefore,
the mechanism of catalytic motion through
tissues still needs to be optimized for the
sake of biocompatibility. Hence, there is an
intensive seek for alternatives that do not
require hydrogen peroxide.
The motion of objects in a liquid environ-

ment can be achieved by various phoretic
effects, that is, electrophoresis,25,26 diffusio-
phoresis,27�29 or magnetophoresis.30 An
elegant method to achieve autonomous
propulsion of the microscopic objects via

generation of O2 and H2molecules by electric
field-assisted redox reactions was recently
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ABSTRACT We present fuel-free locomotion of magnetic spherical Janus motors driven by

magnetically induced thermophoresis;a self-diffusive propulsion of an object in any liquid

media due to a local temperature gradient. Within this approach an ac magnetic field is applied to

induce thermophoretic motion of the objects via heating a magnetic cap of the particles, while an

additional dc magnetic field is used to orient Janus motors and guide their motion on a long time

scale. Full control over the motion is achieved due to specific properties of ultrathin 100-nm-thick

Permalloy (Py, Fe19Ni81 alloys) magnetic films resulting in a topologically stable magnetic vortex

state in the cap structure of Janus motors. Realized here magnetically induced thermophoretic

locomotion does not require catalytic chemical reactions that imply toxic reagents. In this respect,

we addressed and successfully solved one of the main shortcomings in the field of artificial motors, namely being fully controlled and remain

biocompatible. Therefore, our approach is attractive for biotechnological in vitro assays and even in vivo operations, since the functioning of Janus motors

offers low toxicity; it is not dependent on the presence of the fuel molecules in solution. Furthermore, the suggested magnetic ac excitation is superior

compared to the previously proposed optically induced heating using lasers as it does not require transparent packaging.

KEYWORDS: fuel-free motors . artificial Janus motors . thermophoresis . hyperthermia
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proposed.26 An approach that can be applied in the
biotechnology, that is, for diverse in vitro assays,31 as
drug carrier for anticancer therapy10 or hyperthermia12

has to offer low toxicity and independence of the syn-
thetic motor on the chemical microenvironment.
This task is achieved by exploiting pure physical me-
chanisms that are not harmful to a human body. For
instance, it is well-known that propulsion of the micro-
and nanoparticles can be generated by exposing the
magnetic object either to a gradient or a rotational
magnetic field. It has been shown5,32�34 that the use of
a rotational magnetic field and a magnetic macro-
scopic object combined with a spiral-type tail results
in a self-propulsion of the device in a liquid. Ishiyama
et al. improved this concept and demonstrated func-
tioning of their devices over a broad range of Reynolds
numbers (from 10�7 up to 103) that illustrates the
possibility of miniaturization.35 On the other hand,
the potential of thermophoresis of individual colloidal
beads was recently reported by several groups that
demonstrated self-propelled colloidal particles ther-
mally driven by a defocused laser beam.36,37 The
motion of the particles driven by temperature gradi-
ents resembles the Soret effect proportional to the
thermal diffusion of the particles and temperature
gradient and is reported elsewhere.37,38 Furthermore
the propulsion of nanorods, driven by ultrasound39

and Al�Ga binary alloy microspheres in water40 was
proposed recently.
Here, we go beyond these established techniques

and report on the “fuel-free” generation of directed
motion of Janus spheres, which relies on the self-
thermophoresis effect combined with the specific
magnetic properties of the caps. We achieve directed
propulsion without using toxic solutions by localized
heating of the metallic cap of the Janus bead, which is
realized by applying simultaneously homogeneous
applied magnetic field (dc) and alternating (ac) mag-
netic fields. Figure 1 summarizes the concept of the
thermophoreticaly driven Janus particles. An aqueous
solution of magnetic Janus spheres is dispensed onto a
glass slide, where particles rapidly settle due to gravity.
We observe the motion of Janus spheres, located in
close proximity to the glass substrate, confined to two
dimensions (xy plane). The magnetic coil was posi-
tioned around the glass substrate that contains the
suspension of Janus spheres to generate an alternating
magnetic field along z-axis (normal to the plane of
the glass slide). To generate microscopic temperature
gradients that induce locomotion of the Janus beads
with a velocity VT, the frequency and magnitude of the
applied ac magnetic field have to be “tuned” to match
the specific composition and thickness of themagnetic
cap structure to achieve an optimal absorption of the
electromagnetic radiation by the metal film. The Janus
motors are driven by the temperature difference ΔT
formed around the particle due to the local heating of

the magnetic cap in the applied ac magnetic field. A
permanent magnet is used to control the directionality
of themotion of self-propelledmotors. A similar mech-
anism by heating magnetic materials was applied earlier
for cancer treatment and is known as hyperthermia.12,13

Arrays of Janus particles are prepared on SiO2/Si
wafers using a two-step procedure: self-assembly of
silica colloidal particles with a diameter of 3 μm on
the wafer, followed by deposition of a magnetic layer
system.41 The layer stack consisting of Pt(2 nm)/Py-
(100 nm)/Pt(2 nm) is deposited onto the particle
templates by magnetron sputtering (details are pro-
vided in the Methods section). A scanning electron
microscopy (SEM) image of the assembly of capped
particles is shown in Figure 2a. The cross-section of a
Janus particle is visualized in the inset of Figure 2a after
the particle was cut using a focused ion beam (FIB).
The magnetic properties of the samples are derived

from longitudinal magneto-optical Kerr effect magne-
tometry (Figure 2b), which is sensitive to the in-plane
magnetization component. The magnetic characteri-
zation was carried out at room temperature in an in-
plane magnetic field with maxima of (300 Oe before
detaching the particles from the substrate via sonica-
tion and preparation of aqueous suspension. Themag-
netic hysteresis loop reveals that the caps are in the
so-calledmagnetic vortex state (inset in Figure 2b),42 as
expected for the chosen thickness of the Py film.44

The presence of a magnetic vortex in the caps has
important implications on the behavior of Janus
particles in solution. Vortices are characterized by
following two conserved quantities: the polarity, the
sense of the vortex coremagnetization direction (up or
down), and the chirality, the sense of magnetization

Figure 1. Schematics of the experiment: The motion is
visualized by an optical microscope. A coil is positioned
around the sample consisting of magnetically capped SiO2

particles suspended in water. Local distribution of magnetiza-
tion in the cap structure is schematically shown with arrows.
These Janus particles can be aligned with respect to the
external magnetic field relying on the interaction between
the field andmagnetic moment of the vortex core. Propulsion
of theparticles is due to a thermophoretic force appearing as a
result of a temperature difference at both sides of the capped
particle exposed to the ac magnetic field of the coil.
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rotation (clockwise or counterclockwise). The curling of
the in-plane magnetization leads to a minimized stray
field that is crucial to reduce agglomeration of mag-
netic particles in solution, which is hardly achievable
using any other ferromagnetic Janus particles. At the
center of the cap an out-of-plane magnetization com-
ponent appears, which is called vortex core. As follows
from the hysteresis loop, the vortex is stable in the field
range of (75 Oe where only a displacement of the
vortex core takes place.43 In a stronger magnetic field
of about 170 Oe, the vortex core is expelled from the
cap and the vortex is annihilated, resulting in a mag-
netically saturated state in the Py cap. More details on
magnetization reversal in Py caps on spherical particles
can be found elsewhere.44,45

Owing to the specific magnetization distribution of
the vortex, it is magnetically compensated everywhere
apart from the location of the vortex core. The pre-
sence of this uncompensated component of the vortex
allows us to manipulate the orientation of the cap by
using a permanent magnet. The strength of the mag-
netic field at the location of the particles was 40 Oe at
maximum, which is sufficiently below the annihilation
field of the magnetic vortex (according to hysteresis
loop in Figure 2b), meaning that the vortex is linearly
displaced from the center of the cap when the field
is applied. From our complementary studies of mag-
netic vortices in cylindrically curved segments with a

diameter of 1.7 μm, we know that in the field of 40 Oe
the displacement of the vortex core is smaller than
0.7 μm.46 This important finding implies that the vortex
core does not change its location on the central region
of the particle cap of 3 μm spherical particles upon
applying an external dc magnetic field of about 40 Oe,
but experiences a torque and will align along the field
lines. This provides well-defined anisotropic magnetic
properties of the motors and enables us to manipulate
the orientation of Janus particles at the microscale
using a permanent magnet. Interestingly, the cap will
follow the orientation of themagnetic field as shown in
Figure 3 (see also Movie 1, Supporting Information).
Please note that we did not observe any displacement
of the particle during the manipulation experiment,
besides the Brownian motion, indicating that the pos-
sible gradient of the magnetic field is weak and can be
neglected. Themanipulations of the Janus spheres and
their motion while exposed to an applied dc magnetic
field were observed using a video-microscopy setup
and recordedwith ahigh-speedcamera (VisitronSystems,
photometrics cascade 512 B).
It is important to bear in mind that the mechanism

behind the change of the orientation of Janus particles
with soft magnetic caps is different compared to the
recently presented caps consisting of Co/Pt multilayers
with perpendicular magnetic anisotropy, where Janus
particles are permanently oriented in a dc magnetic
field.20 In the case of Py capped Janus particles,
reorientation is achieved by a dynamic process when
the magnetic torque is acting on the vortex core
(permanent magnet has to be moved with respect to
the cap of the particle). In a constant magnetic field the
particle will lose its initial orientation along the field
lines due to thermal activations. For the Janus particles
used in the present work, the time when the particle is

Figure 3. Manipulating the orientation of Janus motors
with a diameter of 3 μm by a permanent magnet due to
the vortex core magnetization formed within a magnetic
cap. Reorientation of the particle is demonstrated in Movie
1 (Supporting Information).

Figure 2. (a) SEM image of the assembly of SiO2 spherical
particles capped with Pt(2 nm)/Py(100 nm)/Pt(2 nm). Di-
ameter of the spheres is 3 μm. Inset in panel a shows the
SEM imagewith the cross-section of a capped sphere cut by
FIB. Location of the cap is indicated using dashed lines. (b)
Magnetic hysteresis loop measured by means of longitudinal
Kerrmagnetometrywithmagnetic field applied parallel to the
substrate. The shape of the hysteresis loop is typical for the
case when a magnetic vortex is formed in the cap. Magnetic
pattern of the vortex is shown in the inset in panel b.
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disoriented in an applied dc magnetic field of 40 Oe is
about 2 s. Afterward, the particle has to be exposed to
the magnetic field again. This seeming disadvantage
can be easily overcome when both dc and ac fields are
applied. The alternating field is required to achieve
thermophoretic motion as discussed below.
Once an ac magnetic field is applied, the magnetic

Janus beads are turned into motion with the prede-
fined direction, which is preserved for long times.
This motion originates from the heat locally produced
within the cap structure, caused by the enhanced
absorption of electromagnetic radiation and so-called
“hysteretic losses” during ac magnetic field excitation
within the Py caps. Thus, a temperature difference ΔT
occurs over the surface of the motor, resulting in the
propulsive velocity VT of the Janus motors, which can be
defined by a so-called phoretic slip vS(r) ≈ �bF(r)ΔT
around the particle.27,29,37 Here, F(r) characterizes the
density of the fluid along the particle surface; b is an
effectivemobility coefficient, whichdetermines the inter-
action of thefluid particleswith the surface of themotors.
The velocityVT can bedetermined as an integral, over the
surface of the particles, of the phoretic slip vS(r) weighted
by complex hydrodynamic resistance matrices.29

The thick Py film (100 nm), that was deposited on
top of the silica particle array to guarantee the mag-
netic vortex state, also provides a large amount of
spins, which is beneficial in order to achieve a sub-
stantial heating of the magnetic part of the Janus
particles. In the present experiment, we applied an ac
magnetic field in a frequency range between 400 Hz
and 6 kHz using a solenoid coil (inner diameter of
the coil, 30 mm; diameter of the Cu wire, 0.25 mm;
number of windings, 260; dc resistance of the coil,
7.3 Ω; voltage peak-to-peak applied, 10 V). The tem-
perature difference between both sides of the particle,
which is the driving force of the thermophoretic mo-
tion, can be roughly estimated as follows: First, we
calculate the hysteretic losses. From the magnetic
hysteresis loop in Figure 2b, we estimate that the total
energy required to completely remagnetize the Per-
malloy cap is about 3 nJ. This energy is calculated as an
area under the hysteresis loop taking into account that
the saturationmagnetization of Permalloy is 870 kA/m.
At the frequency of 4 kHz, the energy per second
applied to themagnetic cap is 12 μJ/s. This is the upper
limit of the power as the used solenoid coil generates
the field of about 80 Oe, which is smaller than the
saturation field for the Py cap (Figure 2b). Therefore, the
actual power supplied to the cap by the acmagnetic field
is smaller than the maximum value: P0 ≈ 6 μJ/s.
The cap will be heated by the ac excitation if

the incoming power P0 is larger than the dissipated
power due to the contact with the surrounding water.
The dissipated energy per second, Pd, can be estimated
according to the equation: Pd = λΔT0SC/L, where λ is
thermal conductivity of water (0.56 W/(m K)); SC is the

surface area of the cap; L is the distance where the
temperature of water decays down to the room tem-
perature; ΔT0 is the temperature difference of the
cap with respect to the room temperature. From the
experimental work by Jiang et al.,37 the distance L can
be taken as about 5 μm. In this case,ΔT0 is about 3.7 K.
It is important to keep in mind that this value repre-
sents the maximal achievable temperature difference,
because other factors, like convectional flow, are not
accounted for. This simple calculation shows that
heating of the cap by an ac magnetic field with a
frequency of 4 kHz is possible, but not very efficient. To
improve efficiency of heating, higher frequencies of ac
field of about 50 kHz are advantageous.
In a similar way, we can estimate the temperature

difference between both sides of the cap, ΔT, to be
about 1.6 K (in the formula for Pd we used the thermal
conductivity of glass (0.8 W/(m K)) and put L equal to
the diameter of the SiO2 particle. Although estimated
roughly, the value of ΔT is comparable to the one
measured by Jiang et al.37 when Au capped SiO2

particles were heated by a laser (about 2 K). Now, we
can calculate the expected velocity of the Permalloy-
capped SiO2 particle. Assuming a Soret coefficient for
Py-SiO2 of ST = 10 K�1 and a diffusion coefficient, D,
of about 0.15 μm2/s, the velocity of a Janus particle,
driven by a temperature difference is equal VT =
�DSTΔT/3R= 0.34 μm/s; R is the radius of the particle.37

To characterize the observed thermophoretic motion
of the Janus motors properly, nonmagnetic plain silica
particles of the same size were added to the suspension
as references. During experiments we chose the location
on the sample to observe a magnetic Janus bead and a
reference particle in a single field of view of the micro-
scope. This allows us to compare directly the character of
motion of both particles and to extract the thermo-
phoretic motion from drift-related contributions as well
as from Brownian random walk. In the following, an
analysis of trajectories, velocities, and mean squared
displacements (MSDs) of thermally driven Janus mo-
tors and a reference particle are presented.
Trajectories of a thermophoretically driven Janus

particle and a reference SiO2 bead, recorded over
40 s, are shown in Figure 4 (see also Movie 2, Support-
ing Information). The frequency of the applied ac field
is set to 4 kHz in this experiment; the strength of the
magnetic field is about 80 Oe. Whereas the reference
particle fluctuates around its initial position (right-hand
side), the Janus sphere reveals a directedmotion along
the y-axis (left-hand side). This behavior of the mag-
netic beads in water can be attributed to a positive
thermophoresis, as themotion is performed from a hot
to a cold region of the particle (away from themagnetic
cap). This finding is in agreement with the results
reported recently by several groups that investigated
the thermophoresis of the Janus particles in water
using defocused laser light.36,37 A similar tendency
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was observed upon tuning the excitation frequency of
the ac field from 400 Hz to 6 kHz (Movies 3, 4 (5 kHz),
Supporting Information). As there are no qualitative
differences observed in this frequency range, we will
focus on the ac excitation with a frequency of 4 kHz.
Obtained trajectories were further evaluated in or-

der to extract information about the velocities of
the reference and of the propelled Janus motor. From
the trajectory of the Janus sphere (Figure 4), it follows
that the directional component of motion experiences
strong competition with Brownian fluctuations. To
determine the velocity of the magnetic Janus particles,
we extract the velocities of both particles via plotting
the time dependences of the y and x coordinates
(Figure 5a,b). In a similar way, several types of objects
(single particles as well as clusters of capped particles)
were investigated revealing qualitatively similar behav-
ior to the one discussed in the manuscript. For
completeness, tracking of the motion of other Janus
particles is presented in the Supporting Information.
Generally, velocity of the Janus motors can be also
estimated by calculating the instantaneous velocities
of the particles from their trajectories. However this
method gives precise and reliable results only in the
case when the directional component of motion
substantially dominates the thermal fluctuations of
particle.16,20 As expected, the reference bead has only
a small drift velocity of 0.018 μm/s and 0.01 μm/s along
the y and xdirection, respectively. In contrast, driven by
the ac magnetic field, the Janus motor is propagating
with a velocity of 0.24 μm/s and 0.09 μm/s along the y
and x axes, which is about 1 order of magnitude larger
compared to the corresponding velocity components of
the reference particle. The experimentally determined
velocity of the Janus particle is only slightly smaller
compared to the estimation given above. This discre-
pancy is most probably related to the overestimated
temperature difference between both sides of the cap
due to neglecting convectional flow around the particle
as well as not accounting for Eddy current heating.
It should be noted that this increase in the velocity of

the capped particle compared to the reference one is

not due to the gradient magnetic field induced at the
edge of the coil. We checked this aspect by observing no
displacement of the large agglomerates of Janus spheres
in the applied ac magnetic field (Movie 5, Supporting
Information),whichpossess larger netmagneticmoment
than single particles and therefore should be affected
stronger by the gradient magnetic field.
As the 3 μm-sized particles (reference and Janus

motor) undergo strong Brownian diffusion, whose
scale is comparable to the instantaneous displacement
of the Janus motor in an applied magnetic field, it is
necessary to calculate themean squared displacement
of both particles to differentiate the self-thermophor-
esis effect from the drift present in the liquid sample.47

For this purpose, we performed comparative analysis
of the y and x components of MSDs for the plain silica
bead, which is not able to be driven by the ac field, and
the Janus motor (Figure 6a,b). Note that we neglect
rotational diffusion in the analysis, since the orientation
of Janus particles is manipulated by the external
permanent magnet. Pure diffusion of the particles on
the planar surface is described by MSD = 4Dt, where
D is given by Stokes�Einstein equation.23 On the basis
of the Stokes�Einstein equation, D can be calculated
to be around 0.16 μm2/s for particles with a diameter of
3 μm. Deterministic (directed along one of the axes)
motion of the Janusmotor, propellingwith the velocity
VT can then be determined by a simplified analytical

Figure 5. Dependence of (a)y and (b)x coordinates on time
corresponding to the trajectories in Figure 4. Scattered data
correspond to the y and x coordinates of the reference
particle, revealing classical Brownian fluctuations, and of
the thermophoresis-driven Janus motor in an applied ac
magnetic field with an excitation frequency 4 kHz. Solid
(orange and red) lines are linear fits to the data. Slope of the
lines corresponds to the velocities of the reference particle
(vR,x = �0.018 μm/s, vR,y = �0.01 μm/s) and Janus motor
(vC,x = 0.091 μm/s, vC,y = �0.243 μm/s).

Figure 4. Trajectories of a Janus motor (left) and reference
silica particle (right) in an applied ac magnetic field at
frequency 4 kHz. Color-coded scale represents the observa-
tion time of 40 s.
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expression for mean squared displacement MSD = 4Dt
þ VT

2t2, assuming that translational diffusion is sub-
stantially more pronounced than the rotational one.
Figure 6a displays the y component of MSD for both

analyzed particles. Whereas the MSDY of the reference
bead follows the Brownian-like diffusion, confirmed by
linear fitting (solid orange line), the mean squared
displacement of the thermophoretically propelled
Janus sphere reveals deterministic motionwith parabolic
dependence of MSDY at long time scale. In contrast,
Figure 6b shows linear MSDX for both particles, the
reference one and the Janus bead. This analysis de-
monstrates that the diffusive behavior of the reference
nonmagnetic particle was not affected by the applied
ac magnetic field; this results in linear MSD character-
istics along x and y axes. On the other hand, the Janus
motor exhibits deterministic motion along the y axis,
while preserving the Brownian fluctuation along the x

coordinate. The experimental data in Figure 6 for the
reference particle (MSDX and MSDY) as well as the MSDX

for the Janus particle is fitted linearly. Please note that
these data were also fit by accounting for a quadratic
term. However, its value is of 0.0004(1) μm2/s2 at the
maximum, which is almost 1 order of magnitude smaller
compared to the MSDY of the Janus motor.
The estimated velocity of the Janus particle from the

MSDY is about 0.04 μm/s. It is smaller compared to the
one obtained from the analysis of the time depen-
dence of the y-coordinate (0.24 μm/s), which is due to
the strong contribution to the motion from the rota-
tional diffusion. The calculated diffusion coefficient D
from MSD in our experiment equals 0.05 μm2/s. It
deviates from the value obtained from the Stokes�
Einstein approach (0.16 μm2/s), which might be due to
the interaction of the particles with the substrate, for
instance, friction forces.
In conclusions, we reported on the realization of a

self-thermophoretic motion of magnetic Janus motors
in water originating from a local temperature gradient.
An ac magnetic field is employed to heat locally the
magnetic films deposited on top of the particles. By
tuning the parameters of the ac magnetic excitation
(amplitude and frequency), the velocity of the carrier
particle can be changed. This is crucial to increase the
speed of the particles, which is rather low in the
present experiments. Furthermore, the selective con-
trol over multiple Janus particles can be potentially
achieved by varying magnetic properties of the cap
structures and adjusting the parameters of the ac
magnetic field. In this respect, by varying the saturation
magnetization different magnetic hysteresis losses
under ac excitation can be achieved, which allows
tuning of the heat development in the caps and hence
the velocity. Interestingly, these Janus particles can
also be used for hyperthermia treatments: once the
particles are attached to the tissue guided by the dc
field, the amplitude of the ac field is increased in order
to produce heat. The accumulation of several particles
can ensure sufficient heat generation to overcome a
critical temperature for hyperthermia.
This first successful demonstration calls for intensive

investigations of the performance of thermophoretically
driven Janus particles and their applications in the field
of biotechnology. For instance, advanced functionaliza-
tion of the surface of the Janus motors with specific
receptormolecules in combinationwith optimized high-
frequency excitation of the thermophoretic propulsion
could help to develop a novel intelligent and biocompat-
ible tool to perform versatile bioanalytical tests, biomo-
lecular sorting, single cells, and genes transportation.

METHODS

Preparation of Pt/Py/Pt Stacks. This step includes magnetron
sputter deposition at room temperature of Pt(2 nm)/Py(100 nm)/

Pt(2 nm) onto the particle templates. Deposition conditions are as
follows: base pressure, 2.0 � 10�7 mbar; Ar sputter pressure, 10�3

mbar; deposition rate is about 0.5 Å/s. A composite Fe�Ni alloy
target with a composition Fe19Ni81 was used for deposition of a Py

Figure 6. Mean squared displacement of the y (MSDY) and x
(MSDX) coordinates for reference silica particles (circles) and
magnetic Janus spheres (squares). (a) MSDY reveals parabolic
behavior at long time scales for the thermophoretically pro-
pelled Janus bead (solid red curve; FitC,y = �0.12 þ 0.158t þ
0.0014t2), and stays in linear regime for the reference particle
(solid orange curve; FitR,y=�0.32þ 0.123t). Janusmotor reveal
directed motion in the y-direction. (b) MSDX of reference and
motors spheres with fitting functions FitC,x = �0.92 þ 0.152t
(red) and FitR,x = �0.15 þ 0.151t (orange), respectively. Both
particles reveal classical Brownian diffusion in the x-direction.
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layer. Cross-check of the composition after deposition performed
using energy dispersive X-ray spectroscopy (EDX) showed composi-
tion of the alloy of Fe19Ni81 with usual accuracy of the method
of(1 atom%. Permalloy film is sandwiched by Pt layers to protect
the magnetic film from degradation due to oxidation.

Self-Assembled Monolayers of SiO2 Particles. Preparation of non-
magnetic particle monolayers was carried out following the
procedure initially proposed by Micheletto et al.41,48,49 In this
case, a droplet of a particle/water solution is deposited onto a
cleaned thermally oxidized Si(100) wafer. The cleaning involves
ultrasonication in acetone, ethanol, and purified water followed
by treatment in oxygen plasma for 4 min. Afterward, the drop-
let evaporates in a small and tilted box, leading to the self-
assembling of the particle monolayers. By varying the concen-
tration of particles in the colloid solution, the tilting angle and
the size of the droplet, a sufficient coverage of the substrate
with particle monolayers is possible.50,51
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