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The magnetic field-induced actuation of colloidal nanoparticles has enabled tremendous recent progress
towards microrobots, suitable for a variety of applications including targeted drug delivery, environmental
remediation, or minimally invasive surgery. Further size reduction to the nanoscale requires enhanced
control of orientation and locomotion to overcome dominating viscous properties. Here, control of the
coherent precession of hematite spindles via a dynamic magnetic field is demonstrated using nanoscale
particles. Time-resolved small-angle scattering and optical transmission measurements reveal a clear
frequency-dependent variation of orientation and rotation of an entire ensemble of non-interacting
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1 Introduction

Field-driven actuation on magnetic particles builds the foun-
dation of various intriguing applications, including self-
propelling particles in active matter,"” mixers in micro-
fluidics,® swarms of magnetic rollers,* and viscosity probes in
nanorheology,” and also aspects based on structure formation,
such as field-induced self-organization®® and smart fluids.'***
Biological microorganisms such as magnetotactic bacteria are
inspiring model systems for magnetic microswimmers'> oper-
ating at low Reynolds numbers, but also large enough so that
their movement and dynamics can be tracked by optical tech-
niques. The development of artificial magnetically-driven
micro- and nanorobots has received tremendous attention in
the last few years,»*' leading to advanced applications
including magnetic two-arm nanoswimmers" or the combina-
tion of magnetic hyperthermia and magnetically driven pro-
pulsion for local pollutant remediation.*
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field-induced locomotion in nanoscale magnetic robots.

Achieving a remotely controlled, sustained translational
motion for active Brownian particles in a viscous fluid is
a challenging endeavour. This is typically approached by an
advanced synthesis of complex, chiral structures,” such as
helical structures for magnetically actuated propulsion in
dynamic, rotating or oscillating magnetic fields.'® A rich variety
of motion mechanisms has been achieved using achiral, elon-
gated objects with perpendicular magnetization.'** Even
random shapes based on nanoparticle aggregates have been
shown to succeed as fast magnetic micropropellers.”® All these
particles propel when stirred by a relatively weak rotating
uniform magnetic field of the order of a few mT. The motion
mechanism in the vicinity of a planar wall is tunable from
tumbling through precessing to rolling motion via the
frequency of the rotating magnetic field,* ultimately fading into
the step-out behavior associated with declining propulsion
velocity at the highest frequencies.** These examples emphasize
the great potential of dynamic magnetic fields for the controlled
locomotion of mesoscopic magnetic particles in a viscous
medium and the design of magnetoresponsive soft matter.

If the particle size is reduced to the nanoscale, thermal
effects dominate, and stochastic motion of the particles due to
random collisions (ie., Brownian motion) complicates
controlled steering of magnetic nanoparticles in viscous
fluids.”® One of the rare examples of successfully synthesized
propellers with dimensions below 1 pm was demonstrated with
carbon-coated aggregates of nanoparticles involving a post-
synthesis selection process.”® Hematite nanospindles repre-
sent a peculiar case of anisometric nanoparticles that promise
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to progress magnetohydrodynamics to an even smaller length
scale. Hematite nanospindles are achiral, elongated nano-
particles that fulfill the IUPAC definition of nanoscale (ie.,
particles with at least one dimension between 1 and 100 nm)*’
and intrinsically exhibit a magnetization perpendicular to the
long axis. This geometry is similar to the microwires with arti-
ficially engineered perpendicular magnetization®>** and there-
fore promising for locomotion of nanoscale objects in dynamic
magnetic fields. As the particle moments align parallel with an
applied magnetic field, hematite nanospindles in dilute
dispersion orient with their long spindle axis perpendicular to
a static field direction.?®*® Within this plane perpendicular to
the field the long spindle axis fluctuates randomly. There are
two different characteristic relaxation frequencies associated
with (1) a rotation of the spindle along the long rotational axis
and (2) a rotation along the minor axes.

Here we demonstrate that by application of a rotating
magnetic field in a suitable frequency range, the dynamic re-
orientation of nanoscale hematite spindles can be forced into
a synchronized spinning mode. Using time-resolved small-
angle X-ray scattering (SAXS), we reveal how the orientation of
an ensemble of water-dispersed hematite nanospindles can be
tuned between coherent precession and a collinear alignment
by suppression of one of the two distinct rotation directions.
The time-resolution of stroboscopic SAXS is pivotal to track our
nanoscale particles and provides information on the dynamic
particle orientation of a large number (in the order of 10°) of
independently moving nanospindles while applying an alter-
nating or rotating magnetic field. Our results are supported
with complementary optical transmission measurements and
agree with theoretical estimates of the rotational diffusion
constant. The observations demonstrate that hematite nano-
spindles hold out the key features for future application as
nanoscale propellers.

2 Results and discussion

To achieve well-separated relaxation time scales, a large aspect
ratio between the length and diameter of the hematite spindles
is required. We therefore synthesized hematite nanospindles
according to the hydrolysis method developed by Matijevi¢ and
co-workers that allows the aspect ratio to be tuned.** TEM
analysis reveals an average diameter of 51.5 nm and a particle
length of 374 nm along with normal size distributions in the
range of 13-20%, corresponding to an aspect ratio of around 7.3
(Fig. S171). Small-angle X-ray scattering (SAXS) of the colloidal
suspension of nanospindles in water was performed at the
instrument ID13 (ESRF). To avoid interparticle interactions, the
nanospindle concentration was kept low, <0.1 vol%, corre-
sponding to ~10"* particles per mL solution, 7.e. ~10° particles
studied simultaneously in the scattering volume of the SAXS
experiment. Refinement of the data using the form factor of an
ellipsoid of revolution confirms the average particle diameter of
49.9 nm with an intermediate lognormal size distribution of
9.6% (Section S3.11). The quasi-static magnetization measure-
ment of the colloidal suspension further confirms the weakly
ferromagnetic behavior of hematite above the Morin transition
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by the pseudo-superparamagnetic field dependence typically
observed for magnetically blocked nanoparticles in dispersion
(Fig. S2t). Refinement of the Langevin behavior reveals an
integral nanoparticle moment of 7.643 x 10~'° J T, corre-
sponding to 82414(705) up. Along with the morphological
particle volume of 5.19 x 10~ ** m*® as determined from TEM
and SAXS analysis, a spontaneous magnetization of 1473 Am ™"
is derived. The obtained spontaneous magnetization represents
only 74% of the bulk value for hematite of ~ 2000 A m™'*' in
agreement with earlier reports.”?®** From this follows that the
particles are not interacting and hence can freely rotate in
suspension when applying external magnetic fields.

The anisotropy of the relaxation frequencies for rotation
around the principal and minor spindle axes is confirmed by
a combination of depolarized dynamic light scattering (DDLS,
Fig. S3t1) and AC magnetic susceptometry (ACMS, Fig. S47).
DDLS is sensitive to the orientational diffusion of the particles
in dilute dispersion, and hence uniquely senses the rotation
around the minor spindle axis. The rotational diffusion
constant Dy = 149(7) s ' derived from DDLS analysis agrees
well with its theoretical estimate of 179 s for an ellipsoid of
revolution of the same dimensions**?** and corresponds to
a characteristic frequency of v, = Dg/m = 47(2) Hz. In contrast,
ACMS probes the field-induced orientation of the spindle
magnetization, including contributions of both rotation around
the minor and principal axes. The characteristic frequency for
rotation around the principal spindle axis is therefore not
unambiguously accessible from ACMS, and will lie well beyond
the experimentally observed vycms = 278 Hz. The significant
difference between the characteristic frequencies for rotation
around principal and minor spindle axes is an important
prerequisite for a tunable motion control: we expect that for
a magnetic field rotating with a frequency between both char-
acteristic frequencies, a transition between coherent precession
and synchronized spinning of nanospindles in dispersion is
achievable.®

Small-angle scattering is the most suitable technique to
probe inhomogeneities on the nanoscale, with suitable spatial
resolution to address the orientation distribution of a large
ensemble of nanoparticles,**>* whereas time-resolved
approaches give versatile opportunities to study in situ nano-
particle dynamics.***" Stroboscopic SAXS provides the neces-
sary time resolution to monitor changes in the orientation
distribution near the characteristic frequencies of our nano-
scale particles. We therefore performed time-resolved SAXS at
the microfocus beamline ID13 (ESRF) to monitor the dynamic
field-dependent orientation of hematite spindles driven by
a custom-made set of Helmholtz coils. The two Helmholtz coils
can each generate alternating magnetic fields, and together
a magnetic field rotating in the horizontal plane if both applied
fields have the same amplitude and frequency with a 90° phase
shift (Fig. 1a). The magnetic field period was divided into 20
frames by synchronizing the coil setup with the detector to
obtain the time-resolved scattering patterns as shown in Fig. 1f.
The Maxipix detector allowed stroboscopic measurements up to
300 Hz. To emphasize the scattering anisotropy caused by the
particle alignment in the applied field, all the following

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Experimental setup for stroboscopic SAXS at the ID13 beamline
(ESRF). (a) Schematic drawing of two Helmholtz coils placed parallel
and perpendicular to the X-ray beam. (b) TEM by hematite nano-
spindles. (c) Helmholtz coil set. (d) A colloidal dispersion of nano-
spindles and reference samples, mounted in quartz capillaries in the
center of the field setup. (e) Time-resolved acquisition of SAXS.
Detector images show a large beam stop in the center, surrounded by
the SAXS signal. Detector images are presented as the difference
scattering pattern with respect to the isotropic scattering pattern in
zero field. (f) Detector gating with respect to the magnetic field phase.

scattering images will be presented as the difference pattern
with respect to the isotropic scattering pattern in zero field (see
Fig. S61).

At frequencies of up to 25 Hz, where the moments of the
entire nanospindle ensemble follow the applied field, a periodic
variation of the anisotropic scattering intensities is observed for
both alternating and rotating magnetic fields (Fig. 2, full period
shown in Fig. S77). In the alternating magnetic field, the time-
resolved variation of scattering intensities indicates a dynamic
interplay of order and disorder. Whereas the SAXS intensity is
isotropic at times near the zero-field condition (1/2 7 and 3/2 =),
corresponding to the random nanoparticle orientation in the
absence of a magnetic field, a clear scattering anisotropy is
observed at a maximum field of 10 mT (0 and 7). This scattering
anisotropy results from the orientation of the spindles
perpendicular to the inducing field, where the degree of align-
ment corresponds well to the Langevin parameter of 1.85,
estimated for the integral nanospindle moment in the
maximum applied field of 10 mT. We confirm this by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Stroboscopic SAXS by hematite nanospindles in alternating
(top) and rotating (bottom) magnetic fields of 25 Hz. Field configura-
tion is depicted by black arrows (center). The SAXS difference detector
images are shown for a quarter period (0-1/2 7). Computed scattering
patterns according to the expected orientation of the nanospindle
ensemble are shown below the respective data. The average, time-
resolved nanospindle orientation is depicted schematically showing
the overlayed configurations of several particles (shapes in blue).

computing the expected scattering pattern for a spindle
ensemble using the spindle dimensions, integral particle
moment, and average applied field for each frame according to
the corresponding expected Boltzmann statistics of the particle
distribution.* As shown in Fig. 2, the computed scattering
pattern is in excellent agreement with the measured pattern. In
the case of a rotating magnetic field of 10 mT, the easy magnetic
axes of the nanospindles will maintain their orientation
towards the applied field and the nanoparticle ensemble may
fulfill a complete turn within one period of the applied field as
long as thermal motion and fluid friction are subsidiary effects.
We identify this behavior in a low frequency rotating magnetic
field as coherent precession: the spindle ensemble fulfills
precession around the field normal with a coherent phase
behavior, albeit different precession angles. The difference
between the two cases of alternating and rotating magnetic
fields becomes very clear at the 1/2 7 and 3/2 7 time frames. In
these time frames the applied rotating field is oriented parallel
to the X-ray beam, resulting in isotropic scattering patterns.
However, the difference in scattering intensity against the zero-
field state is negative (shown in detail in Fig. S8%). The
computed scattering pattern (Fig. 2) confirms that the nano-
spindle ensemble is oriented parallel to the detector plane,
whereas for the alternating field these time frames correspond
to an isotropic, disordered ensemble at nearly zero field and
hence vanishing difference scattering intensities. The excellent
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agreement of the experimental scattering patterns with those
computed based on the Boltzmann statistics of the particle
distribution further confirms that the nanospindles orient
independently from each other. Such an independent,
interaction-free motion of a large ensemble of nanospindles is
possible because the low magnetization of hematite and the
small particle size combine into a very low magnetic moment of
the individual particles.

The evolution of difference scattering patterns with
increasing frequency for both the alternating and rotating fields
(Fig. 3) reveals how the time-dependent fluctuation of the
scattering intensities disappears, while the scattering anisot-
ropy remains. This is a clear signal of a transition from the
dynamic particle reorientation observed at low frequency
towards a confined particle arrangement. A more quantitative
picture is established by analysis of the time- and frequency-
dependent scattering anisotropy of the two field configura-
tions (Fig. 4a and b), derived as the difference between scat-
tering intensity in horizontal and vertical directions (see ESIT).
Whereas in the low frequency case (25 Hz) a clear time-resolved
fluctuation between maximum and vanishing scattering
anisotropies is evident, the increasing magnetic field frequency
is accompanied by a significant phase lag of the scattering
anisotropy. This is a strong indication that there is a dissipative
process acting such that the nanospindles cannot follow the
dynamic magnetic field anymore at elevated frequencies. The
time-dependent amplitude in scattering anisotropy decreases,
corresponding to a more and more static orientation of the
ensemble of nanospindles. However, there is a strong scattering
anisotropy even at the highest investigated stroboscopic
frequency of 300 Hz at all times. This indicates that the average
orientation of a significant portion of the nanospindle
ensemble is not isotropic.
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For higher frequencies beyond 300 Hz, only time-averaged
scattering anisotropies, corresponding to the dotted lines in
Fig. 4a and b, are accessible from time-averaged SAXS data. Over
the complete frequency range, these illustrate the transitions
between different types of collective motion (Fig. 4c). For
a rotating magnetic field, a maximal scattering anisotropy
occurs for 150-200 Hz, ie. in between the characteristic
frequencies for rotation around the minor axis (47 Hz as
determined from DDLS) and principal axis (beyond 278 Hz as
estimated from ACMS and DDLS). In this frequency range,
rotation around the principal axis is still allowed while rotation
around the minor axis is inhibited. Beyond the characteristic
frequencies for rotation around both principal and minor axes,
the spindles do not follow the field variation anymore. Conse-
quently, the scattering anisotropy decreases continuously,
indicating an increasingly isotropic orientation of the nano-
particle ensemble.

A different spindle orientation distribution for alternating
and rotating magnetic fields at intermediate frequency is
inferred from the scattering intensities shown in Fig. 3b. The
differential scattering patterns correspond well to those
computed for orientation distributions with the long spindle
axis either confined to the plane perpendicular to the alter-
nating magnetic field or to the direction perpendicular to the
rotating field plane (Fig. 3b). In the case of the alternating field,
the time-independent but anisotropic scattering intensity
indicates that the long axes of the spindles stabilize perma-
nently with an orientational spread in the plane perpendicular
to the field direction. We understand this such that beyond the
characteristic frequency for rotation around the minor axis, the
average field-induced angular moment is strong enough and
reorientation of the magnetic moment in the fields occurs on
time-scales much faster than rotational diffusion of the long

e~

1\.
G,

(a) Stroboscopic SAXS data by hematite hanospindles in alternating (top) and rotating (bottom) magnetic fields up to 300 Hz. Field

configuration is depicted by black arrows (center) next to the SAXS difference detector images for half a period. (b) Time-integrated SAXS for
alternating (top) and rotating (bottom) magnetic fields with 300 Hz (left) along with computed scattering patterns (right).
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Fig.4 Time-resolved SAXS by hematite nanospindles in a dynamic magnetic field with varying frequencies. Extracted scattering anisotropies for
all time frames measured at the different frequencies of the (a) alternating and (b) rotating magnetic fields. (c) Frequency-dependent scattering
anisotropy derived from time-averaged SAXS measurements in alternating (blue) and rotating (red) fields. The characteristic frequencies for
rotation around the minor (47(2) Hz) and major axis (beyond 278 Hz) are indicated by orange bars.

axis that disordering Brownian rotational motion is suppressed
in the field direction. In effect, the spindles become confined in
the plane perpendicular to the field and fulfill random rotation
on this 2D plane.”” In the rotating case, on the other hand,
a particle experiences a constant torque produced by the
rotating magnetic field that increases with frequency and
eventually becomes significantly larger than Brownian random
fluctuation within the 2D plane. A self-stabilizing rotational
motion is favored as the viscous friction is reduced in a rotation
around the long axis as compared to precessing motion
involving rotation around the short axis. As a result, the spindle
long axis stabilizes permanently in the direction perpendicular
to the rotating field plane such that the magnetic moments can
follow the rotating field on the shortest path of least action. We
understand this as a synchronized spinning: the ensemble of
collinearly aligned nanospindles rotates synchronously around
their major spindle axes.

The field-induced, frequency-dependent reorientation vari-
ation observed by time-resolved SAXS is strongly supported by
optical transmission measurements (Fig. 5). The optical trans-
mission of linearly polarized laser light through a dilute
suspension of elongated nanoparticles depends directly on the
relative orientation of laser light polarization and the principal
nanoparticle axis. For hematite nanospindles in a static
magnetic field, an increase in optical transmission with an
applied static field parallel to the polarization direction and
a decrease in optical transmission for a magnetic field applied
perpendicular to the polarization direction are consequently
observed (Fig. 5a). The time-resolved optical transmission
recorded in a rotating magnetic field of 25 Hz (Fig. 5b) oscillates
exactly between the maximum and minimum static trans-
mission, confirming that the entire nanoparticle ensemble
follows the applied field. Similarly, in an alternating magnetic
field of 25 Hz (Fig. 5c) the time-resolved optical transmission
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Fig. 5 Optical transmission measurements: (a) field-dependent relative optical transmission in a DC magnetic field along with time-resolved
optical transmission for (b) rotating and (c) alternating magnetic fields of 25 Hz and 10 mT, (d) frequency dependence of the relative optical
transmission (e) with error bars representing the time-resolved amplitude.
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oscillates between the transmission extrema and 1, indicating
considerable orientation of the nanospindles in the maximum
applied field and isotropic orientation in zero field. With
increasing frequency of both rotating and alternating magnetic
fields (Fig. 5d), the full orientational order of the static or nearly-
static case is not reached anymore. This is indicated by the
decrease of the time-resolved amplitudes as well as by the center
of the relative optical transmission approaching 1. However, the
time-averaged anisotropy remains high, so that the full rotation
amplitudes move above the isotropic case (I/I, = 1, grey line in
Fig. 5d), indicating that a new, ordered state is achieved. The
baseline of the rotation amplitude above 1 indicates that in the
characteristic frequency range (with a maximum at 200-250
Hz), a significant portion of the spindles must be aligned
perpendicular to the polarization direction at all times, which
can only be the case if the spindles are aligned perpendicular to
the rotating field plane. Likewise, the oscillation amplitudes in
the alternating field do not reach the fully isotropic state at
elevated frequencies, supporting the anisotropic nanospindle
orientation observed with SAXS.

To summarize the response of the nanospindle ensemble in
rotating fields: At low frequencies below the characteristic
relaxation frequencies, rotation around both major and minor
particle axes is enabled. In consequence, the nanospindles
follow the magnetic field and remain quasi-statically oriented
with their major axis perpendicular to the inducing magnetic
field, corresponding to coherent precession around the field
normal. For intermediate magnetic field frequencies between
the two relaxation time scales, rotation around the minor
particle axis becomes suppressed, resulting in a decreasing
precession angle. In consequence, the particles are driven into
a collinearly aligned orientation of the major particle axis with
synchronized spinning around the normal to the rotation plane.
At high frequencies beyond the characteristic frequencies of
rotation around both axes, the spindle ensemble disorients
toward isotropic disorder.

3 Conclusions

We have elucidated the frequency-dependent reorientation
behavior of a large ensemble of non-interacting nanoscale
hematite spindles in dynamic magnetic fields. The study
emphasizes the potential of dynamic fields to control the rota-
tion modes of shape anisotropic magnetic nanoparticles with
perpendicular magnetic anisotropy.

Stroboscopic SAXS resolves signatures of different types of
motion with a clear enhancement of the particle orientation in
the intermediate frequency range between the characteristic
relaxation time scales. The orientational behavior of the spin-
dles strikingly differs between alternating or rotating magnetic
fields. Time-resolved SAXS is a valuable tool to investigate this
type of dynamic self-organization in situ towards a nearly
collinear alignment of nanospindles perpendicular to the
rotating magnetic field. The peculiar behavior of the spindle
particle ensemble in a rotating magnetic field from coherent
precession to synchronized spinning is understood in analogy
to the frequency-dependent variation of motion mechanisms of
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individual microwires near a surface boundary, ranging from
tumbling and precessing to a rolling motion with increasing
frequency.” With further increasing frequency, the effective
field that aligns the nanospindle upwards reduces due to the
increasing phase lag of the spindle magnetization towards the
rotating magnetic field. For dynamic frequencies well above the
characteristic frequencies for rotation around the major axis,
the synchronized rotational motion of the spindle ensemble
ceases. This corresponds well to the step-out behavior observed
as a decay in the propulsion velocity of helical objects in
a rotating field with increasing frequency.**** The characteristic
frequencies for rotational diffusion of hematite nanospindles
are adjustable by the solvent viscosity and by variation of the
spindle length and aspect ratio through synthetic consider-
ations. This will enable direct tuning of the frequency range
needed to control the different rotation modes. The ability to
control the dynamic reorientation of large ensembles (in the
order of 10%) independently moving nanoscale magnetic parti-
cles establishes an important step to progressing field-driven
actuation and locomotion to the nanoscale. With this prereq-
uisite, oriented locomotion of a swarm of nanoscale particles
may become accessible using complex magnetic field geome-
tries, such as combined rotating and static magnetic fields.**
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