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ABSTRACT

Overdamped magnetic nanorod-gyroscopes driven by a rotating magnetic field undergo a series of reorientations when sedimenting on top
of a surface in a viscous liquid. By changing the amplitude and the rotation frequency of the driving magnetic field, the nanorod-gyroscope
either synchronizes or desynchronizes with the field and rotates either around its long or short axis. The different regimes of motion are
explained theoretically by coupling the nanorod-gyroscopes motion to the creeping flow equations of the surrounding fluid. It is shown that
friction anisotropy plays an important role for the orientation of the nanorod-gyroscopes.

Spinning tops are macroscopic mechanical examples for the A completely different approach is to accept the domi-
reorientation of rotating anisotropic bodies.skeepingtop nance of thermal fluctuations and dissipation and to exploit
spinning at high frequency has a stable upright orientation. this by using parametric ratchet potentials for the directed
The topwakes upupon lowering the frequency and starts motion. Brownian motord? molecular transport processgs,
precessing and nutating. The stability of sleeping tops is thermally activated transitions in a potential landscHpe,
important for navigation and is used in the manufacture of thermal fluctuations in an optical trdp, parametrically
gyroscopes. On the atomic scale, nuclear or electronic spinsmodulated magnetic traps, or stochastic resonéhak Lse
reorient in the presence of oscillating magnetic fields, the latter approach to convert fluctuations into directed
wherein lies the foundation for NMR and ESR spectroscopy. motion.

Magnetic resonance peaks are sharp if the resonance Here we report on the orientation of a ferromagnetic
frequency is large compared to the splattice relaxation  nanorod-gyroscope in a rotating magnetic field placed on
time. There is considerable effort to manufacture high- 1o of a solid surface in the dissipative environment of a
frequency NMR spectrometers using high magnetic fields yiscous fluid. We show that the rod undergoes a series of
to reduce the effect of damping of the spin systatanorod reorientations as a function of the frequency and amplitude
gyroscopesi.e., gyroscopes on the nanoscale, are'rdre ¢ the rotating magnetic field. These reorientations result
because dissipation is a major concern for their orientational ¢, 4 competition between the tendency of the system to
stability. Upon miniaturization, the ratio of dissipation versus | inimize the gravitational energy, the power supplied to the

the driving power increases when using the same power . . the rotating magnetic field, and the power dissipated
source. One way to suppress dissipation on the nanoscale '%y the rotating rod to the viscous liquid

to move from physical power sources to more energetic .
Our nanorod-gyroscopes consist of transversally magne-

chemical power sources. A rich variety of molecular motor tized f " H<Fi 1) of di terp—
proteins has inspired nanoscientists to create artificial ized ferromagnetic nanorotiy igure .)O flameterie=
400 nm and length = 2.6 um subdivided into segments

machines based on chemical or biochemical interactions. One isti f platinue, — 468 followed by nickel
example is a molecule undergoing a unidirectionB consisting of platinunie: = nm tollowed by NICKEi,

intramolecular rotation around a single bén@thers use . 04 M. goldlau1 = 957 nm, and nickel;, = 106 nm
successive isomerizati$ror stimuli-induced binding affinity and finishes with goldi,» = 1.021um. The nickel segments

changes in mechanically interlocked molecular rotors for the Of the rod have an oblate geometty; (< r), and they form
ferromagnetic domains with a magnetization perpendicular

rotationi! oot
to the rod (transversal magnetization) when exposed to
* Corresponding author. E-mail: tfischer@chem.fsu.edu. ~ NdFeB magnets with a surface field of 0.48 T. These rods
f l%epartment of Chemistry and Biochemistry, The Florida State Uni- have been used previously for creating autonomously moving
versity. . . .
* Department of Chemistry, Pennsylvania State University. field-guided rods that are propelled by the chemical decom-
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Figure 1. (left) Electron microscopy image of a magnetic nanorod- 0.1

gyroscope of length 2.am, showing the different nonmagnetic
and magnetic segments of the rod. The rod is placed on top of a
glass surface and is set into rotation by a magnetic field precessing
around the surface normal. The scheme on the right shows the rod
in the rest frame of the magnetic field together with the definition
of the three Euler angleg,¢, andy.

position of hydrogen peroxide at the catalytic platinum
surface'’ Here, we immerse the rods into a viscous fluid Figure 2. (top) Experimental (blue) and theoretical phase diagram
(water or glycerol water mixture) on top of a glass surface. for the rod orientation as a function of the precession frequency
The rods sediment in the fluid and an in-plane rotating and field strength of the magnetic field. The vertical orientation of

- e . . : . the rod is for large frequency and large magnetic field (experimental
magnetic field of frequencg is provided by using two coils region shaded blue, theoretical region in pink and red). While theory

placed perpendicular to each other. Atlow angular frequency, and experiment agree in terms of the high-frequency threshold, the
Q < 9 Hz, the rods lie on the glass surface and rotate theoretical thresholdH; does not match the lower frequency

synchronously (F|gure 2 bottom |eft) Wlth the magne“c fleld threShOIdQ| of the eXpeI’iment. We attribute this difference to the

i theoretical neglect of hydrodynamic interactions with the glass
around thez-axis normal to the glass surface € /2). surface. (bottom) Microscope images of the synchronously planar,

When increasing the angular frequency, the nanorods sud-synchronously vertical, and asynchronously planar rotating rods at
denly switch orientation from a planat & 7/2) to a vertical different frequencies and magnetic fields. The 2-D limitation to
(¢ = 0) alignment at a threshold frequency@f = 9.4 Hz. the microscope makes the rod appear as a dot if aligned vertically.
Above Q,, the rod rotates around its long axis (region shaded Scale bar is 1gum.

blue in Figure 2, top, and bottom middle of Figure 2). By o o ) ) )
further increasing the angular frequency, we hit a second Precessing field. They always exhibit planar orientation with
threshold frequencf2., where the rod lies down again and & transition from synchronous to asynchronous rotation.
rotates asynchronously with an angular frequeacy: Q Qualitatively, we can understand the reorientation_of the
below the angular frequency of the magnetic field (Figure 2 transversally magnetized rod as the tendency to minimize
bottom right). While the lower threshol, seems to be  the potential energy if the system is close to static (small
roughly independent of the magnetic field strength, the upper ) O if there is insufficient power supply (smat). If the
threshold monotonously increases with the magnetic field syst_e_m is dynamic (larg&) and the supply (_)f_ power 1S
dQ/dH > 0. There is no vertical alignment of the rods below sufficient (Iarge_H), the system will try to _m|n|m|ze the_
the minimum magnetic field, = 56A/m, for which the entropy production and rotate around the axis of least friction

. that is the long axis. A more detailed understanding of the
lower and upper threshold frequencies become the £ame . . o
= . . - dynamics of the rod can be obtained by considering the three
= Q,(Hmin). Figure 2 summarizes our findings as a phase

. . . . types of torques that are involved in the rod motion. We use
diagram, where we plot the rod orlentafuor? as a function of two moving Cartesian coordinate systems. The first system
the angular frequencs? and the magnetic fielh. Both €\ ) is spanned by the direction of the magnetic field (the
and<, decrease when we increase the viscosity by adding ,_gjrection), they-direction, and the-axis normal to the glass
glycerol to the water. We have not included the glycerol/ ¢ face. The system rotates with frequegyith respect
water mixture data. Although the general trend of the phaseq the laboratory system. The second coordinate system is
diagram for the gyroscope in the glycerol/water mixture fixed to the rotating rod with unit vectorey( &, ;). The
supports our theoretical analysis outlined in the following ynit vectore; points along the magnetization of the rod and
section, the details differ and may be due to depletion effectse; along the long axis of the rod. A rotation matrixiRg,)
in the stirred region. The transversal magnetization is transforms thexy,z) system to the rod coordinate system.
essential for the observed reorientation behavior. NanorodsA magnetic torquermagn = uou x H drives the motion of
having longer (306400 nm) nickel segments magnetize the rod wherey, is the vacuum permittivityy is the magnetic
along the long rod axis and show no reorientation in a moment of the rod, anti = Hey is the magnetic field. A
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gravitational torquery mgl2 e; x e, destabilizes the
upright orientation of the rod. Herm is the mass of the
rod, | its length, and g the gravitational acceleration. Both
torques set the rod into motion and a viscous torgie=
—nl%-(w — Qe,) counteracts the magnetic and gravitational
torque, wherey is the viscosity of the fluid,w is the
momentary angular frequency, aRkdis the friction coef-
ficient tensor. If we neglect the effect of the glass surface
on the hydrodynamic dissipation, the friction coefficient
tensor is diagonal in the rod coordinate system with=k

koo = a/3(In(2/d) — 1.45+ 7.5(1/In(2/d) — 0.27¥) andks3

= z(d/l)?, whered denotes the diameter of the r&d? The
balance of all three torquésmagn + 74 + 7visc = 0 defines
three differential equations for the three Euler angles that
read:

P = sin¥[1 + H sing siny]
@=Q — Hsing cosy

—H[« sin ¢ cosy cosy + cose siny]

= = 1)
(1—x)

where we have introduced the nondimensional frequécy
= 212k, Q/mg timet = mgt2y1%ky,, and magnetic fieldH
= 2uquH/mgl and the friction anisotropy = (ki1 — ksg)/
ki1, with 0 <« < 1. The presence of the glass surface restricts
¥ to values belowy < /2. It is straightforward to show
that® = 71/2, sing = Q/H is a stationary planar solution if
H > Q. A vertical stationary solutiost = 0, sin (p + ) =
—(1 — ¥)Q to eq 1 exists ifH > (1 — ¥)Q. In the mag-
netic field range betweeW1+Q° = H, < H < Hs

V(1+2Q%)(1+97), we find a third intermediate stationary
solution given by tany = 1/Q, sing = v1+Q%H, and cos

— VHA(1+Q%~1ikQ. A linear stability analysis
shows that the planar solution is stable fdp < H,

the vertical solution is stable iH, < H < Hj or if

Va+(1—-€)’Q? = H; < H < H,. The intermediate station-
ary solution is unstable in its entire range of validity. Hence
the reg|onH2 < H < Hs is a coexistence region between
planar and vertical stationary solutions, and the system
relaxes to one of them. Which stationary solution is attained
depends on the initial conditions. The unstable intermediate
solution lies on the separatrix that separates the initial
conditions relaxing into the planar position from those
relaxing into the vertical position. As the intermediate
stationary solution moves froth= 0 towardy = 71/2, ¢ =
T = —arctan(lQ) upon lowering the magnetic field from
H = s to A = H,, the catchment area of initial conditions
for the vertical stationary solution continuously increases
until it covers the entire accessible regidn< z/2. ForH,
< H < H,, the vertical stationary solution is the only stable
solution. BelowH < H; andH < H,, the system attains an
asynchronous planar solution.

Our theoretical analysis is summarized in Figure 2, where
we plot the different regions as a function@fandH for «

are overlaid the theoretical prediction. There is reasonable
agreement for the experimental upper frequency threshold
Q. and the theoretical lower magnetic field threshélg
however, the experimental vertical phase extends much
further into the region of larger magnetic fieldls < A and

is bound by the lower frequend, rather then the theoreti-
cally predictedHs. We attribute this to the fact that we
simplified the theoretical analysis in neglecting hydrody-
namic interactions between the rod and the surface. Such
interactions will increase the entropy production of the rod
when synchronously rotating in a planar configuration. Hence
hydrodynamic interactions will destabilize the planar phase
in favor of the vertical phase. Such destabilization will not
occur close taH ~ H; because there is simply not enough
power supplied by the magnetic field to keep the rod upright
belowH < H;. The viscous drag sets up a phase lag between
the magnetization of the rod and the magnetic field such
that the magnetic torque may lift the rod into the vertical
position. A quantitative description incorporating hydrody-
namic interactions would depend on details such as the actual
separation of the rod from the glass surface.

In summary, we are able to dynamically switch the
orientation of the nanorod-gyroscope from a horizontal to a
vertical position by changing the frequency and strength of
the precessing magnetic field. Such dynamic switches might
be useful when incorporating them into microfluidic devices.
They could be used as microgates for microchannels or as
microstirrers that exhibit chaotic intermittent motion when
operated close to the planar to vertical transition.
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