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ABSTRACT

We present a procedure for producing high-aspect-ratio cantilevered micro- and nanorod arrays of a PDMS —ferrofluid composite material. The
rods have been produced with diameters ranging from 200 nm to 1 pm and aspect ratios as high as 125. We demonstrate actuation of these
superparamagnetic rod arrays with an externally applied magnetic field from a permanent magnet and compare this actuation with a theoretical
energy-minimization model. The structures produced by these methods may be useful in microfluidics, photonic, and sensing applications.

High-aspect-ratio nanostructures have attracted increasingo structure collapse. Particle track-etched membranes have
attention in the nanotechnology community due to their successfully been used as a template for a variety of
potential applications as sensbrsand actuators’ and the material$®2° and are able to produce high-aspect-ratio
effect of their presence on the surface properties of a materialstructures with variable spacing and diameter. We use
such as adhesién'! and wettingt?-*4 We are interested in  polycarbonate track-etched (PCTE) membranes as templates,
producing high-aspect-ratio nanostructures to serve as bio-allowing us to freely select the length and diameter of the
mimetic cilia for the purpose of studying the mechanics of rods and the density of the rod array by choosing an
nanoscale fluid flow in a ciliated system. To this end, we appropriate membrane.

have produced soft polymeric, actuable nanostructures of the  The high-aspect-ratio and low elastic modulus of our

size of biological cilia -10 um in length by~200 nm PDMS rods lend them a flexibility that makes them ideally
diameter.) High-aspect-ratio polymer rods have been pro-gited to serve as actuators. To this end, we have produced
duced with materials with elastic moduli on the order of 100 (jicro- and nanorod arrays using a composite material of
MPaj2-13 put _these are unswtablg as actuating mechanlsmspDMS and iron oxide nanoparticles, which results in flexible
d_ue to their stiffness. Softer materials, such as pon(d|met_hyI superparamagnetic rods that may be actuated by applied
siloxane) (PDMSE ~ 2 MPa), have been reported to fail - gyiernal magnetic fields. Other groups have devised high-
at large aspect ratios due to lateral or ground collap¥e.  agpect-ratio magnetically actuated microstructures via linked-
In addition, in many cases, rodlike microstructures are paoq chaing’ and Singh, et al. have succeeded in tethering

fabricated via a photolithographic mastef or anodized  hoqe structures to a substré@ur templated structures do
aluminum oxide (AAO) membranié However, conventional o+ hecessarily require a liquid medium, have the advantage

photolithographic molds involve lengthy or specialized ¢ peing scalable beyond the limitations of commercially
processing to produce large arrays of upright high-aspect- ijaple magnetic beads and may have an easily tunable

rat|0hst;gctures, ang AAO_ menf1br:anes |mposehsevere “m',tf] magnetic loading fraction. In addition, our templating method
on the diameter and spacing of the pores. Furthermore, with . "y, easily generalized beyond the production of rodlike

soft materials, photolithographic lift-off procedures may lead structures to produce other useful formations.

i d or. E-mall @ohysi g In addition to fabricating these actuating structures, we
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* Department of Chemistry, West Virginia University. behavior in a given magnetic field geometry. Other groups

§ Curriculum in Applied and Materials Sciences, University of North have proposed mathematical models for the magnetic actua-
Carolina at Chapel Hill. . ) . .

I These authors contributed equally to this work. tion of flexible high-aspect-ratio structures, but these models

10.1021/nl070190c CCC: $37.00  © 2007 American Chemical Society
Published on Web 04/10/2007



Uncured
PDMS

experiments have shown that the magnetic field gradient can | ¥~ PCTE FFPDMS S
Membrane Composite

have been limited to structures in constant figtéfls2 Our & Porous Ciana pre E
be dominant in influencing the behavior of cantilevered rod HHHHHH “

arrays, and so we have developed an energy-minimization

model that describes the actuation of our nanorod arrays in X |

a spatially varying magnetic field. We have validated this Glas€'Slide  Thermally

model by comparison with experiment. Evaporated Gold
The nanorods are composed of a composite material S HeatGure 8070 5 ~Dissolve PCTE in DOM

consisting of a homogeneous dispersion of an iron oxide- | it M % _Rinse w/ EtOH, H,0
based ferrofluid in a polymer matrix. We produce a ferrofluid i G
of magnetite nanoparticles (§&,) suspended in water by

/
coprecipitation of iron salts as described by Mas&aito -
increase the magnetic permeability of the ferrofluid, we then 1[[Array
boil the FgO, in an aqueous solution of iron nitrate to oxidize

the nanoparticles and convert them to maghemite@ge>®

In this manner, we have been able to produce stable aqueousigure 1. Cross-sectional view of the fabrication steps used to
solutions of up to 5% maghemite by weight. We convert template magnetically actuated composite polymer rod arrays.
the aqueous ferrofluid to an organic ferrofluid by extraction Details in the text.

into neat oleic acid® The resulting oleic acid-stabilized

nanoparticles (after washing with ethanol to remove excess(Figure 1B). The sample is then placed in a convection oven
oleic acid) resuspend easily in organic solvents to form stableat 80°C for several hours to cure.

ferrofluids in hexane and toluene. Hexadecane is then added Upon removal from the oven, the upper layer of encap-
in a 1:1 v/v ratio to the oleic acid nanoparticle suspension sulating PDMS is carefully peeled away to expose the
and is further diluted in toluene (5:1 v/v toluene to product). polycarbonate membrane (Figure 1C). Once exposed, the
The PDMS prepolymer (Dow Corning Sylgard 184) is also membrane is dissolved in a 8C bath of dichloromethane
diluted 5:1 by volume with toluene. We then combine the (DCM) for about 10 min. The sample is gently rinsed with
diluted nanoparticle suspension and prepolymer over theclean DCM, followed by ethanol to remove the dissolved
course of several minutes under ultrasonication by a Fishermembrane. A no. 0 coverslip is then placed on top of the
Scientific Sonic Dismembrator 550 operating at 150 W. We PDMS spacer and sealed with Norland optical adhesive no.
remove the toluene by rotational evaporation with zfiu 81 to prevent evaporation of the ethanol.

Rotovapor R110. Upon standing for several days, excess Using this method, we have succeeded in fabricating and
hexadecane separates from the composite, leaving behind &ctuating rod arrays as small as biological cilie200 nm
stable suspension of maghemite nanoparticles in a PBMS diameter and~10xm length), and with aspect ratios as high
hexadecane matrix. SQUID measurements of the resulting@s 125 {200 nm diameter and-25 um length) in liquid
ferrofluid—PDMS composite (henceforth FFPDMS) show the Media. To actuate rod arrays in air, they must first be dried

saturation magnetization to be 12:60.2 A ne/kg, indicating ~ Via critical-point drying with CQ (Balzers Union CPD 020).
a maghemite loading of 18 wt % (4% vol.) However, only rod arrays with diameters larger thas00

nm (aspect ratios<50) have survived the drying process

Rod arrays are fabricated by templating the FFPDMS ithout let I d trated in th .
composite in the pores of PCTE membranes and subse-V'thout complete collapse, as demaonstrated in the scanning

: . . -~ electron micrographs seen in Figure 2. Previous wdfk
quently freeing the rod array by dissolving the template in T :
. . has shown that the collapse of similar structures with low
an organic solvent. We obtained PCTE membranes com- \ . . L
. o . Young’s moduli and high aspect ratios is due to surface
mercially (it4ip s.a., rue Jules Bordet, 7180 Seneffe, Belgium) ! ; .
. . . adhesive forces between neighboring structures (lateral
with pore diameters of 200 nm, membrane thicknesses of

: collapse) or between the rod structures and the substrate
10 am:)lz\'itm,.andaporehden3|ty 0;.2 1¢ porgs/crﬁ.r\]{v € h (ground collapse). The aspect ratio at which structures
are aole tollncrease the bore -|ameter y etching theyoome susceptible to collapse depends on the work of
membranes in a NaOH solutidhThis allows us to produce

. . . adhesion of the material, which in turn is a function of the
rod arrays with pore diameters ranging from 200 nm to 1 medium surrounding the structures. Thus, the failure of our

pm. smallest diameter rod arrays to survive drying is most likely

Figure 1 summarizes the steps used to prepare thecaused by the increase in the work of adhesion of the PDMS
templated magnetically actuable rod arrays. The membranein air versus ethanol or water. In future work, we hope to
pores are impregnated with FFPDMS by immersion (Figure chemically modify the surface of the PDMS to decrease the
1A), and the outer surfaces of the membrane are gentlylikelihood of collapse. However, with current fabrication
cleaned of excess FFPDMS. The impregnated membrane isnethods, our rod arrays are never exposed to air. This
then submerged in a small drop of uncured Sylgard 184 prohibits us from using an oxygen plasma to chemically
PDMS mixed 10:1 with curing agent and placed directly on activate the PDMS surface prior to modification, which is
a no. 1.5 glass coverslip in the center 0fa00 um thick the typical method of surface modification reported in the
PDMS well that has been permanently sealed to the glassliterature?®

- Seal top with glass slide
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Figure 2. SEM images of various diameters of magnetically actuated rod arrays after being dried using supercritidal I€Qid
environments, we are able to reliably fabricate and actuate rod arrays in the range of diameters pictured. However, as the diameter decreases,
the rods become very flexible and supercritical drying without substantial rod collapse becomes increasingly difficult.

Light Path (Reflection) . .
angle as the angle between the vertical and the line

connecting the base of the rod with the tip. This is calculated

e by measuring the displacement of its tip relative to its base
and using the known height of the rod. However, across any

;::::y given_ sample, we usually observe _substantially_ d_ifferen_t

bending angles, even between rods in close proximity. This

~500um \ is attributable to any number of factors such as variations in

the strength of the connection between rod base and substrate,
Reflective ‘\ the concentration of magnetic material in a given rod, or
S Mingnet the degree of polymer cross-linking in the rod.

Figure 3. Experimental setup used to magnetically actuate rod ~ Once fabricated, we can induce a variety of rod beat
arrays with simultaneous optical imaging. The thickness of the entire patterns by moving the magnet underneath the rod array.

sample has been reduced to 50@ to allow high magnification  \We have been able to actuate in these patterns at frequencies
Bﬁlfroscopy from above while applying large magnetic forces from ¢ 15 Hz, which is the approximate beating frequency of
elow. human airway epithelial cilia. Two examples of actuation
strokes can be seen in Figure 4, where single 500 nm

The actuation of the rod arrays is induced via an externally diameter rods are displayed undergoing linear or back-and-
applied magnetic field produced by neodymium-iron-boride forth (Figure 4A) and rotational (Figure 4B) actuation. The
(NIB) permanent magnets. Simultaneous optical imaging of linear stroke is similar to the beat pattern of human airway
the rod arrays is performed using the reflectance mode of acilia, while the rotational stroke is much like that of
Leitz Wetzlar microscope. The reflectance mode allows a €mbryonic nodal cili& An array of rods also exhibiting
permanent magnet to be inserted |mmed|ate|y beneath thdotational actuation is piCtUred in Figure 5. The erXIbIIIty
array (opposite the objective) to provide maximum magnetic 10 engineer specific rod beat patterns at a variety of
forces without interfering with the optical path, as pictured frequencies plays an integral role in current and future work
in Figure 3. Reducing the total thickness of the Samp|e to inveStigate the fluid flow that is induced by the actuation
(coverslip to coverslip, inclusive) to just 4Q0n allows us of our rod array.
to position the actuating magnet within 2aén of the rod Our goal is to be able to design rod arrays and magnetic
array from below while facilitating observation with high- field geometries to generate a variety of spatial and temporal
magnification short-working-distance objectives from above. beat patterns. To this end, we have developed an energy
At 250 um above the magnet, the rod arrays may be minimization model of a flexible magnetic rod in the
subjected to magnetic fields and field gradients as large aspresence of a defined magnetic field and field gradient. A
0.5 T and 500 T/m, respectively. model for the energy of a flexible magnetic rod in a

With 25 um tall rods, our permanent magnet assemblies homogeneous magnetic field has been proposed by multiple
can generate rod tip displacements of at leggtn7 which authors®?*23 However, because our experimental results are
corresponds to a bending angle of 20/e define the bending  not consistent with a gradient-free field, we have developed
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Figure 6. Angle and vector definitions used in deriving the rod
bending theoryB is the applied magnetic field/B is the applied
field gradient, andn is the rod’'s magnetic moment.

magnetic field. The elastic energy is described by the
Kirchhoff model of a uniform elastic ré8and has the form

U, = % Bl [t Ré)z ds (1)

whereE is the Young’s modulus of the rotljs the bending
moment ( = z/4 r* for a rod of circular cross-section), and
Figure 4. (A) Linear and (B) rotational actuation strokes of a single R(9 is the radius of curvature of the bent rod. In this work,
500 nm rod with aspect ratio 50. Engineering specific magnetic \we do not solve for the shape of the rod in an applied field
geometries allows for a variety of rod beat patterns to be executed.but assume a constant curvature, and henc®@t= R.

@ View the web enhanced objects (.mov) @k (A) and @ (B) We therefore seR = L/2¢ (see Figure 6), and the elastic

for videos of these actuation strokes. energy can be written ade = (7/2)(Er¥/L)¢2. From more
: — — complete calculations of the rod bending energy, we estimate
[ s % N (A) R N Sl g e (B)‘ that the constant curvature assumption introduces an error
A e | Fa R e -, of less than 30%.
Baion) S A7 = A ol oL L In general, the magnetic energy contained in a rod can be
e o b5 = & 2755 T described by the following integral,
ot ‘:. vs L el ":" T _"-) gy ¥
" s 5 . t R . L & B 3 ¥ . ~ N
R S 7 = 4 .&n ; P AL A $ Uy =—A LL B(9)M(s) ds (2)
. s * s ek e : 2
w'.‘_ ;o " R PR (C.), R-:ia' & 5 - (D)‘ whereA is the cross-sectional area of the rod(s) is the
AL T e R e o - magnetization at a point along the length of the rod and the
5 e ol 4 |0 T < A total field By = By + B, + Ba, whereBy,B;, andB, are the
. 1 bty 1 e e . k K .
PHTIL VAR |~ L A magnetic field from neighboring rods, the internal magnetic
: . > ol 50 "; E % s g i “hahd field, and the applied external magnetic field, respectively.
e - u 3 5 <2 ;\ : 1 ﬂ In this sense, the total magnetic energy can be thought of as
Bl S el Tl P R N e a sum of three energies, one for each of the component fields.
Figure 5. Rotational actuation of an array of 500 nm diameter Uy, = Up(By) + U,(B,) + U,(B,) 3)

rods with aspect ratios of 50. In (A), the rod array is pointing straight

up, while in (B), (C), and (D), the arrows represent the planar

direction of the applied magnetic field. Only about 0.1% of the We can show that the field produced by nearest-neighbor

entire sample array can be seen in these images. See Supporting, s js negligible compared to the magnitude of the applied

Information for video (.mov) of the array actuation. field, so the first term will be ignored. The second term, the
internal magnetic energy of the rod, has been described by

Stoner-Wobhlfarth for an ellipsoid of revolutioft
a model that is able to account for the effects of both a

magnetic field and a magnetic field gradient on a cantile- 1 1P
vered, flexible magnetic rod. We conclude that the effect of Ui =340y (Na = Ny) cos(a. — ¢) (4)
a torque applied by a magnetic field may be dominated by

the effect of a force caused by a magnetic field gradient. Herea and¢ are the angular positions of the net magnetic

The total energy of the magnetic rod system is given by moment of the rod,m, and the long axis of the rod,
Ut = Ue + Uwn, whereUg is the elastic energy of the bent respectively, from the vertical (Figure 6). In the Stoner
rod andUy is the magnetic energy of the rod in an applied Wolfarth model,N, andN, are the demagnetization factors
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Figure 7. (A) Diagram of magnetic field lines from the steel-tipped magnet used in these experiments. (B) Definition of rod and field
geometries. (C,D) Graphs of rod bending angle (top) and magnetic energies (bottom) vs magnet tip position (X) at azcBosthoth

(C) and (D), in the upper plot, the open circles are the experimentally observed average bending and the solid line is the theoretically
predicted bending. When the magnet’s tip is withirv 0.5 mm (D), there is a rapid switching of the rod orientation as it passes over the

tip. Our theoretical calculations suggest that, at distances closer to the magnet, the gradient energy (dashed lines) becomes larger than the
field energy (solid lines), causing the rods to bend away from the field lines.

@ For video of these actuation patterns@h(C) and@ (D), see the web enhanced objects (.mov).

along the long axis of the rod and along the radius of the the effect of the gradient pulling on the center of mass of
rod, respectively, an¥l is the volume of the rod. For arod the bent rod, which we will call “gradient energy.” The
of aspect ratio greater than 20, as is satisfied by our second term in the total energy depends on the direction of
experimentsN, ~ 0 andN, ~ 0.50. In addition, it can be  the magnetic field and will be called “field energy.” The
shown that, under the conditio®4uoM(B)f] > 1, which is field energy term represents the misalignment of the long
satisfied by our experiments, the magnetic moment of the axis of the rod from the direction of the applied field.

rod aligns with the applied magnetic field (see Appendix  The energy function can be applied to a specific magnetic
for details). We can therefore replagewith v, the angular  fie|q geometry to determine the angular position of the rods
position of the applied field with respect to the vertical. The ¢ any point in space. We use a finite element modeling
internal magnetic energy for a straight rod then becomes  gntware (COMSOL Multiphysics) to generate a model of
the magnetic field geometry created by the conical actuating
U =— %{#o%z co(y — ¢) ®) g;ag:et, allgyving us to determine the field gnd field gradient
y position with respect to the actuating magnet. We
adjust the physical parameters of the COMSOL model to
The third magnetic energy term, the energy due to the match measured values of the magnetic field along the axis
applied field, may be written as follows (see Appendix for of the cone tip (measured by a F.W. Bell Model 5080
derivation and other details). G/Teslameter). The magnetic field, magnetic field gradi-
ent, VB, and the angles of each with respect to the vertical,
y andy’, at a particular rod position, are then passed to
MatLab 7.1, which minimizes the total energy function for
the given field and gradient with respect ¢o The ¢ that

wherey’ is the angular position of the magnetic field gradient Minimizes the total energy is output as the final angular
with respect to the vertical (Figure 6). We can now write Position of the rod.
down the total energy of the rod, elastic, and magnetic. We performed an actuation experiment in which a magnet
was moved beneath the sample while under observation by
TE* , 1 nf optical microscopy (as described above and pictured in
Up =357 ¢" — o, C0S(y — ) — Figure 3). The magnet was comprised of two cylindrical
1 neodymium iron boride (NIB) magnets (25 mm diameter, 6
>MVBL cos@' — ¢) (7) mm height) topped with a cone of 12114 steel. This produced
a field in the region above the magnet (see Figure 7A) in

In general, the magnetic moment= M(B)Vf, whereM(B) which the magnetic field and the field gradient point in
is the magnetization of the magnetic particles in the rod and 0PPOsing directions. In addition, the steel tip focuses the field
f is the volume fraction of magnetic material. In our model, lines and produces a particularly large gradient near the tip
the magnetization curvé(B) is determined by SQUID  of the cone.
measurements of the maghemite, allowing us to determine This steel-tipped magnet was translated beneath the rod
the magnetic moment for any applied field. array at a distance below the rods. The plots in Figure 7

At this point, it is evident that the third term in the total show the average angle through which the rods are bent as
energy does not depend on the magnetic field directly, but a function of the rod position relative to the magnet tip for
only on the magnetic field gradient. This term represents two different heights above the magnet. To obtain the

Uy,=-— % mVBL cosg)' — ¢) (6)

1432 Nano Lett, Vol. 7, No. 5, 2007



theoretical fit displayed in each plot, we used an algorithm material, which we have used in conjunction with our
written in MatLab to minimize the root-mean-square devia- templating techniques to fabricate high-aspect-ratio magneti-
tions between the theoretical and experimental curves with cally actuated rod structures, and have demonstrated the
respect to the physical parametér&, r, andL. Because actuation of these structures in applied magnetic fields. In
the experimental data in the following two plots represent addition, we have developed a theoretical model which
the same rods at different heights above the magnet, the rootdescribes the motion of the rods in applied magnetic fields
mean-square deviations of both sets of curves were mini-and will allow us to gain better control over the mode of
mized simultaneously with respect to the same set of actuation of our rod arrays and inform our design processes
parameters. in future experiments. We believe structures and control
According to the minimization routine, a Young’s modulus produced by the methods outlined above may be useful in
of 2.6 MPa best fit the experimental data shown in Figure microfluidics, photonic, and sensing applications. In addition,
7. The literature suggests a Young’s modulus of-23% we have experimentally demonstrated fluid flow induced by
MPa for Sylgard 184 PDMS with a 1:10 curing agent to beating rod arrays and will present details in future publica-
prepolymer ratié? Work by Guild and Youn# suggests  tions.
that the small amount of maghemite nanoparticles in our

FFPDMS rods £ 4% by volume) should have little effect ~ Acknowledgment. This work was supported by NASA-
on the Young’s modulus of the material. URETI (NCC-1-02037), NIH (P41-EB002025-23A1 and

The upper limit for the volume fraction of maghemite RO1-EB000761), NSF'NlRT_(CMS'OE’O?lE’l)’ NSF-RTG
loading in our rods was taken to be 4%, as indicated by (PMS-0502266), and the National Heart, Lung, and Blood

SQUID measurements on a bulk sample of FFPDMS, Institute (RO1-HLO77546-01A2)
However, the actual fraction of maghemite in the templated

rods may be significantly lower due to dilution of the material SUPF’O”‘”Q Informatiqn Available:. Video (..moy) 0f 500 )
with hexadecane during processing, possible exclusion of "M diameter rod actuation modes displayed in Figure 5. This

maghemite aggregates from the pores, or dilution of the material is available free of charge via the Internet at http://

FFPDMS due to diffusion of PDMS and curing agent into pubs.acs.org.

the pores just before curing. The minimization routine

returned a value of 1.4%, which is consistent with our )
expectations. Appendix

~ We have measured the radii and lengths of multiple rods Taking a look for a moment at the case of a rigid rod in a
in SEM micrographs of rods produced by the templates usedconstant magnetic field, we could quickly write down the
in our experiments and have found the radii to be 85  total magnetic energy as the sum of this internal energy and

nm and the lengths to be 22452.5um. The 21um length the energy from an applied fieldi¥B) as follows:
and 136 nm radius returned by the minimization routine fall

well within these ranges.

The optimized model fit and the experimental bending data U,
are shown in Figure 7. A novel feature of these experiments
which cannot be predicted by a constant field model is
exhibited in Figure 7D. In this example, the positive angles ~ The second term dominates iBA«oM(B)f] > 1 (where
exhibited at large distances to the right of the magnet (and We have used the fact that = M(B)Vf, whereM(B) is the
negative values exhibited at |a|’ge distances to the |eft) magﬂetization curve of the magnetic material in the rod and
indicate an alignment of the rods with the magnetic field of f is the volume fraction of magnetic material in the
the conical tip and therefore a tendency to point away from composite), and the energy is therefore minimized when the
the magnet. This behavior occurs in areas of large field magnetic moment lies along the field ling) & a). This
energy and small gradient energy. Closer to the magnet,condition depends only on the material and not the geometry
however, the field gradient becomes |arge enough to of the rod. For our material, WhEM(B) is the magnetization
overwhelm the field alignment effect, and the rods are pulled curve of the maghemite as determined by SQUID measure-
by the gradient toward the magnet tip (shown in the large ments, 8/[.oM(B)f] ~ 100. We may therefore assume that
negative angles immediately to the rightof= 0, and large  the magnetic moment of the rod aligns at every point along
positive angles to the left.) We have seen this behavior in the length of the rod with the applied magnetic field, i.e.,
planes very close to the tip of the magnet (less th&@0  thatBa andM(B) are parallel.
um), where the gradient is able to dominate, and not at ~ With this in mind, the third term (the energy of the rod in

- %Mowv]z cog(a — ¢) — mBcos@ — )  (8)

greater heights above the magnet. an applied external field) can be written as follows
In summary, we have developed a technique for producing
large arrays of high-aspect-ratio nanostructures of tunable Uy=—A f;L B,M(B) d ©)

dimensions. The technique enables the use of softer structural

materials than are feasible through other methods, facilitating

the fabrication of highly responsive sensors and actuators. BecauseB, is nhonuniform, we can approximate it with
We have produced a novel magnetfmolymeric composite  the first couple terms of a Maclaurin series as follows:
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0

B(l) = B, + VBl cosfy’ — ¢) + 2|25(VB) + -+ (10)

For our experiments, ~ 25 um VB ~ 300 T/m, and
0/01(VB) ~ 3 x 1P T/m?2. Therefore the third term of the

expansion is approximately 20 times smaller than the second

and may be ignored.

The magnetization of the materidlj(B) depends on the
applied magnetic field in a rather complicated manner, as
described by the hysteresis curve of the material. For fields
that are small enough that they do not saturate the material,
however, we can approximate the magnetization as linear
with respect to magnetic field(B) = xB(l). Inserting these
relationships into the applied field energy term from above,

Uy =—Ay [, [Bo+ VBIcos' — ¢))2dl  (11)

Because of the extremely small size of the nanorods in
our experiments3 > VBI (for our experimental geometries,
B/VBI ~ 100), and upon squaring, the term of ord€B()?
can be ignored. Thus, after integrating,

U, = ALyBy(B, + %VBL cos@)’ — ¢) 12)

The first term is constant with respect to the motion of
the rod and may be dropped. Recognizing thigtB, = m,
the magnetic moment of the rod, the applied field term
becomes

=1 MVBL cos@)' — ¢)

Up=3 (13)

For larger fields, we can arrive at the same result by

approximately linear on the scale of the rods, this results in
an error of<33% in this term.
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