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Solid containing rotationally free nanocrystalline g-Fe2O3 : Material
for a nanoscale magnetic compass?

Javier Tejada, XiXiang Zhang, Elizabeth Kroll, Xavier Bohigas, and Ronald F. Zioloa)

University of Barcelona Xerox Laboratory for Magnetics Research, Diagonal 647, 08028 Barcelona, Spain

~Received 30 September 1999; accepted for publication 1 March 2000!

A nanocomposite material has been characterized that contains nanometer size magnets that are free
to rotate in response to an applied magnetic field. The composite consists of 5–10 nm crystals of
g-Fe2O3 dispersed in a solid methanol polymer matrix. The material was prepared by freezing a
methanol-based ferrofluid ofg-Fe2O3 and subjecting it to a magnetic field applied in alternate
directions to anneal the matrix. Before the field treatment, the solid displays magnetic behavior
characteristic of an ordinary nanoscopic magnetic material. It is superparamagnetic above the
blocking temperature~160 K! and hysteretic below, showing magnetic remanence and coercivity.
After the field treatment to anneal the matrix, the same solid shows only Curie–Weiss behavior
aboveand below the blocking temperature over the temperature range from 4.2 to 200 K and in
response to applied magnetic fields as low as 1.59 kA/m. The data are consistent with a solid
containing rotationally free, nanoscopic magnets encased in cavities of very small dimensions. The
free rotation of the particles precludes the observation of magnetic relaxation phenomena that are
characteristic of magnetic solids and ferrofluids. The present solid portends a class of magnetic
materials with very little or no electrical and magnetic loss. ©2000 American Institute of Physics.
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I. INTRODUCTION

In contrast to colloidal dispersions, nanoparticles d
persed in solids are generally assumed to be locked in p
and to possess little if any mechanical freedom. The des
of solids containing mechanically free nanoparticles in sm
cavities could lead to intelligent materials with unexpec
properties for use in acoustical, electrical, magnetic, m
chanical, optical and thermal applications.

It is generally recognized that nanoscopic materials p
sess unique physical and chemical properties which, in s
cases, may be attributed to quantum confinement effect
the nanoparticulate.1 It now appears possible to change t
properties of these materials by altering the matrix in wh
the particles are either made or dispersed. Modifying
matrix, for example, could lead to changes in the compo
tion, morphology, size, distribution, and attitude of the p
ticulate, in the matrix–particle interaction, or in the micro-
nanostructure of the composite itself.2–6 Earlier, we demon-
strated that nanocrystallineg-Fe2O3 could be isolated in an
ion exchange resin to produce a nanocomposite with no
optical and magnetic properties.2,7 We have now modified
the resin matrix to provide a nanocomposite containing ro
tionally free, nanometer sized magnets.8 The material dis-
plays magnetic behavior and prototypes a generation
nanoscale materials whose potential applications incl
electronic circuitry, sensor, switch, generator, motor, elec
cal transformer, and heat transfer management technolo
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II. PROCEDURE

A methanol-based ferrofluid containing 8.8% by weig
solids and 2.1% iron was prepared by micronizing a na
composite containing 57% by weightg-Fe2O3 in a 4%
cross-linked sulfonated polystyrene ion exchange resi2,7

~Fig. 1!. Typically, 2 g of the nanocomposite were placed
a 4 oz, wide-mouth jar~4.5 cm o.d.! with 300 g of 1/4 inch
440 stainless steel shot. The contents of the jar were
milled for 120 h in the dry state and then again for 16 h af
the addition of 40 ml of methanol. The resulting fluid wa
centrifuged at 8500 g for four, 15 min intervals. The flu
was then concentrated to 10 ml by ultrafiltration in an Am
con 8200 stirred cell under 36 psi of nitrogen using a ce
lose membrane with an average pore size of 40 nm.
ferrofluid was characterized by electron microscopy a
magnetometry~Fig. 2! using a superconducting quantum i
terference device~SQUID! magnetometer and a sealed Ke
lar sample holder.

The sample, while still in the magnetometer, was th
subjected to the following matrix annealing treatment to p
duce the free-rotor nanocomposite. The ferrofluid was coo
to 4.2 K in the absence of a magnetic field then briefly e
posed to an applied magnetic field of1400 kA/m and then
2400 kA/m. Next, the sample was subjected to a gradu
increasing, alternating applied magnetic field as depicted
Fig. 3, which plots magnetization as a function of appli
magnetic field strength. Numbers 1–4 indicate the seque
in which the applied field was varied.il:
8 © 2000 American Institute of Physics
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III. RESULTS AND DISCUSSION

At room temperature, the methanol-based ferrofluid
thixotropic; upon standing, it gels, then undergoes revers
liquefaction upon shaking. Transmission electron micr
copy with selected area electron diffraction of the ferroflu
residue after evaporation showed 5–10 nm crystallites
g-Fe2O3 unchanged from those of the starting material. R
resentative photomicrographs of the particles app
elsewhere.2,7

Magnetic characterization of the ferrofluid before tre
ment to form the free-rotor composite showed tempera
and field dependent magnetization curves~Fig. 2! typical of
ultrafine particle magnetic composites. The low field mag
tization M versus temperatureT measurements for the zero
field-cooled ~ZFC! and field-cooled~FC! cases reveal the
existence of irreversibility phenomena commonly associa
with metastable magnetic states. The broad peak in the
curve is due to the broad distribution of energy barriers a
relaxation times of the magnetic moments of the partic
The maximum in the ZFC data at 160 K is the blocki
temperatureTb , which corresponds to the blocking of th
magnetic moment of the particles with random orientatio
of the anisotropy direction. Similar behavior is observed
nanocrystallineg-Fe2O3 in the solid polymer.2,3,7

FIG. 1. Diagram for the preparation of the free-rotor composite.

FIG. 2. MagnetizationM vs temperatureT curves for the FC and ZFC case
for the fixed particle~matrix locked! sample in an applied field of 7.96
kA/m. Inset shows magnetizationM vs applied fieldH for the sample~fer-
rofluid! at room temperature along with the Langevin fit.
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The variation of the magnetization with applied fieldH
at constant temperatures aboveTb shows the absence of re
manence and coercitivity characteristic of superparamagn
materials.2,3,7,9Below Tb , the sample shows the character
tic hysteresis loop in the magnetization vs field curves.
room temperature~Fig. 2 inset! the ferrofluid is liquid and
superparamagnetic, consistent with the presence of cry
line g-Fe2O3 above the blocking temperature.

After the sample is frozen at 4.2 K and subjected to
alternating 400 kA/m field treatment, the magnetic charac
istics of the sample change significantly as shown in Fig
Although the sample is well below the blocking temperatu
the data show no coercivity throughout the applied fie
treatment over the four sequential steps. This behavior i
contrast to the sample’s behavior before the field treatm
shown in Fig. 2~vide supra!. At the same time, however, th
data show irreversibility attributable to the random directio
of the magnetic moments of the particles in the matr
which in turn depend on the magnetic history of the samp
We note that very small fields produce a full reversal of t
total magnetic moment of the system as depicted in the
sets,~Fig. 3!. These data suggest the possibility that the m
netic particles are free to rotate in the matrix in response
the applied magnetic field. In the absence of matrix anne
ing with the 400 kA/m cycle, the sample followed the beha
ior shown in Fig. 2.

Temperature dependent, low field magnetization m
surements were carried out on the sample to further tes
the presence of free rotor magnets. After the field treatm
indicated in Fig. 3, the sample was gradually warmed in
applied field of 1.59 kA/m while monitoring the magnetiz
tion. The resultant behavior, shown in Fig. 4, is complet
different from that observed for the sample before field tre

FIG. 3. Evolution of the free rotor system in four steps. MagnetizationM vs
applied fieldH curves at 4.2 K recorded between2150 and1150 kA/m as
follows: ~step 1! H50.0 to 7.96 to 0.0 to 7.96;~step 2! H527.96 to
231.8 to 0.0 to 79.6;~step 3! H579.6 to 0.0 to 2159.2; ~step 4! H
52159.2 to 0.0 to 159.2 kA/m. Inset~a! displays the magnetization curv
obtained in step 1. Here the magnetization atH57.96 kA/m, approximately
0.13 A m2/kg, indicates that the particles are matrix coupled in the froz
state. Inset~b! represents the magnetization curve obtained in step 4. H
saturation was reached at a fieldH53.2 kA/m; the magnetization atH
57.96 kA/m, approximately 1.12 A m2/kg, is much larger than that obtaine
in step 1 in the same field, indicating the particles are free to rotate.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ment, Fig. 2. Instead, the magnetization versus tempera
dependence of the field-treated sample is now typical of
for a paramagnetic system showing Curie or Curie–We
behavior. The data indicate that there are no barriers to
orientation of the magnetic moments of the particles in
direction of the applied magnetic field. Since the anisotro
constant of the particles must be nonzero, the data in Fi
further demonstrate the existence of the free-rotor mag
that is, each particle with its magnetic moment rotates fre
in the matrix in the presence of an applied magnetic fie
The behavior is observed from 4.2 to 200 K. Above 200
the solid melts to reform the ferrofluid. When the entire p
cedure is repeated, the sample displays the same beh
~Fig. 1!. The magnetic data indicate the absence of visco
effects normally seen in ferrofluids and other magnetic c
loids where particle rotation is damped by the viscosity
fects of the medium. Below the freezing point of oxygen~55
K!, the particles presumably exist in a partial vacuum.

The variation of the inverse magnetic susceptibility w
temperature is shown in the inset, Fig. 4. The nearly lin
dependence observed up to 175 K is close to the Cu
Weiss behavior typical of free spins. This behavior is e
pected above the blocking temperature, i.e., in the superp
magnetic regime, since the Curie–Weiss behavior of
magnetization is a consequence of the fact that the the
energy is larger than the barriers against the change in
direction of the magnetic moment. Here, the characteri
reversal time for the magnetic moment of the major part
the particles is smaller than the experimental resolution ti

Below the blocking temperature of the particles, t
magnetic moments of the particles are blocked for a time
increases exponentially with decreasing temperature. The
servation of Curie–Weiss law behavior for the sample at l
temperatures demonstrates the absence of barriers bet
the different directions of the magnetic moments of the p
ticles. This can only happen if the magnetic moment of e
particle is always aligned with the easy axis and the rota
of the magnetic moment is accompanied by the rotation
the particle in the presence of the applied field.

FIG. 4. MagnetizationM vs temperatureT curve for the free-magnet nano
composite at 1.59 kA/m after the final step, 4, in Fig. 3. The inset disp
inverse magnetic susceptibility as a function of temperature, show
Curie–Weiss behavior for the nanocomposite.
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The plateau in thex21 vs T plot ~Fig. 4! may indicate a
glass transition temperature for the polymer methanol m
ture. The low temperature end of the plateau coincides w
the freezing point of methanol, 175 K. The discontinuity
the x21 vs T curve between 75 and 85 K for the decoupl
material coincides with that in Fig. 2, observed in theM vs T
curve of the coupled material in the zero field case. T
discontinuity may indicate a phase transition in the matr
which presumably remains unchanged in the field-trea
free rotor system.

The negative Curie–Weiss intercept may indicate so
residual magnetic dipolar interaction between the partic
We estimate the particle–particle dipolar field to be appro
mately 1 Oe, which is consistent with interactions betwe
particles. Other factors which possibly contribute to the no
zero value of the Curie–Weiss temperature include frictio
interactions between the particles and the matrix, a sm
population of nonrotors or matrix-locked particles, and t
occupancy of more than one particle per cavity. None
these possibilities has been ruled out. In the absence of
tional and magnetic dipolar interactions, the time dep
dence of rotation depends only on the inertial moment a
mass of the particle. Thus, in the case of the ideal nanos
particle, rotation would be expected to take place at ab
106– 109 Hz.

The mechanism of free-rotor formation for the prese
material is unknown. Its formation, however, appears to
an evolutionary process, which starts with the 400 kA
cycle to anneal the matrix. It then continues through
torquing action of the applied magnetic field in one directi
and then the other, taking the composite from the partic
locked to the particle-free state. One possibility is that
methanol polymer matrix, particularly within the vicinity o
the particle, is of a cavernous and friable nature. In this ca
application of the higher field~400 kA/m! could cause an
initial fracturing of the matrix in the vicinity of the particle
Upon application of the alternating lower field treatme
~Fig. 3!, particles begin to break from the matrix prope
possibly to further define a cavity.

Generally, magnetic nanocomposites would not be
pected to form free-rotor systems with the field treatme
reported here. In the present case, however, indepen
studies suggest that the matrix in the vicinity of the parti
plays a critical role in determining the properties of t
nanocomposite.2,4,7,12The role may be critical in the case o
the free rotors as well. In a separate study, we prepared
characterized a second nanostructured material contai
rotationally free magnets in a methanol polysacchar
matrix.11 Unlike the water based ferrofluid, the precursors
both methanol polymer free rotor systems form thixotrop
gels that involve solvent-swollen polymer networks su
rounding the magnetic particles.12 Additionally, both systems
show behavior similar to that of the so called ‘‘smar
gels.12,13 In the liquid and gel phases, the ensuing structu
may involve entropy-driven ordering14 and interconversions
between ionic, hydrophobic, and hydrogen bonding inter
tions. We believe that such interconversions play a criti
and enabling role in the formation of the present free-ro
systems. We note that a water-based ferrofluid prepared
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g
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der conditions similar to the methanol-based ferrofluid
not form a free-magnet composite after cooling and fi
treatment.

Evidence from the polysaccharide free rotor system11

suggests that the particle matrix surfaces are mutually
tagonistic. Such behavior is not unusual for hydrog
materials.13 In the present case, the physical movement
the particle caused by the torque resulting from the 4
kA/m field treatment would be sufficient to convert the pa
ticle matrix interaction from one involving weak hydroge
bonding to one involving mutually antagonistic, i.e., hydr
phobic and hydrophilic, surfaces. The particles would th
be free to rotate as observed with application of the wea
fields. Free rotor studies with additional matrices~vide infra!
are in progress.

A comparison of the magnetic behavior of a fixe
particle versus ideal free-rotor magnetic nanocomposite
summarized in Figs. 5~a!–5~e!. The uniqueness of free-roto
magnetic nanocomposites rests in the absence of t
dependent phenomena with changes in an applied mag
field. Hysteresis is absent because the particles physic
rotate in response to the field. On the other hand, mat
locked magnetic particles show dissipation phenomena, s
as Néel relaxation at high temperatures and quantum tun
ing of magnetization~QTM! at low temperatures. As a con
sequence of the latter, the north and south poles of a nan
eter magnet can spontaneously interchange.15 In a free-rotor
system, however, QTM cannot occur because of the con
vation of total angular momentum.16 The latter obligates tha
changes in the direction of the magnetic moment, intrin
angular momentum, or spin, induce rotational motion of
particles. In the ideal case, such a material would be a
tential sensor for use in low-temperature antenna exp
ments to detect gravitational waves since it would prod
no magnetic noise.

The saturation magnetizationMs of the present compos
ite may be increased or decreased by changing the com
tion or the particle number density of the magnetic spec
The latter may be accomplished by at least two metho
including concentrating the ferrofluid and increasing the p
ticle loading of the starting material as described earlier.2,12

Aside from the near total absence of magnetic and electr
losses, and of thermal magnetic relaxation, the new com
ites have a density of about 1000 kg/m3 and are electrically
insulating. These characteristics and the ability to adjustMs ,
suggest many potential applications for the nanocompo
including that of a ‘‘three-dimensional’’ magnetic nanocom
pass or gyro. The idealized magnetic behavior depicted
Fig. 5~g!, for example, suggests applications in sensor
switch technology,17 electrical transformers, motors, an
generators and in magnetic refrigerant and heat transfer m
agement technology. Free-rotor magnetic composites
also offer the possibility of providing soft magnet materia
with permeabilities approaching those of the best kno
alloys.18 Other matrices, such as zeolites, fullerenes, na
tubes, layered structures, clathrates, polymers, and cel
solids19 may prove useful in the synthesis of free-rotor m
terials.
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We note that other nanocomposite materials contain
free particles, whether magnetic or nonmagnetic, may e
in the laboratory and nature, but have gone undetected. In
case of magnetic nanorotors if the blocking temperature
measured by dc magnetometry, is below the measurem
temperature, the presence of a free rotor would be maske
the apparent superparamagnetic behavior of the material
therefore, go undetected. Rotating magnets have been
posed as the basis of a theoretical model for a biolog
magnetoreceptor.20
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FIG. 5. Comparison of the magnetic behavior of a matrix-fixed vs id
free-rotor magnetic nanocomposite.M, H, T, Tb , Mr , Hc , andMs repre-
sent the magnetization, applied field, temperature, blocking tempera
remanence, coercivity, and saturation magnetization, respectively. In
particle–matrix coupled case,~a!–~d! the system is superparamagneti
showing: ~a! irreversibility for the FC and ZFC cases;~b! zero hysteresis
when T.Tb ; ~c! hysteresis whenT.Tb and ~d! logarithmic time depen-
dence of the remanence, i.e., magnetic relaxation as a manifestation o
existence of energy barriers. In the free magnet or particle–matrix de
pled case below the blocking temperature~e!–~h!, the system is paramag
netic showing: Curie–Weiss~or Curie! behavior~e! and~f!; ~g! the absence
of remanence and coercivity, and~h! the absence of magnetic relaxatio
The dashed curve in~g! represents the initial magnetization of the syste
before all of the particles are free to rotate.
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