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Anisotropic magnetism in field-structured composites
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Sandia National Laboratories, Albuquerque, New Mexico 87185-1421

~Received 22 June 1999!

Magnetic field-structured composites~FSCs! are made by structuring magnetic particle suspensions in
uniaxial or biaxial~e.g., rotating! magnetic fields, while polymerizing the suspending resin. A uniaxial field
produces chainlike particle structures, and a biaxial field produces sheetlike particle structures. In either case,
these anisotropic structures affect the measured magnetic hysteresis loops, with the magnetic remanence and
susceptibility increased significantly along the axis of the structuring field, and decreased slightly orthogonal to
the structuring field, relative to the unstructured particle composite. The coercivity is essentially unaffected by
structuring. We present data for FSCs of magnetically soft particles, and demonstrate that the altered magne-
tism can be accounted for by considering the large local fields that occur in FSCs. FSCs of magnetically hard
particles show unexpectedly large anisotropies in the remanence, and this is due to the local field effects in
combination with the large crystalline anisotropy of this material.

PACS number~s!: 83.80.Gv, 75.50.Tt, 75.60.Ej, 81.05.Qk
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INTRODUCTION

When a magnetic particle suspension, consisting of m
tidomain particles, is exposed to a uniaxial magnetic fie
the magnetic dipole moment on the particles will genera
increase and align with the applied field. The particles w
then migrate under the influence of the dipolar interactio
with neighboring particles, to form complex chainlike stru
tures@1#. If a magnetic particle suspension is instead expo
to a biaxial~e.g., rotating! magnetic field, the induced dipol
moments create a net attractive interaction in the plane of
field, resulting in the formation of complex sheetlike stru
tures@2#. Similar effects occur when suspensions of diele
tric particles are subjected to uniaxial and biaxial elec
fields. These materials, which we callfield-structured com-
posites~FSCs!, can have large anisotropies in properties su
as their conductivity, permittivity, dielectric breakdow
strength, optical transmittance, etc.

In this paper we report on the magnetic hysteresis loop
uniaxial and biaxial FSCs of magnetic particles in a therm
setting resin. Relative to unstructured particle composi
the susceptibility and remanence of these materials is
creased along the axis of the structuring field, and decrea
orthogonal to this, yet the coercivity is not strongly affect
by structuring. We demonstrate that in some cases th
changes in the magnetization curves can be attribute
structurally induced changes in the local magnetic fie
which we compute for simulated FSC structures, obtain
from large scale dynamical simulations of interacting ha
sphere dipoles. Other contributing factors include the cr
talline magnetic anisotropy and the shape anisotropy of
particles. By considering invariants that involve the susc
tibility, we can distinguish between these factors experim
tally.

The measurements reported herein should be of intere
those working in magnetorheological fluids~MRF’s! or in
magnetic particle polymer composites. In the area of mag
torheological suspensions@3#, it is often useful or necessar
to compute the internal field in the fluid. In many devi
geometries, where the fluid does not completely fill the g
PRE 611063-651X/2000/61~3!/2818~13!/$15.00
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between the magnetic poles, this is not trivial, but can o
be accomplished with a knowledge of the anisotropic M
susceptibilities in a structuring field. Of course, in actual u
these fluids will be subjected to shear, which is beyond
scope of this study, but the results presented herein ar
least accurate for the quiescent fluid. The low field susce
bility, measured on a random particle suspension, is ge
ally not relevant to applications of these fluids, but is som
times used in internal field calculations of these fluids.

A second area of interest is magnetic particle-polym
composites, which have in some instances been made in
presence of a uniaxial magnetic field. There have been
eral studies of the magnetic properties of such materi
O’ Grady et al. @4# created two different ferrofluids by th
thermolysis of dicobalt octacarbonyl in toluene, controllin
the particle size by appropriate surfactant selection. This
sulted in a superparamagnetic particle sample, consistin
5.0-nm particles, and a ferromagnetic sample consisting
12.0-nm particles, and these particles apparently consiste
essentially single crystalline domains, so that texture co
be introduced into the samples by particle alignment. In
superparamagnetic sample a significant increase in the
ceptibility was found when the samples were field coole
which oriented the particles in the frozen solvent, leading
significant texture, since each particle consists of essent
a single crystalline domain. In the ferromagnetic partic
sample a significant increase in the remanence was obse
in a field-cooled sample, again due to particle rotation alo
an easy axis creating significant texture. An analysis in te
of texture is given, but it is not clear if the particles forme
chains, though at least the larger particles should have. B
gel, Gibbs, and Squire@5# made platelets by ball milling a
thin film of Metglas 2605SC. The platelets were oriented i
magnetic field of 0.4 T, due to the relatively small demagn
tizing field in the plane of the platlets, and the polymer re
was then cured. Shifts in the magnetization curves of th
materials were found which they attributed to particle alig
ment, though it is possible that the observed shifts w
partly due to the strong local fields produced by parti
chains. Jin and co-workers@6,7# investigated uniaxial FSCs
2818 ©2000 The American Physical Society
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PRE 61 2819ANISOTROPIC MAGNETISM IN FIELD-STRUCTURED . . .
of 20- and 75-mm Ni particles coated with a thin layer of Ag
The conductivity of these materials in response to app
strains was the principal goal, but some magnetization m
surements were reported that indicated that these mate
have isotropic magnetic properties. This is not what we fi
for uniaxial FSCs, but perhaps their assessment was inte
to be qualitative. They measured conductivities and fou
that they increased rapidly when the material is compres
No detailed magnetization measurements were made.

A number of researchers have investigated the magn
striction of uniaxial FSCs, an effect that is at least par
dependent on the magnetic susceptibility anisotropies.
authors of Ref.@8# created uniaxial FSCs from iron particle
in a silicone elastomer, and found a large magnetostric
effect along the direction of the structuring field, reported
an increase in the composite shear modulus in a field alig
along the shear gradient, which is also the direction of p
ticle chaining. Similar results were subsequently reported
Jolly et al. @9#, and Bednarek@10# made direct magnetostric
tion measurements on randomly dispersed particle com
ites. The authors of Refs.@11# and @12# reported magneto
striction measurements of composites of high
magnetostrictive, field-aligned Terfenol-D particles in a
polymeric host, and the authors of Ref.@12# reported chain
formation. An enhancement of a factor of roughly 2 was se
in the magnetostriction in the oriented particle samples.
the focus of these magnetostriction measurements was n
the magnetization properties of the composites, though
two phenomena are related.

Studies of the magnetic properties of sheet-like part
aggregates, such as those that form in rotating fields,
apparently limited to Fabreet al. @13#, who created a ‘‘smec-
tic ferrofluid’’—sheets of superparamagnetic maghem
particles—by swelling a lamellar micelle solution of th
surfactant-cosurfactant system sodium dodecyl sulf
pentanol with nanosize maghemite in cyclohexane to form
lamellar microemulsion. Due to the strong dependence
demagnetizing factors on lamellar orientation, these fl
phases would orient in modest fields~100 G!, so that the
magnetic field is parallel to the lamallae. Measurements
the magnetization of these phases was not reported, tho
one would expect a large difference between cooled
field-cooled samples, if the matrix could be frozen witho
upsetting the phase stability of the microemulsion.

EXPERIMENT

Sample preparation

Both magnetically soft and hard particles were used
these studies. The soft magnetic particles were a 3–5mm
carbonyl iron powder from ISP Technologies~ISP-R2430!,
and was used to make samples with concentrations in
range of 2.0–30.0 vol%. The magnetically hard partic
were made of SmCo5, and were used at a concentration
2.5 vol%. Finally, stainless steel fibers from Bekaert Fib
Technologies were used at a concentration of 1.55 vo
These fibers are 1.0mm in diameter and 1 mm in length.

The particles were suspended in a mixture of the ep
resin Epon 828 using 1.0 wt % Triton X-100 as a dispersa
These suspensions were placed in an ultrasonic bath for
and the amine hardener, a 50/50 mixture of Ancami
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Jeffamine, was stirred into the suspension. The suspens
were then placed in 1-cm square polystyrene cuvets and
gassed in a vacuum oven at 50 °C for 10 min. A 150
magnetic field was supplied by two large plate magnets
ented such that the magnetic field was vertical, to prevent
sedimentation of evolving chain structures. To create a u
form biaxial field, we simply mounted the square cuvet on
motor and rotated it around the fourfold axis at a speed
100 rpm and plunged the sample into the center of the m
nets. Of course, one can create a rotating field with ortho
nal coils in quadrature phase, but rotating the sample actu
works quite well.

Curing the samples was done in several stages. The
dom particle dispersions, which are our control samp
were cured at 25 °C for 20 h while being rotated around
horizontal fourfold axis, to prevent sedimentation. This g
the resin so that the particles cannot sediment, but does
fully cure the epoxy. To fully cure the epoxy, we then po
cured by ramping from 50–100 °C over 3 h, and then cur
at 100 °C for at least three more hours. The biaxial samp
are made the same way, but the initial, 25 °C cure was d
in a rotating magnetic field. The uniaxial samples we
placed in a uniaxial magnetic field and cured for 20 h
50 °C to gel the resin. A post cure was done by ramping fr
50–100 °C over 3 h, and curing at 100 °C for at least th
more hours. These samples were then sectioned with a
mond saw for susceptibility measurements parallel and
thogonal to the direction of the structuring field. Optical im
ages of these structures are shown in Fig. 1.

Magnetic measurements

Isothermal magnetic hysteresis data were measure
room temperature~293 K! for applied fields between11 and
21 T ~16 and26 T for SmCo5! using a commercial super
conducting quantum interference device magnetometer w
an extended dynamic range. The extended range allowed
use of relatively large random and FSC rectangular sam
~typically 33335 mm3! with saturation moments up to 2
mA m2 ~25 emu! for 30-vol% iron. These dimensions ar
much larger than the coarseness of the field structu
shown in Fig. 1, assuring a representative result. At
maximum field of 1 T these samples were in the reversib
approach-to-saturation regime, minimizing any history
fects in the measurements.

Simulations

We have reported athermal@1,2# and thermal@14# simu-
lation studies of structure formation in field-structured co
posites. In this paper we use the results of those simulat
as model structures for the computation of the local fi
effects that we believe are responsible for the susceptib
data.

Briefly, in these Langevin dynamics simulations the p
ticles are essentially hard spheres with induced dipolar in
actions, Stokes friction against the solvent, and Brown
motion. The structures used in this paper are obtained fro
simulation method developed to predict the evolution
large,N510 000 particle systems over short times~in gen-
eral, <150 dimensionless time units!. This method has a
time complexityO(N), but gives structures that are statis
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2820 PRE 61MARTIN, VENTURINI, ODINEK, AND ANDERSON
cally indistinguishable from a separate, more directO(N2)
simulation developed to predict the evolution of smaller s
tems over longer times. In most of the simulations cyc
boundary conditions are used in all directions. The size
the simulations led to structures whose scale of coarse
was much smaller than the simulation volume, minimizi
the effect of the cyclic boundary conditions. Representa
simulation results for athermal simulations in uniaxial a
biaxial fields are shown in Fig. 2.

Dipolar force. It is helpful to discuss the dipolar force
used in our uniaxial and biaxial simulations in detail. W
adopt the convention that the uniaxial field is applied alo
thez axis,H05H0ẑ, and the biaxial field is a rotating field in
the x-y plane,H05H0@sin(vt)x̂1cos(vt)ŷ#, where the field
frequency is assumed sufficiently high that we need o
consider the force of interaction averaged over a field cy
In either case, the dipole-dipole interaction force betwe
two spheres whose center of mass separation vectorr is of
length r and is inclined at an angleu to thez axis is

Fd~r ,u!52aCS d

r D 4

@~3 cos2 u21! r̂ 1~sin 2u!û#, ~1!

wherea51 for the uniaxial field anda52 1
2 for the biaxial

FIG. 1. Field-structured composites of particles structured b
uniaxial magnetic field~top!, and by a biaxial magnetic field~bot-
tom!. Both samples consist of a magnetically soft Fe powder wit
particle size of 4mm and at a concentration of 2.0 vol %. Th
magnification is 523.
-
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field. For spherical particles of radiusa, the constantC
5 3

16 (m0kcumu2/4pa4), wherem is the magnetic dipole mo
ment, which we take to be aligned with the instantaneo
field, as justified forthwith@15#. Herekc is the relative per-
meability ~to the vacuum permeabilitym054p31027 H/m!
of the continuous polymeric phase, which in practice is ve
nearly 1. In the absence of Brownian motion, the constanC
determines only the time scale of structural evolution, and
specifically not a parameter that can be used tocontrol struc-
ture.

Brownian motion. To compare simulation to experimen
requires a reasonable estimate of the magnitude of the
forces relative to the dipolar forces. For paramagnetic or d
magnetic spherical particles the induced magnetic mome
m54pa3bH0 whereb5(kp2kc)/(kp12kc) is the perme-
ability contrast factor, andkp is the relative permeability of
the particles@15#. The force constant in this case isC
5(3p/4)makca

2b2uH0u2.
For ferromagnetic particles the magnetic dipole mom

depends on the field history as well as the applied field. If

a

a

FIG. 2. Simulated structures of uniaxial~top! and biaxial FSCs,
both at 5-vol % particles.
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PRE 61 2821ANISOTROPIC MAGNETISM IN FIELD-STRUCTURED . . .
particles are initially unpoled, then at low applied fields th
will act as paramagnetic particles having a high permeabi
On the other hand, if such particles are exposed to a sat
ing magnetic fieldHs the domain walls will move to create
dipole moment that is roughlyms5(4p/3)a3M s , whereM s
is the saturation magnetization along the easy axis of
magnetic material. After this poling field is turned off, th
dipole moment will decay tomr5(4p/3)a3M r , whereM r is
the remanent magnetization. This dipole moment can be
order of magnitude larger than that of a high permeabi
soft magnetic material in the low fields we apply to structu
the particles, so we will consider only the latter case in or
to find a lower bound of the dipolar interactions.

The minor ~low field! hysteresis loops of ferromagnet
materials can be closely approximated as a paramagneti
sponse with a relative permeability on the order ofkp
'104. Because the relative permeability of the liquid pha
is essentially 1, this givesb'1. For a typical magnetic field
produced by our structuring magnets, ofH0>12
3103 A m21 ~150 Oe!, and a particle radius of 1mm, this
gives a dipole momentm>1.5310213A m2. The interaction
energy of the dipole moment with the applied field will b
m0mH052.3310215J, and because the thermal energy
room temperature iskBT54.1310221 J, the poled particles
will be completely aligned with the field, justifying the us
of Eq. ~1!.

The energy required to separate two magnetized parti
in contact along thez axis is m2m0/16pa355.6310216J,
which is vastly in excess of the thermal energy, so that s
particles will contact irreversibly and Brownian motio
should have a negligible effect on the evolution of structu
Thus the structures we use to compare simulation to exp
ment are those that have been generated athermally.

Time scale. In the absence of Brownian motion th
strength of the dipolar interactions alters only the coarsen
time scale, not the structural evolution. The dimensionl
numerical equation of motion is thus of the formDu
5Ds f(r ,u), where the dimensionless lengthDu5Dr /2a.
The dimensionless time isDs5Dtm0kcb

2H0
2/16h0 . For

a suspending liquid with a viscosityh0 of 1 cP, an
applied field of H053.58 A/m ~45 Oe!, kc51 and b51,
Ds>Dt (s)3103 (s21), so under these conditions one d
mensionless time unit is about a millisecond. The simulat
data we generate are for structures that have evolved for
dimensionless time units, which is far less than the time o
which the experimental samples were allowed to structu

THEORY

There are at least three possible causes for the chang
the magnetic properties of field-structured composites.
first is that in the magnetic field the particles rotate so t
the easy magnetic axis of the particles aligns with the fie
The second is that the particles are nonspherical and
rotate so that their long axis aligns with the field, since t
increases their polarizability and thus reduces their free
ergy. The third is that the local magnetic field is strong
affected by structuring the samples. Depending on the t
of particles used, some or all of these effects can be imp
tant.

Particles with a polycrystalline morphology, such as c
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bonyl iron, should not exhibit a pronounced easy axis, due
the averaging over randomly oriented crystalline doma
within particles, therefore texture should not be an issue, a
is in nanoscale particles. Furthermore, these particles do
have sufficient shape anisotropy to account for the effects
report below.~On the other hand, in the stainless steel fib
samples, the measured anisotropy is nearly all due to sh
anisotropy.! The effects we have observe in the carbonyl ir
suspensions are primarily due to the large local fields
field-structured composites, and it is this that we will no
consider.

Local field effects

In the method of Lorentz, the local field is viewed as t
sum of three terms; the applied field, the field due to
nearby dipoles, and field due to the cavity. To be definite,
will call the unique axis of a FSC thez axis. This is the
direction along which a uniaxial structuring field is applie
and is orthogonal to the plane in which a biaxial structuri
field is applied. We will specifically compute the magne
properties along this axis, thex-y plane being trivial by ex-
tension.

Local field. The field produced at a relative positionr by
a particle of dipole momentm is @15#

H5
3r̂ ~m• r̂ !2m

4pr 3 . ~2!

When a susceptibility measuring field is applied along thz
axis, the local field will be reasonably well aligned with th
z axis, due to the symmetry of the structures. Thus we n
only consider thez component of the field produced by thez
component of the nearby magnetic dipoles. In a lattice e
site is equivalent: in disordered materials the field produ
at the j th dipole by the nearby dipoles,

H j ,dip• ẑ5
m• ẑ

2p (
i

P2~cosuz,i j !

r i j
3 , ~3!

will fluctuate. HereP2(x)5(3x221)/2 is the second Leg
endre polynomial, anduz,i j is the angle the line of center
between thei th and j th dipoles make to thez axis. This
conditionally convergent sum is over all dipoles in the Lo
entz cavity, which must be chosen to be large compare
structural correlations in the material, so that the sum c
verges, and for convenience is chosen to have cubic sym
try.

With little error these fluctuations can be ignored,@1# so
we will average Eq.~3! over theN dipole sites in the system
and use this average dipolar field

Hdip5
2m

2pa3 czẑ

where cz52
1

N (
j 51

N

(
i

S a

r i j
D 3

P2~cosuz,i j !. ~4!

The quantitycz is an order parameter for these materia
and is readily shown to obey the sum rulecx1cy1cz50.
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2822 PRE 61MARTIN, VENTURINI, ODINEK, AND ANDERSON
In both uniaxial and biaxial FSCs thez axis is unique and the
x and y axes are degenerate, leading to the useful rela
cx5cy52cz/2.

The field for a Lorentz cavity of cubic symmetry can b
obtained by integrating over the pole density at the surfa
giving @16#

Hcav5
1

3
M5

m

4pa3 f ẑ. ~5!

Here the magnetization density of the compositeM5m/v
has been used withv54pa3/3f, the volume of composite
per dipole andf the volume fraction of particles.

Particle moment. An expression for the particle dipol
moment is now needed. The magnetic dipole moment ism
5(4p/3)a3M p , whereM p is the particle magnetization den
sity. For a soft, linear, isotropic magnetic material in a m
dium of permeabilitym0 , the magnetization density induce
by an external fieldHext is a standard boundary value pro
lem, the solution of which is dependent on the particle sh
@17#. The applied field magnetizes the particle, and this m
netization creates a field which opposes the applied field,
to which the particle itself is subject, so that the field insi
the particle,H in , is reduced. For ellipsoidal objects the i
ternal field is constant and can be expressed asH in5Hext
2nM , wheren is the shape-dependent demagnetizing fac
which is exactly1

3 for a sphere. In terms of the susceptibili
xp5kp21 of the material of which the particles are com
posed (kp5mp /m0), the magnetization isM5xpH in and the
internal field is H in5Hext/(11nxp). A shape-dependen
particle susceptibility can be defined through the relat
xs5dM /dHext, which givesxs5xp /(11nxp). Even for a
magnetic material of infinite permeability, this particle su
ceptibility will only be xs(xp→`)51/n, so that for spheri-
cal particlesxs53 is the limiting value. For prolate sphe
roids the value ofn along the major axis is smaller than1

3 and
along the minor axes is (12n)/2, and the sum rulenx1ny
1nz51 is obtained@17#. Because most of our measuremen
are made on nearly spherical particles we usexs53b, where
b5xp/31xp is a permeability contrast factor that is rough
1 for the high susceptibility materials we use in our expe
ments.

The external field near a particle in a many-particle s
tem is H loc , so we can write the magnetization density
M p5xsH loc53bH loc which gives a particle dipole momen
m5(4p/3)a3M p54pa3bH loc . If the material has a coer
civity Hcoer, then for fields very close to the coercive fie
the magnetization will beM p53b(H loc6Hcoer), where the
6 refers to the separate branches of the hysteresis loop

For arbitrary fields we must take into account the nonl
ear nature of magnetic materials, which can saturate at
perimentally accessible fields. CallingM sat the saturation
magnetization, the magnetization can be expressed as

M p53bM satf S H loc6Hcoer

M sat
D ~6!

wheref (x)5x for x!1 andf (x)51 for x@1. It is not really
necessary to specify a detailed form at this point, but d
can be fit reasonably well using
n

e,

-
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f a~x!5
x

~11uxua!1/a . ~7!

We can now compute the local field and the dependenc
the magnetic hysteresis loops on the composite structure

Susceptibility. To compute the susceptibility we need on
examine the linear response region near one branch of
hysteresis loop, whereM p53b(H loc2Hcoer). Equations~4!
and~5! can then be substituted intoH loc5H01Hcav1Hdip to
obtainH loc5H01b(f1dwcz)(H loc2Hcoer), where the con-
stant dz522 for a field applied along thez axis anddx,y
51 for a field applied in thex-y plane. Rearranging gives

H loc2Hcoer5
H02Hcoer

12b~f1dwcz!
. ~8!

The susceptibility along thew axis, defined byM5xw(H0
2Hcoer), can be obtained usingM53bf(H loc2Hcoer)

xw5
3bf

12b~f1dwcz!
. ~9!

Thus the susceptibility is independent of the coercive fie
and is quite large whendwcz is large and positive, as it is fo
uniaxial FSCs along thez axis and biaxial FSCs in thex-y
plane. Local field effects do not alter the coercive field, sin
at the coercive field the magnetization vanishes. The sus
tibility anisotropy is

r[
xz

xxy
5

12b~f1cz!

12b~f22cz!
, ~10!

which in the limit of zero concentration and for highly pe
meable particles isr5(12cz)/(112cz). From the values
of the order parameter given in Table I we see that the

TABLE I. Values ofcz for simulated structures of uniaxial an
biaxial FSCs.

f Structuring field cz

0.00 chain 20.301
0.05 uniaxial 20.263
0.10 ’’ 20.246
0.15 ’’ 20.232
0.20 ’’ 20.211
0.25 ’’ 20.187
0.30 ’’ 20.162
0.40 ’’ 20.115
0.50 ’’ 20.070
0.00 hexagonal sheet 0.690
0.05 biaxial 0.454
0.10 ’’ 0.428
0.15 ’’ 0.414
0.20 ’’ 0.393
0.25 ’’ 0.349
0.30 ’’ 0.303
0.40 ’’ 0.223
0.50 ’’ 0.120



o
f
lle

ia

nd
p
e
a

is
g

e

te
we
o
d

of

ave
e
e

ipa-

he

c-

m-

e I,

y the
ions

PRE 61 2823ANISOTROPIC MAGNETISM IN FIELD-STRUCTURED . . .
pected maximum anisotropy for uniaxial FSCs isr52.45,
whereas for biaxial FSCsr50.308 (1/r53.24).

This susceptibility relation suggests a quantityV that is
invariant to structure:

V5 (
w5x,y,z

xw
215

12bf

bf
. ~11!

It is thus apparent that for a uniaxial FSC the smallest p
sible susceptibility in thex-y plane is just two-thirds that o
a random sample, whereas for a biaxial FSC the sma
possible susceptibility along thez axis is one-third that of a
random sample.

Values of the order parametercz computed for simulated
structures are tabulated in Table I for uniaxial and biax
FSCs~cz50 for random dispersions!, and the plots of the
susceptibilities are given in Figs. 3 and 4, for uniaxial a
biaxial FSCs. Note that the biaxial susceptibility anisotro
is inverted relative to the uniaxial case, and that the susc
tibility along thez axis is considerably lower than that of
random dispersion.

Hysteresis loops. To compute the complete hysteres
loops we need to solve a transcendental equation. Writin
terms of the dimensionless fieldsH85H/M sat gives

H loc8 5H081b~f1dwcz! f ~H loc8 6Hcoer8 ! ~12!

for the local field as a function of the applied field. Th
dimensionless magnetizationM 85M /M sat is then obtained
by substituting the local field into

M 853bf f ~H loc8 6Hcoer8 !. ~13!

An example of how the hysteresis loop would be expec
to change for a uniaxial FSC is shown in Fig. 5. Here
compare the computed hysteresis loop for a 10-vol% rand
particle suspension (cz50) to that expected for a structure

FIG. 3. Susceptibilities calculated (b51) for simulated ather-
mal structures of uniaxial FSCs show an enhancement along tz
axis and a slight decrease in thex-y plane. Thez axis susceptibility
is essentially proportional to particle volume fraction.
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sample of the same volume fraction along the direction
the structuring field~using cz520.246 from Table I!. We
chose the value 2 for the exponenta in Eq. ~7!, since this
seems to describe our experimental data well. Here we h
assumedHc /M sat50.5, which leads to a 40% increase in th
FSC magnetic remanence, with the field applied along thz
axis, relative to the random dispersion. The energy diss

FIG. 4. Susceptibilities calculated (b51) for simulated ather-
mal structures of biaxial FSCs show an enhancement in thex-y
plane and a significant decrease along thez axis. The anisotropy is
inverted from the uniaxial case and in this case it is thex-y plane
susceptibility that is essentially proportional to particle volume fra
tion.

FIG. 5. The magnetic hysteresis loops of a uniaxial FSC is co
pared to that of a random particle dispersion, both withf
510 vol %, using the values of the order parameter from Tabl
and b51. The hysteresis loop along thez axis is shifted so as to
give a magnetic remanence almost 40% greater, and conversel
x-y plane loop has a slightly lower remanence. In these calculat
we have assumedHc /M sat50.5.
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tion during a major cycle of the magnetic field is the ar
within the hysteresis loop, and this area is not affected
these local field effects, a fact which is easily demonstra
by integrating these computed loops.

The changes in the hysteresis loops are more easily
cerned by dividing the magnetization of the FSC by that o
random dispersion. This is done in Figs. 6 and 7 for 10-vo
uniaxial and biaxial FSCs, again using the values ofcz from

FIG. 6. The magnetic anisotropy of a 10-vol % uniaxial FS
with Hc /M sat50.5 is shown by dividing the computed magnetiz
tion of the FSC by the magnetization of a random particle disp
sion. The greatest anisotropy occurs at the coercive field, and
remanence ratios are given by the crossover points in the curv

FIG. 7. The magnetic anisotropy of a 10-vol % biaxial FSC
shown by dividing the computed magnetization of the FSC by
magnetization of a random particle dispersion. In biaxial mater
the decreased magnetization along thez axis is comparable in mag
nitude to the enhancement in thex-y plane.
y
d

is-
a

Table I. The magnetization ratios reach a maximum at
coercive field, where the magnetization ratio is just the s
ceptibility ratio. Note that the anisotropy of the biaxial FS
is inverted relative to the uniaxial FSC, with two high ma
netization axes and one low axis.

A few fixed points can be used to construct a reasona
approximation to the magnetic hysteresis loops of part
composites. Specifically, we note that the saturation mag
tization and coercive field are not affected by the local fie
and that the susceptibility is given by Eq.~9!. An expression
that satisfies these constraints is

M53bfM satf aS H06Hcoer

M sat@12b~f1dwcz!#
D , ~14!

wheref a(x) is again given by Eq.~7!. This form is useful for
fitting experimental data.

Shape anisotropy

In suspensions of particles with shape anisotropy, suc
prolate spheroids, liquid crystalline ordering will occur
addition to the formation of anisotropic particle structur
when a field is applied to the sample, due to the demag
tizing fields that occur within these particles and cause th
to align. The parallel~to the long axis! and perpendicular
demagnetizing factors for a prolate spheroid of major axia
and minor axisb, having an aspect ratiog5a/b, are@17#

ni5
1

g221 F g

2Ag221
lnS g1Ag221

g2Ag221
D 21G

>
1

g2 ~ ln 2g21! for g@1,

~15!
n'5~12ni!/2.

From this we see that prolate spheroids will align with th
long axis parallel to the structuring field, because the dem
netization factor is a minimum in this orientation, permittin
a larger internal field and particle magnetization, reduc
the magnetostatic contribution to the free energy. The s
ceptibility in this direction will bex i5xp /(11nixp), where
xp is the susceptibility of the material of which the sphero
is made. For spheroids of high susceptibility materia
where nixp@1, we can approximatex i51/ni'g2/(ln 2g
21). The demagnetization factor in the perpendicular dir
tions will then ben'5(12ni)/2>1/2, orx'52.

The susceptibility relationship for a field-structured com
posite of prolate spheroids is simple in the approximat
that the particles are completely aligned with the field.~The
case where the angular correlations are decoupled from
spatial correlations is also straightforward.! From Eq.~9!,

xz5
x if

12
1

3
x i~f22cz!

>
f

ni2
1

3
~f22cz!

,

~16!

xx,y5
x'f

12
1

3
x'~f1cz!

>
f

1

2
2

1

3
~f1cz!
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The anisotropy of such materials should be much larger t
that of spherical particle systems, but to evaluate this
would need a model of structure.

In the stainless steel fiber composites we consider be
a good approximation is that there is no spatial ordering
cz>0. At low concentrations, the susceptibilities of the co
posite are thenxz5x if and xx,y5x'f. To compute the
susceptibility of a control sample of randomly oriented p
late spheroids one notes that the susceptibility of a sin
prolate spheroid rotates like a second rank tensor. Avera
over all orientations then givesx random5

1
3 (x i12x'). This

suggests that for low concentration systems consisting
aligned particles, the sum of the susceptibilities is an inv
ant quantity, in contrast to the sum of the inverse susce
bilities being an invariant for systems whose magnetic
isotropy is derived from local field effects@see Eq.~11!#.

EXPERIMENT

Demagnetizing factors

The experimental measurements on these materials
complicated by several practical considerations. First,
magnetic susceptibility measurements the sample does
fill the gap between the magnetic plates, so for any sam
geometry demagnetizing field corrections must be applie
the measuredM vs H curves. The demagnetization factorn
can be computed exactly for solid ellipsoids, and because
field inside solid ellipsoids is constant when applied alo
principal axes, the demagnetization factor is a simple c
stant that is independent of the material permeability. Ho
ever, we felt it was impractical to machine our compos
materials into solid ellipsoids. Samples formed into lo
needles or thin sheets aligned with the field have very sm
demagnetization factors, but our susceptometer limits u
samples no longer than 10 mm, and we do not wish to m
the samples too narrow or thin as this would make the
tistical sampling of our mesoscopic structures rather poo

In the end, a diamond saw was used to prepare sampl
concentrations of 2.8–30.0-vol % particles into solid re
angles measuring roughly 33335 mm3. At each concentra-
tion five samples were made: a control sample; a unia
sample with a 5-mm axis along thez axis of the FSC; a
uniaxial sample with a 5-mm axis along thex axis of the
FSC; a biaxial sample with a 5-mm axis along thez axis of
the FSC; and a biaxial sample with a 5-mm axis along thx
axis of the FSC. The 5-mm sample dimension was alig
along the magnetic field in the susceptometer. The choic
solid rectangular samples facilitates sample preparation,
makes correcting the data for demagnetizing fields diffic
The measured susceptibilitiesxm are shown in Table II.

Susceptibility corrections. The true composite suscept
bilities are related to the measured susceptibilities by
relation

x5
xm

12n~x!xm
, ~17!

where the demagnetization factor for the nonellipsoi
shapes of our samples is also dependent on the true com
ite susceptibility. To compute the demagnetization fact
we wrote a three-dimensional~3D! finite difference code to
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model the scalar magnetic potential field inside the so
rectangular shapes of our samples. The demagnetization
tor was then computed from the average field in the sam
by

n~x!5
H02H̄ in

xH̄ in

. ~18!

The data from the 3D code were extrapolated to infin
mesh size and zero sample size and the code was run
values of the susceptibility of 0.5, 1.0, 2.0, 4.0, and 9
These data are shown in Fig. 8 for aspect ratios pertinen
our samples. Data for each aspect ratio were fit to a func
of the form n(x)5A1B/(x1C), and this function was
used to iteratively correct our experimental data, using
~17!. The results are in Table II.

TABLE II. Measured and corrected susceptibility data.

Type f Aspect ratio xm x

control 0.028 1.50 0.155 0.161
uniaxial,z ’’ 1.58 0.336 0.364
uniaxial,xy ’’ 1.55 0.106 0.109
biaxial, z ’’ 1.56 0.076 0.077
biaxial, xy ’’ 1.60 0.298 0.320
control 0.05 1.69 0.288 0.308
uniaxial,z ’’ 1.60 0.636 0.742
uniaxial,xy ’’ 1.66 0.234 0.247
biaxial, z ’’ 1.53 0.136 0.141
biaxial, xy ’’ 1.67 0.685 0.805
control 0.10 1.51 0.609 0.712
uniaxial,z ’’ 1.63 1.049 1.355
uniaxial,xy ’’ 1.55 0.520 0.592
biaxial, z ’’ 1.49 0.310 0.335
biaxial, xy ’’ 1.57 1.180 1.593
control 0.15 1.61 0.926 1.162
uniaxial,z ’’ 1.47 1.423 2.110
uniaxial,xy ’’ 1.69 0.775 0.928
biaxial, z ’’ 1.65 0.774 0.930
biaxial, xy ’’ 1.68 1.484 2.130
control 0.20 1.47 1.200 1.662
uniaxial,z ’’ 1.49 1.710 2.764
uniaxial,xy ’’ 1.69 1.125 1.469
biaxial, z ’’ 1.67 1.111 1.380
biaxial, xy ’’ 1.59 1.739 2.750
control 0.25 1.41 1.486 2.287
uniaxial,z ’’ 1.55 1.983 3.434
uniaxial,xy ’’ 1.62 1.437 2.064
biaxial, z ’’ 1.63 1.421 2.027
biaxial, xy ’’ 1.77 1.935 3.073
control 0.30 1.54 1.796 2.936
uniaxial,z ’’ 1.55 2.188 4.066
uniaxial,xy ’’ 1.60 1.808 2.912
biaxial, z ’’ 1.54 1.832 3.030
biaxial, xy ’’ 1.71 2.216 3.900
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Soft magnetic particles

Susceptibility. The qualitative trends in the susceptibili
data in Figs. 9 and 10 follow the behavior anticipated in Fi
3 and 4, but the measured values are larger than expecte
nearly a factor of 2. This discrepancy is due to the fact t
we have used a simple point dipole approximation in co
puting the internal field, and this is not a good approximat
for particles consisting of high permeability materials, su
as iron. In essence, there are multipolar terms that need t
considered in order to obtain quantitative agreement, yet

FIG. 8. The demagnetization factors for solid rectangular bod
as a function of aspect ratio and relative permeability. Fits to th
data were used to iteratively correct the measured susceptibilit

FIG. 9. The susceptibilities of uniaxial FSCs of Fe particles o
the range of 2.8–30.0 vol %. These data are similar to the p
dipole predictions in Fig. 3, but the values are twice as large
expected, due to the large magnetization that occurs at particle
tact points.
.
by
t
-
n
h
be
e

simple, self-consistent point dipole approximation does
good job of describing the trends. The susceptibility anis
ropy is r53.34 for the uniaxial FSC at 2.8 vol %, and isr
50.241(1/r54.16) for the biaxial FSC at the same conce
tration. These values are somewhat greater than the pre
tions of the point dipole calculations, but it should be not
that the 75-ms coarsening times of the simulated structu
are very small compared to that of the experimental samp

The susceptibility invariantV is plotted in Fig. 11 for the
control sample, and the uniaxial and biaxial FSCs. Des

s
e

s.

r
nt
s
n-

FIG. 10. The susceptibilities of biaxial FSCs of Fe particl
show an inverted anisotropy relative to the uniaxial case. Ag
these data are similar to the point dipole predictions in Fig. 4,
the measured values are twice as large as expected.

FIG. 11. The invariantV is computed for the experimental dat
This invariant does seem to be invariant to structuring, despite
tor of 2 discrepancies in the measured susceptibilities with the s
consistent point dipole model.
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the influence of multipolar interactions on the measured s
ceptibilities,V does indeed seem to be an invariant of the
structured nanocomposites, suggesting that this invarian
not affected by multipolar interactions.

Hysteresis loops. In general, experimental hysteres
loops can be very difficult to interpret, due to the complex
of the demagnetizing field corrections for our nonellipsoid
samples. The essential problem is that the edges of the
rectangles saturate before the core, due to the nonunif
fields within the sample. This effect is only small for com
posites of low susceptibility, so we only report data for t
samples at 2.8-vol % Fe. These Fe particles showed an
tremely small coercive field~;10 Oe!, so to avoid confusion
we plot only one branch of the loop. These experimental d
were fit to the form in Eq.~14!, and the resultant fits for the
uniaxial structures are shown in Fig. 12. The magnetiza
ratios for the uniaxial and biaxial samples are shown in F
13 and 14, respectively. All of these data bear a strong
semblance to the expected behavior, shown in Figs. 5
which is surprising in light of the approximate nature of t
point dipole model.

It is interesting to determine how well the experimen
data for the FSCs can be predicted from the magnetiza
data for the control sample. The control sample has a m
netization that is considerably greater than that predicted
the point dipole model, so the local fields are much grea
The magnetization data for the control sample are well
scribed byM5574f 2@(H06Hcoer)/4285#. Because the par
ticle concentration is low, the local field in this sample
essentially the applied field, so we can approximate
single particle magnetization function by M p
5(574/f) f 2@(H loc6Hcoer)/4285#. The local field in the
FSCs can then be found as a function of the applied field
numerically solving the equationH loc5H01(M p/3)(f
1dwcz) for a particular value ofcz . Substituting the com-

FIG. 12. The measured magnetization curves for a uniaxial F
of Fe particles at 2.8 vol % were fit to the four-parameter funct
in Eq. ~14!, and for clarity only the fits are shown, since these r
through the data. In these soft magnetic particles the coercive
is extremely small~;10 Oe!, so to avoid congestion only on
branch of the hysteresis loop is shown. The behavior is otherw
similar to that of Fig. 5.
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puted local fields back into MFSC5574f 2@(H loc
6Hcoer)/4285# and plotting this againstH0 then gives the
curves shown in Fig. 15. The effective value of the ord
parameter,cz520.181, was determined by matching th
experimentally determined susceptibility ratio, and this va
gives reasonably good agreement over the full range of
curves.

This value of the order parameter is lower than expec
at this particle concentration, yet this is probably the m
realistic means of computing the order parameter, since
pealing directly to the point dipole modelper se, gives us a

C

ld

e

FIG. 13. The magnetization ratios of a uniaxial FSC of Fe p
ticles at 2.8 vol % are shown. These curves were obtained by
viding the fits in Fig. 12, and are similar to those in Fig. 6.

FIG. 14. The magnetization ratios of a biaxial FSC of Fe p
ticles at 2.8 vol % are shown. These curves were obtained by
viding the fits to the magnetization curves, and are similar to th
portrayed in Fig. 7, with an especially exaggerated lower curve
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per particle susceptibility that is about one-half that wh
we observe. The low order parameter might be due to p
ticle friction, and optical transmittance experiments we ha
conducted on Fe particles seem to bear this out. We conc
that the rather good agreement of the observed susceptib
anisotropies with the point dipole model is fortuitous, t
poorer than expected structural ordering tending to can
the large magnetization that occurs at the contact points
tween particles.

Hard magnetic particles

Creating composites of magnetically hard particles
SmCo5 presented a number of difficulties, due to the lar
remanent moment on these particles. First, at low part
concentrations the coarsening kinetics in a uniaxial field w
so rapid that very large particle columns formed. To redu
the growth kinetics we added 10-wt % BaTiO3 particles to
increase the suspension viscosity. Second, we were unab
form structures in a biaxial field, due to the hydrodynam
effects produced by particle rotation, so our measurem
were restricted to uniaxial composites@18#.

The magnetization curves in Fig. 16 show a surprisin
large remanence anisotropy for this system, withm0Mr
53.8 mT in thex-y plane andm0Mr532.2 mT along thez
axis. This 8.5-fold anisotropy is larger than can be accoun
for by local field effects~which predict at most a factor o
2.5!, and because the apparent saturation magnetizatio
also anisotropic in this case, the excess remanence an
ropy can be attributed to the large crystalline anisotropy
these particles, which must align along an easy axis when
field is applied.

Fibers

The effect of shape anisotropy is illustrated by measu
ments on samples of stainless steel fibers having a nom

FIG. 15. The experimental magnetization data for a rand
sample of Fe particles at 2.8 vol % is used to generate the obse
data for the uniaxial FSC of Fe particles at the same concentra
The best agreement is found using a value of the order param
that is lower than that obtained from simulation data, possibly
dicating that particle friction reduces ordering.
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aspect ratio of 103. ~These fibers come as bundles, and
found it difficult to disperse them completely, so the effe
tive aspect ratio is much lower, more like 10.! We prepared a
random sample at 1.55 vol %, and measured a susceptib
of x random50.324, which is roughly 3.6 times greater tha
that expected for the spherical carbonyl iron at the sa
concentration. A uniaxial FSC gave a susceptibility along
z axis of x i50.878 and a susceptibility in thex-y plane of
x'50.126, the latter of which is much larger than expect
indicating incomplete alignment of the fibers with thez axis.
From these measurements on uniaxial FSCs we would
pectx random50.376, which shows that the sum of the susce
tibilities is nearly invariant for strongly oriented prolat
spheroids. This analysis is only qualitative: To treat the
fiber samples adequately one would have to have a mean
generating orientational distribution functions, and estim
ing the local field effects, all of which would require a mod
of structure, which is beyond the scope of this paper. H
we only wish to emphasize that the expected magnetic
isotropy is subject to a different invariant if form anisotrop
dominates.

CONCLUSIONS

A study of the magnetism of uniaxial and biaxial field
structured composites shows that substantial alteration
the magnetization curves occurs. In soft, spherical magn
particle composites the susceptibility at the coercive fi
increases substantially in the direction or plane of the str
turing field, and decreases in the orthogonal directio
Uniaxial FSCs have one high susceptibility axis and two l
axes; biaxial FSCs have two high axes and one low axis.
remanence is altered accordingly, but the coercive field
the hysteretic losses are unchanged by structuring. The
of the inverse susceptibilities along the principal axes of

ed
n.
ter
-

FIG. 16. Magnetically hard uniaxial FSCs of SmCo5 particles
show an extremely large remanence anisotropy, approxima
8.5:1. This and the differences in the apparent saturation mag
zation, are due to the large crystalline anisotropy in this materi
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material is invariant to structuring. The self-consistent po
dipole approximation gives a good qualitative description
the data, but underestimates by a factor of 2 the magnitud
the measured susceptibilities. A good description of the m
netization curves is obtained after accounting for this fac
of 2 in the amplitude.

FSCs of magnetically hard particles exhibit an anisotro
in the magnetic remanence that is much larger than expec
based on the self-consistent point dipole approximation. T
is attributed to the large crystalline anisotropy, which cau
particles to align along an easy magnetization axis.

Finally, composites of magnetic fibers are shown to
dominated by shape anisotropy, and exhibit an invariant
the sum of the susceptibilities along principal sample ax
In the future we would like to investigate FSCs of prola
particles, such as those used in recording media. To inter
these data would require a model of structure formation
these systems, which should exhibit liquid crystalline ord
ing, in addition to particle chaining. FSCs of superparam
netic particles are also of interest, as these should sho
number of qualitatively different effects.
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APPENDIX: COMPUTATION OF DEMAGNETIZATION
FACTORS

The computation of demagnetization factors for so
rectangular shapes is a problem which deserves some
scription. First, we note that there is considerable confus
in the literature between the Lorentz cavity field and t
demagnetizing field. This confusion no doubt arises beca
these fields are the same~within a sign! for ellipsoidal
shapes, due to the fact that the internal field of ellipso
aligned with the external field applied along the princip
axes is a constant. For other shapes, such as the solid
angles used in our experiments, the internal field is no
constant. For these shapes one must bear in mind tha
Lorentz cavity field is merely a bookkeeping construct,
does not actually exist. In other words, the Lorentz cav
field is a field due to an imaginary cavity cut into a magne
material without disturbing the scalar magnetic equipot
tials. On the other hand, the demagnetizing field is very r
and is the solution to a boundary value problem for a so
permeable body in a medium of different permeability.

To solve this problem we wrote a 3D finite mesh code
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compute the field over a symmetry element~1
8! of a solid

rectangular material of relative permeabilityk. Each interior
node had a functionality of 6, and the solid rectangle
magnetic material was represented as a cube at the cent
two magnet faces. Reflecting boundary conditions were u
at the boundaries whose surface normals were perpendic
to the applied field, so we had, in effect, a cubic lattice
image dipoles. The field produced by a cubic lattice of ima
dipoles at a dipole site is zero, so these reflecting bound
conditions help to reduce the fact that the permeable bod
of finite size compared to the gap between the magnets.
assumed that the magnet faces were of sufficiently high
meability that the magnetic scalar potential was a constan
each face.

The total weighting factors of the bonds connecting t
nodes were the product of two factors. The first represen
the permeability of the solid, and this factor wask inside the
solid, 1 outside the solid, and (k11)/2 for bonds connecting
nodes on the surface of the solid. The second weighting
tor was used to define the shape of the solid. For a s
shape of dimensionsLx , Ly , andLz , all of the weights of
the bonds in the entire lattice pointing in the directionsx, y,
andz, were multiplied by 1/Lx

2, 1/Ly
2, and 1/Lz

2, respectively.
This method of defining the shape is much more useful t
actually putting the shape into the finite lattice, since sha
that might be incommensurate with a finite lattice are exac
accommodated.

The scalar magnetic potential is then fully relaxed
reaching the condition where the potential of each float
potential node is the weighted average of the potential of
neighbors. Getting there is the trick. We used a very f
method, wherein a small mesh, of total size 35335335,
within which is solid permeable body of dimensionsM
3M3M was relaxed first, using local update of the no
potentials, and overcorrecting the updates by a factor of 1
Good convergence was generally obtained after 50–80 it
tions. The internal field and demagnetizing factor were th
computed, being careful to weight the node potentials in
field calculation at the top surface of the solid body to a
count for the fact that we are dealing with a symmetry e
ment of the solid. Next a 70370370 mesh was run, using
the results of the 35335335 mesh to estimate the node p
tentials. Good convergence took 25–50 iterations. The
magnetization factor was again computed and then these
sults were used as the initial guess of a 1403140
3140 mesh. Convergence at this size required;25 itera-
tions. All of this took just over a minute on a 400-MH
Macintosh G3. This entire process was done with vario
sizesM of solid bodies, and the demagnetization factors w
extrapolated to infinite mesh sizeN by plottingn versus 1/N,
and then to zero body size by plottingn(N5`) versus
(M /N)3.
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