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Anisotropic magnetism in field-structured composites

James E. Martin, Eugene Venturini, Judy Odinek, and Robert A. Anderson
Sandia National Laboratories, Albuquerque, New Mexico 87185-1421
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Magnetic field-structured compositd5SCs are made by structuring magnetic particle suspensions in
uniaxial or biaxial(e.g., rotatingg 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 numbg(s): 83.80.Gv, 75.50.Tt, 75.60.Ej, 81.05.Qk

INTRODUCTION between the magnetic poles, this is not trivial, but can only
be accomplished with a knowledge of the anisotropic MRF
When a magnetic particle suspension, consisting of mulsusceptibilities in a structuring field. Of course, in actual use
tidomain particles, is exposed to a uniaxial magnetic fieldthese fluids will be subjected to shear, which is beyond the
the magnetic dipole moment on the particles will generallyscope of this study, but the results presented herein are at
increase and align with the applied field. The particles willleast accurate for the quiescent fluid. The low field suscepti-
then migrate under the influence of the dipolar interactionsility, measured on a random particle suspension, is gener-
with neighboring particles, to form complex chainlike struc- ally not relevant to applications of these fluids, but is some-
tures[1]. If a magnetic particle suspension is instead exposetimes used in internal field calculations of these fluids.
to a biaxial(e.g., rotating magnetic field, the induced dipole =~ A second area of interest is magnetic particle-polymer
moments create a net attractive interaction in the plane of theomposites, which have in some instances been made in the
field, resulting in the formation of complex sheetlike struc-presence of a uniaxial magnetic field. There have been sev-
tures[2]. Similar effects occur when suspensions of dielec-eral studies of the magnetic properties of such materials.
tric particles are subjected to uniaxial and biaxial electricO’ Grady et al. [4] created two different ferrofluids by the
fields. These materials, which we céikld-structured com- thermolysis of dicobalt octacarbonyl in toluene, controlling
posites(FSCg, can have large anisotropies in properties suctthe particle size by appropriate surfactant selection. This re-
as their conductivity, permittivity, dielectric breakdown sulted in a superparamagnetic particle sample, consisting of
strength, optical transmittance, etc. 5.0-nm particles, and a ferromagnetic sample consisting of
In this paper we report on the magnetic hysteresis loops af2.0-nm patrticles, and these particles apparently consisted of
uniaxial and biaxial FSCs of magnetic particles in a thermo-essentially single crystalline domains, so that texture could
setting resin. Relative to unstructured particle compositeshe introduced into the samples by particle alignment. In the
the susceptibility and remanence of these materials is insuperparamagnetic sample a significant increase in the sus-
creased along the axis of the structuring field, and decreaseaxtptibility was found when the samples were field cooled,
orthogonal to this, yet the coercivity is not strongly affectedwhich oriented the particles in the frozen solvent, leading to
by structuring. We demonstrate that in some cases thesggnificant texture, since each particle consists of essentially
changes in the magnetization curves can be attributed ta single crystalline domain. In the ferromagnetic particle
structurally induced changes in the local magnetic fieldsample a significant increase in the remanence was observed
which we compute for simulated FSC structures, obtainedn a field-cooled sample, again due to particle rotation along
from large scale dynamical simulations of interacting hardan easy axis creating significant texture. An analysis in terms
sphere dipoles. Other contributing factors include the crysef texture is given, but it is not clear if the particles formed
talline magnetic anisotropy and the shape anisotropy of thehains, though at least the larger particles should have. Bru-
particles. By considering invariants that involve the suscepgel, Gibbs, and Squirg5] made platelets by ball milling a
tibility, we can distinguish between these factors experimenthin film of Metglas 2605SC. The platelets were oriented in a
tally. magnetic field of 0.4 T, due to the relatively small demagne-
The measurements reported herein should be of interest tzing field in the plane of the platlets, and the polymer resin
those working in magnetorheological fluidRF’s) or in  was then cured. Shifts in the magnetization curves of these
magnetic particle polymer composites. In the area of magnematerials were found which they attributed to particle align-
torheological suspensio8], it is often useful or necessary ment, though it is possible that the observed shifts were
to compute the internal field in the fluid. In many device partly due to the strong local fields produced by patrticle
geometries, where the fluid does not completely fill the gapchains. Jin and co-workef$,7] investigated uniaxial FSCs
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of 20- and 75um Ni particles coated with a thin layer of Ag. Jeffamine, was stirred into the suspension. The suspensions
The conductivity of these materials in response to appliedvere then placed in 1-cm square polystyrene cuvets and de-
strains was the principal goal, but some magnetization meagassed in a vacuum oven at 50°C for 10 min. A 150-G
surements were reported that indicated that these materialgagnetic field was supplied by two large plate magnets ori-
have isotropic magnetic properties. This is not what we findented such that the magnetic field was vertical, to prevent the
for uniaxial FSCs, but perhaps their assessment was intendeddimentation of evolving chain structures. To create a uni-
to be qualitative. They measured conductivities and foundorm biaxial field, we simply mounted the square cuvet on a
that they increased rapidly when the material is compresseghotor and rotated it around the fourfold axis at a speed of
No detailed magnetization measurements were made. 100 rpm and plunged the sample into the center of the mag-
A number of researchers have investigated the magnetgrets, Of course, one can create a rotating field with orthogo-
striction of uniaxial FSCs, an effect that is at least partlyna| coils in quadrature phase, but rotating the sample actually
dependent on the magnetic susceptibility anisotropies. Th@gorks quite well.
authors of Ref[8] created uniaxial FSCs from iron particles Curing the Samp|es was done in several Stages_ The ran-
in a silicone elastomer, and found a large magnetostrictiogiom particle dispersions, which are our control samples,
effect along the direction of the structuring field, reported asyere cured at 25 °C for 20 h while being rotated around the
an increase in the composite shear modulus in a field alignegbrizontal fourfold axis, to prevent sedimentation. This gels
along the shear gradient, which is also the direction of parthe resin so that the particles cannot sediment, but does not
ticle chaining. Similar results were subsequently reported byy|ly cure the epoxy. To fully cure the epoxy, we then post
Jolly et al.[9], and Bednarek10] made direct magnetostric- cured by ramping from 50—100 °C over 3 h, and then curing
tion measurements on randomly dispersed particle compogt 100 °C for at least three more hours. The biaxial samples
ites. The authors of Ref$11] and[12] reported magneto- are made the same way, but the initial, 25 °C cure was done
striction  measurements  of composites of highlyjn a rotating magnetic field. The uniaxial samples were
magnetostrictive, field-aligned TerfenDl- particles in a placed in a uniaxial magnetic field and cured for 20 h at
polymeric host, and the authors of Rgt2] reported chain 50 °C to gel the resin. A post cure was done by ramping from
formation. An enhancement of a factor of roughly 2 was seemg_100 °C over 3 h, and curing at 100 °C for at least three
in the magnetostriction in the oriented partiCle Samples. BUFnore hours. These Samp|es were then sectioned with a dia-
the focus of these magnetostriction measurements was not @Rond saw for susceptibility measurements parallel and or-
the magnetization properties of the composites, though thghogonal to the direction of the structuring field. Optical im-

two phenomena are related. . _ _ages of these structures are shown in Fig. 1.
Studies of the magnetic properties of sheet-like particle

aggregates, such as those that form in rotating fields, are
apparently limited to Fabret al.[13], who created a “smec-

tic ferrofluid’—sheets of superparamagnetic maghemite ISothermal magnetic hysteresis data were measured at
particles—by swelling a lamellar micelle solution of the room temperatur€293 K) for applied fields betweer1 and
surfactant-cosurfactant system sodium dodecyl sulfate=1 T (+6 and—6 T for SmCg) using a commercial super-
pentanol with nanosize maghemite in cyclohexane to form &onducting quantum interference device magnetometer with
lamellar microemulsion. Due to the strong dependence ofh extended dynamic range. The extended range allowed the
demagnetizing factors on lamellar orientation, these fluicise of relatively large random and FSC rectangular samples
phases would orient in modest fiel@00 G, so that the (typically 3x3x5 mn?) with saturation moments up to 25
magnetic field is parallel to the lamallae. Measurements offPAm? (25 emy for 30-vol% iron. These dimensions are
the magnetization of these phases was not reported, thoughuch larger than the coarseness of the field structuring
one would expect a large difference between cooled anghown in Fig. 1, assuring a representative result. At the
field-cooled samples, if the matrix could be frozen withoutmaximum field 6 1 T these samples were in the reversible

upsetting the phase stability of the microemulsion. approach-to-saturation regime, minimizing any history ef-
fects in the measurements.

Magnetic measurements

EXPERIMENT . .
Simulations

Sample preparation We have reported athermgl,2] and thermal14] simu-

Both magnetically soft and hard particles were used inlation studies of structure formation in field-structured com-
these studies. The soft magnetic particles were a @m5- posites. In this paper we use the results of those simulations
carbonyl iron powder from ISP Technologié$SP-R2430, as model structures for the computation of the local field
and was used to make samples with concentrations in theffects that we believe are responsible for the susceptibility
range of 2.0—-30.0 vol%. The magnetically hard particlesdata.
were made of SmGp and were used at a concentration of  Briefly, in these Langevin dynamics simulations the par-
2.5 vol%. Finally, stainless steel fibers from Bekaert Fibreticles are essentially hard spheres with induced dipolar inter-
Technologies were used at a concentration of 1.55 vol%actions, Stokes friction against the solvent, and Brownian
These fibers are 1.0m in diameter and 1 mm in length. motion. The structures used in this paper are obtained from a

The particles were suspended in a mixture of the epoxpimulation method developed to predict the evolution of
resin Epon 828 using 1.0 wt % Triton X-100 as a dispersantlarge, N= 10000 particle systems over short tim@s gen-
These suspensions were placed in an ultrasonic bath for 1 bBral, <150 dimensionless time unjtsThis method has a
and the amine hardener, a 50/50 mixture of Ancaminetime complexityO(N), but gives structures that are statisti-
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FIG. 1. Field-structured composites of particles structured by a
uniaxial magnetic fieldtop), and by a biaxial magnetic fielthot-
tom). Both samples consist of a magnetically soft Fe powder with a
particle size of 4um and at a concentration of 2.0 vol %. The

magnification is 5X. %I )§08008080660 4 %

cally indistinguishable from a separate, more dir&¢N?) _ o o
simulation developed to predict the evolution of smaller sys. tEIGt. 52 Sllr;ulatetq ftrucmres of uniaxiabp) and biaxial FSCs,
tems over longer times. In most of the simulations cyclic®°"" & 2=Vl 7o partcies.
boundary conditions are used in all directions. The size ob Id herical il f radi h
the simulations led to structures whose scale of coarsene$§'" For sp orieal particles of radius the constantc
was much smaller than the simulation volume, minimizing— 16 (#oxc/m|*/4ma®), wherem is the magnetic dipole mo-
the effect of the cyclic boundary conditions. Representativén€Nt: which we take to be aligned with the instantaneous
simulation results for athermal simulations in uniaxial and/€!d; as justified forthwitt{ 15]. Here « is the relz{tl;/e per-
biaxial fields are shown in Fig. 2. meability (to the vacuum permeabilityo=47Xx 10" " H/m)
Dipolar force It is helpful to discuss the dipolar forces ©Of the continuous polymeric phase, which in practice is very
used in our uniaxial and biaxial simulations in detail. We €&y 1. In the absence of Brownian motion, the constant
adopt the convention that the uniaxial field is applied amngdeter_mlnes only the time scale of structural evolution, and is
thez axis,Ho=H,2, and the biaxial field is a rotating field in SPecifically not a parameter that can be usecdtotrol struc-
the x-y plane,Ho=Ho[ sin(@t)X+ cos@t)y], where the field tre- _ e _
frequency is assumed sufficiently high that we need only Brownian motion To compare simulation to experiment
consider the force of interaction averaged over a field cycle[€duires a reasonable estimate of the magnitude of thermal
In either case, the dipole-dipole interaction force betweerlC'CES relative to the dipolar forces. For paramagnetic or dia-
two spheres whose center of mass separation ved®iof magnetic spherical particles the induced magnetic moment is
_ 3 — _ i
lengthr and is inclined at an anglé to thez axis is m=4ma’BHo where=(x,~ )/ (kp+2x.) is the perme-
ability contrast factor, and, is the relative permeability of
. ) . the particles[15]. The force constant in this case G
[(3cog —1)Ff+(sin260)0], (1) = (3m/4) a2 B Hol2. o
For ferromagnetic particles the magnetic dipole moment
wherea=1 for the uniaxial field ande= — 3 for the biaxial ~ depends on the field history as well as the applied field. If the

4
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particles are initially unpoled, then at low applied fields theybonyl iron, should not exhibit a pronounced easy axis, due to
will act as paramagnetic particles having a high permeabilitythe averaging over randomly oriented crystalline domains
On the other hand, if such particles are exposed to a saturatsthin particles, therefore texture should not be an issue, as it
ing magnetic fieldHg the domain walls will move to create a is in nanoscale particles. Furthermore, these particles do not
dipole moment that is roughijns= (47/3)aMg, whereM,  have sufficient shape anisotropy to account for the effects we
is the saturation magnetization along the easy axis of theeport below.(On the other hand, in the stainless steel fiber
magnetic material. After this poling field is turned off, the samples, the measured anisotropy is nearly all due to shape
dipole moment will decay ton, = (47/3)a®M, , whereM, is  anisotropy) The effects we have observe in the carbonyl iron
the remanent magnetization. This dipole moment can be asuspensions are primarily due to the large local fields in
order of magnitude larger than that of a high permeabilityfield-structured composites, and it is this that we will now
soft magnetic material in the low fields we apply to structureconsider.
the particles, so we will consider only the latter case in order
to find a lower bound of the dipolar interactions. Local field effects

The minor (low field) hysteresis loops of ferromagnetic .
materials can be closely approximated as a paramagnetic re- !N the method of Lorentz, the local field is viewed as the
sponse with a relative permeability on the order sum of t_hree terms;.the applied f|eld,.the field duc_a to the
~10%. Because the relative permeability of the liquid phasenearby dipoles, and field due to the cavity. To be definite, we

is essentially 1, this give8~ 1. For a typical magnetic field W_i” C?‘” the uniqu_e axis o_f a FSC the ?‘X‘S-. This s th_e
produced by our structuring magnets, OHy=12 direction along which a uniaxial structuring field is applied,

X 10° Am~1 (150 08, and a particle radius of Lm, this and is orthogonal to the plane in which a biaxial structuring
gives a dipole momer'mzl.Sx 10 BA M2 The interéction field is applied. We will specifically compute the magnetic

energy of the dipole moment with the applied field will be Fggspii:f'ies along this axis, they plane being trivial by ex-
=2.3x10" 1 L , . .
poMHy=2.3<10"J, and because the thermal energy at™ "\ o1 The field produced at a relative positiorby

room temperature ikgT=4.1x10"2! J, the poled particles ; : .

will be completely aligned with the field, justifying the use & Particle of dipole momen is [15]

of Eq.(l). 3?(m-f)—m
The energy required to separate two magnetized particles H=——%—

in contact along the axis is m?uy/16wa=5.6x10 1€J, dart

which is vastly in excess of the thermal energy, so that Sucb/\/hen a susceptibility measuring field is applied along zhe

particles will contact irreversibly and Brownian motion " the local field will b bl I alianed with th
should have a negligible effect on the evolution of structure 8X!S; the local leld will be reasonably well aligned wi €
z axis, due to the symmetry of the structures. Thus we need

Thus the structures we use to compare simulation to experf: ) :
ment are those that have been generated athermally. only consider the component of the field produced by the

Time scale In the absence of Brownian motion the component of the nearby magnetic dipoles. In a lattice each

strength of the dipolar interactions alters only the coarsening'te |s_eqU|_vaIent: in disordered _materlals the field produced
time scale, not the structural evolution. The dimensionles&!t thelth dipole by the nearby dipoles,
numerical equation of motion is thus of the fordau
=Asf(r,6), where the dimensionless lengthu=Ar/2a. H
The dimensionless time i&s=Atugk.B8°H3/167,. For
a suspending liquid with a viscosityy, of 1 cP, an
applied field ofHy=3.58 A/m (45 08, k=1 and =1,  Wwill fluctuate. HereP,(x)=(3x?—1)/2 is the second Leg-
As=At (s)X10° (s 1), so under these conditions one di- endre polynomial, and, ;; is the angle the line of centers
mensionless time unit is about a millisecond. The simulatiorbetween theith and jth dipoles make to the axis. This
data we generate are for structures that have evolved for 15®nditionally convergent sum is over all dipoles in the Lor-
dimensionless time units, which is far less than the time oveentz cavity, which must be chosen to be large compared to
which the experimental samples were allowed to structure. structural correlations in the material, so that the sum con-
verges, and for convenience is chosen to have cubic symme-
try.
With little error these fluctuations can be ignoré¢dl] so
There are at least three possible causes for the changesW Will average Eq(3) over theN dipole sites in the system
the magnetic properties of field-structured composites. Th@nd use this average dipolar field
first is that in the magnetic field the particles rotate so that
the easy magnetic axis of the particles aligns with the field -m
The second is that the particles are nonspherical and thdédipZZﬂ'ag Y22
rotate so that their long axis aligns with the field, since this
increases their polarizability and thus reduces their free en- 1 N
ergy. The third is that the local magnetic field is strongly where ¢,= — — >, >,
affected by structuring the samples. Depending on the type Nj=1 45
of particles used, some or all of these effects can be impor-
tant. The quantityy, is an order parameter for these materials,
Particles with a polycrystalline morphology, such as car-and is readily shown to obey the sum rulg+ i+ ¢,=0.
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In both uniaxial and biaxial FSCs tlzeaxis is unique and the TABLE I. Values of ¢, for simulated structures of uniaxial and
x andy axes are degenerate, leading to the useful relatiohiaxial FSCs.

U= hy=— i, l2. o
The field for a Lorentz cavity of cubic symmetry can be ¢ Structuring field 2
o.bt.ained by integrating over the pole density at the surface, chain _0.301
giving [16] 0.05 uniaxial ~0.263
1 m 0.10 " —0.246
— M= — 45 0.15 " —0.232
Ream M= 2 9% ® 0.20 . ~0.211
0.25 " —0.187
Here the magnetization density of the compodite- m/v 0.30 ” —0.162
has been used with=4ma%3¢, the volume of composite 0.40 ” ~0.115
per dipole andp the volume fraction of particles. 0.50 ” —0.070
Particle moment An expression for the particle dipole 0.00 hexagonal sheet 0.690
moment is now needed. The magnetic dipole momem is 0.05 biaxial 0.454
= (47r/3)a3Mp, whereM,, is the particle magnetization den- 0.10 " 0.428
sity. For a soft, linear, isotropic magnetic material in a me- 0.15 . 0.414
dium of permeabilitywy, the magnetization density induced 0.20 ” 0.393
by an external fielH,,; is a standard boundary value prob- 0.25 " 0.349
lem, the solution of which is dependent on the particle shape 0'30 " 0'303
[17]. The applied field magnetizes the particle, and this mag- 0'40 " 0'223
netization creates a field which opposes the applied field, and 0'50 . 0'120
to which the particle itself is subject, so that the field inside ) '
the particle,H;,, is reduced. For ellipsoidal objects the in-
ternal field is constant and can be expressedgs Hgy «
—nM, wheren is the shape-dependent demagnetizing factor, -
which is exactly: for a sphere. In terms of the susceptibility alX) (14 [x] )M @)

Xp=Kkp—1 of the material of which the particles are com- )

posed (,=up/1o), the magnetization is = x,H;, and the We can now compute_the local field and the (_jependence of
internal field is Hi,=Heq/(1+nx,). A shape-dependent the magneyq _hystere3|s loops on the co_m_posne structure.
particle susceptibility can be defined through the relation Susceptibility To compute the susceptibility we need only
Xs=0dM/dH e, which givesys=yx,/(1+ny,). Even fora €xamine the linear response region near one branch of the
magnetic material of infinite permeability, this particle sus-hysteresis loop, wherl;=35(H o.—Hcoe) . Equations(4)
ceptibility will only be x¢(x,—)=1/n, so that for spheri- and(5) can then be substituted inkdo.=Ho+ Hecay+ Hap t0

cal particlesy<=3 is the limiting value. For prolate sphe- ObtainH,c=Ho+ B(p+ Swif;) (Hioc—Heoed . Where the con-
roids the value of along the major axis is smaller thgrand ~ Stanté,= —2 for a field applied along the axis andé

along the minor axes is (2n)/2, and the sum rule,+n, =1 for afield applied in the-y plane. Rearranging gives

+n,=1 is obtained17]. Because most of our measurements

are made on nearly spherical particles we yse 33, where Hioe— H Ho—Heoer %)
oC

B=xp/3+ xp is a permeability contrast factor that is roughly coer™ 7 — B(p+6,,)°

1 for the high susceptibility materials we use in our experi-

ments. The susceptibility along thev axis, defined byM = x,,(Hq
The external field near a particle in a many-particle sys—H¢,e), can be obtained usingl =38¢(Hoc—Hcoed

tem isHj,., SO we can write the magnetization density as

M= xsHioc=3BH o Which gives a particle dipole moment 3B¢

m=(4m/3)a®M,=4ma®pHy. If the material has a coer- XTI B(h+ ou,) ©

civity Heoer, then for fields very close to the coercive field

the magnetization will bevl;=3B(H o= Heoed, Where the  Thys the susceptibility is independent of the coercive field,

+ refers to the separate branches of the hysteresis loop. and is quite large whe#,, i, is large and positive, as it is for
For arbitrary fields we must take into account the nonlin-ynjaxial FSCs along the axis and biaxial FSCs in the-y

ear nature of magnetic materials, which can saturate at efiane. Local field effects do not alter the coercive field, since

perimentally accessible fields. Callings, the saturation at the coercive field the magnetization vanishes. The suscep-
magnetization, the magnetization can be expressed as tjpility anisotropy is

HiocE Heoer _ Xz _ 1-B(o+ )
Mo ) © P Ny 1-B6-20) (10

Mp:‘?’ﬁMsatf

wheref(x) =x for x<1 andf(x)=1 forx>1. Itis notreally  which in the limit of zero concentration and for highly per-
necessary to specify a detailed form at this point, but dataneable particles ip=(1—¢,)/(1+24,). From the values
can be fit reasonably well using of the order parameter given in Table | we see that the ex-
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FIG. 3. Susceptibilities calculategBE& 1) for simulated ather- FIG. 4. Susceptibilities calculate@BE 1) for simulated ather-
mal structures of uniaxial FSCs show an enhancement along themal structures of biaxial FSCs show an enhancement inxtlye
axis and a slight decrease in they plane. Thez axis susceptibility  plane and a significant decrease alongzlais. The anisotropy is
is essentially proportional to particle volume fraction. inverted from the uniaxial case and in this case it isxthe plane

susceptibility that is essentially proportional to particle volume frac-
pected maximum anisotropy for uniaxial FSCspis 2.45,  tion.
whereas for biaxial FSCs=0.308 (1p=3.24).

This susceptibility relation suggests a quanfitythat is
invariant to structure:

sample of the same volume fraction along the direction of

the structuring fieldusing ¢,= —0.246 from Table ). We

chose the value 2 for the exponemtin Eq. (7), since this

1-B¢ seems to describe our experimental data well. Here we have
Bo assumed./Mg,= 0.5, which leads to a 40% increase in the

FSC magnetic remanence, with the field applied alongzthe
It is thus apparent that for a uniaxial FSC the smallest posaxis, relative to the random dispersion. The energy dissipa-
sible susceptibility in thex-y plane is just two-thirds that of

Xw = (11

W=Xy,Z

a random sample, whereas for a biaxial FSC the smallest
possible susceptibility along theaxis is one-third that of a
random sample.

Values of the order parametet, computed for simulated
structures are tabulated in Table | for uniaxial and biaxial
FSCs(y,=0 for random dispersionsand the plots of the
susceptibilities are given in Figs. 3 and 4, for uniaxial and
biaxial FSCs. Note that the biaxial susceptibility anisotropy
is inverted relative to the uniaxial case, and that the suscep-
tibility along the z axis is considerably lower than that of a
random dispersion.

Hysteresis loopsTo compute the complete hysteresis
loops we need to solve a transcendental equation. Writing in
terms of the dimensionless fielts' = H/M ¢, gives

Hl,oc: H6+ ﬁ(¢+ 5W‘7[fz)f(Hl,oci H[:oeg

for the local field as a function of the applied field. The
dimensionless magnetizatidl’ =M/Mg, is then obtained
by substituting the local field into

0.5

5
E 0.0

12

-0.5

10F

— — - x-y plane

random
z axis

FIG. 5. The magnetic hysteresis loops of a uniaxial FSC is com-

M’ =3B¢f(Hioe*Heoen- (13 pared to that of a random particle dispersion, both with

=10vol %, using the values of the order parameter from Table I,
An example of how the hysteresis loop would be expecteéing g=1. The hysteresis loop along thzeaxis is shifted so as to
to change for a uniaxial FSC is shown in Fig. 5. Here wegive a magnetic remanence almost 40% greater, and conversely the
compare the computed hysteresis loop for a 10-vol% random-y plane loop has a slightly lower remanence. In these calculations
particle suspension,=0) to that expected for a structured we have assumed./M 4 ,=0.5.
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L L R L Table I. The magnetization ratios reach a maximum at the
22 N I 7 coercive field, where the magnetization ratio is just the sus-
rooTTT z axis [ o 1 ceptibility ratio. Note that the anisotropy of the biaxial FSC
20 — T Xxyplane . O . is inverted relative to the uniaxial FSC, with two high mag-
- P P ] netization axes and one low axis.
18+ ’/ ‘yy // ‘\ - A few fixed points can be used to construct a reasonable
£ ! Vo ) | approximation to the magnetic hysteresis loops of particle
16l | Vo ! 4 composites. Specifically, we note that the saturation magne-
= ) V) | ] tization and coercive field are not affected by the local field,
\‘)&1 al h \/ | | and that the susceptibility is given by E§). An expression
= / /’\\ \ | that satisfies these constraints is
121 // // \\ \\ 7 Ho=Hcoer
oLz e ] M=3BMal | 1= Blo+ a1 Y
! T~ T~ T 7 ' wheref (x) is again given by Eq(7). This form is useful for
0.8 ~_ S 4 fitting experimental data.
P T SR N | T |
-2 -1 0 1 2 Shape anisotropy
Ho/Msat

In suspensions of particles with shape anisotropy, such as
FIG. 6. The magnetic anisotropy of a 10-vol % uniaxial FSC prolate spheroids, liquid crystalline ordering will occur in
with H./M¢,=0.5 is shown by dividing the computed magnetiza- addition to the formation of anisotropic particle structures
tion of the FSC by the magnetization of a random particle disperwhen a field is applied to the sample, due to the demagne-
sion. The greatest anisotropy occurs at the coercive field, and thiizing fields that occur within these particles and cause them
remanence ratios are given by the crossover points in the curvesto align. The parallelto the long axis and perpendicular
demagnetizing factors for a prolate spheroid of major axis
tion during a major cycle of the magnetic field is the areaand minor axish, having an aspect ratig=a/b, are[17]
within the hysteresis loop, and this area is not affected by

these local field effects, a fact which is easily demonstrated 1 g | (g+ \/gz—l) 1
by integrating these computed loops. =4z n -
y Integrating P p 9°-1|2Jg2—=1 \g—g?—1

The changes in the hysteresis loops are more easily dis-

cerned by dividing the magnetization of the FSC by that of a 1
random dispersion. This is done in Figs. 6 and 7 for 10-vol% =—(In2g—-1) for g>1,
uniaxial and biaxial FSCs, again using the valueg/pfrom 9 (15
n,=(1-ny)/2.
] | ~ | p | | From this we see that prolate s_pheroids will align with their
sl T z axis i | \ i long axis parallel to the structuring field, because the demag-
= — — xyplane [\ \ netization factor is a minimum in this orientation, permitting
;o / \ ] a larger internal field and particle magnetization, reducing
16 [ / \ 7 the magnetostatic contribution to the free energy. The sus-
/ \ // \ 1 ceptibility in this Qirgction will bex|‘=.xp/(1+'n”xp), where .
141 / y \ 7 Xp is the susceptibility of the material of which the spheroid
gt / y \ \ 1 is made. For spheroids of high susceptibility materials,
§1_2 - J N AN . where n x,>1, we can approximatey, = 1/n,~g?%/(In 2g
L s N \\\ ] —1). The demagnetization factor in the perpendicular direc-
jor=="——"" T = tions will then ben, =(1—n,)/2=1/2, orx, =2.
| T JUCEE The susceptibility relationship for a field-structured com-
o8- \\\\ \\\\ 7 T posite of prolate spheroids is simple in the approximation
) | that the particles are completely aligned with the fi€lthe
case where the angular correlations are decoupled from the
0.6 - N /\X\\ // ] spatial correlations is also straightforwaréfrom Eg.(9),
— x4
HOIMsat ’ 1 1 1 ,
—3x(é=205)  n= 5 (d-20)
FIG. 7. The magnetic anisotropy of a 10-vol % biaxial FSC is (16)
shown py iniding the computec_i magnetize_\tion of t_he_FSC by _the XL b é
mhagdnetlzatlorc1j of a rar;.do?w parltlcle Zdh:;:si([.)er.mon. In blak;ilal' materials Xx.y= 1 = 1 1 .
the decreased magnetization alon is is comparable in mag-
nitude to the enha%cement in theygplane. P ’ ! §XL(¢+ y2) 2 §(¢+ v2)



PRE 61 ANISOTROPIC MAGNETISM IN FIELD-STRUCTURED.. .. 2825

The anisotropy of such materials should be much larger than ~ TABLE Il. Measured and corrected susceptibility data.
that of spherical particle systems, but to evaluate this one :
would need a model of structure. Type ¢ Aspect ratio Xm X
In the stalnless §tee'l fiber compqsnes we gon&derbelovxeomrol 0028 150 0155 0161
a good approximation is that there is no spatial ordering, so . . .
. I Uniaxial, z 1.58 0.336 0.364
,=0. At low concentrations, the susceptibilities of the com-~ .~ .
. - _ uniaxial, xy 1.55 0.106 0.109
posite are theny,= x;¢ and x,,=x, ¢. To compute the biaxial . 156 0.076 0.077
susceptibility of a control sample of randomly oriented pro- laxial, z ' : :

late spheroids one notes that the susceptibility of a singl8'@ial:xy ! 1.60 0.298 0.320

prolate spheroid rotates like a second rank tensor. Averaging’"! ,9'05 1.69 0.288 0.308
over all orientations then givegangon= & (x;+2x,). This  Uniaxial,z 1.60 0.636 0.742
suggests that for low concentration systems consisting dffniaxial.xy " 1.66 0.234  0.247
aligned particles, the sum of the susceptibilities is an invariPiaxial, z ) 1.53 0.136 0.141
ant quantity, in contrast to the sum of the inverse susceptibiaxial, xy ! 167 0.685 0.805
bilities being an invariant for systems whose magnetic ancontrol 0.10 151 0.609 0.712
isotropy is derived from local field effecfsee Eq(11)]. uniaxial, z ! 1.63 1.049 1.355
uniaxial, xy " 1.55 0.520 0.592
EXPERIMENT Eiaxia:, z " 1.49 0.3é8 O.SS:
iaxial, xy ” 1.57 1.1 1.5
Demagnetizing factors control 0.15 1.61 0.926 1.162
The experimental measurements on these materials wekgiaxial, z ! 1.47 1.423 2.110
complicated by several practical considerations. First, iruniaxial,xy ! 1.69 0.775 0.928
magnetic susceptibility measurements the sample does nbtaxial, z " 1.65 0.774 0.930
fill the gap between the magnetic plates, so for any sampléiaxial, xy " 1.68 1.484 2.130
geometry demagnetizing field corrections must be applied teontrol 0.20 1.47 1.200 1.662
the measured! vs H curves. The demagnetization factor uniaxial, z ” 1.49 1.710 2.764
can be computed exactly for solid ellipsoids, and because thgniaxial, xy " 1.69 1.125 1.469
field inside solid ellipsoids is constant when applied alongpiaxial, z " 1.67 1.111 1.380
principal axes, the demagnetization factor is a simple conpjaxial, xy " 1.59 1.739 2.750
stant that is independent of the material permeability. HOw+gntrol 0.25 1.41 1.486 2287
ever, we felt it was impractical to machine our composite njaxial, z " 1.55 1.983 3434
materials into solid eII|p§0|ds. Samples formed into Ionguniaxial,xy " 1.62 1.437 2064
needles or thl'n sheets aligned with the field have very Smagiaxial, . " 163 1.421 2027
demagnetization factors, but our susceptometer_llmlts us tBiaxiaI,xy " 177 1935 3.073
samples no longer than 10 mm, and we do not wish to makgontrol 0.30 154 1796 2936
the samples too narrow or thin as this would make the sta- . - : ' X
. . - uniaxial, z 1.55 2.188 4.066
tistical sampling of our mesoscopic structures rather poor. = ™" "
In the end, a diamond saw was used to prepare samples Lérf'a.)('al‘xy . 1.60 1.808 2.912
concentrations of 2.8—30.0-vol % particles into solid rect-2/2@!2 1.54 1.832 3.030
biaxial, xy " 1.71 2.216 3.900

angles measuring roughlyx33x 5 mnt. At each concentra-
tion five samples were made: a control sample; a uniaxial
sample with a 5-mm axis along theaxis of the FSC; a
uniaxial sample with a 5-mm axis along theaxis of the = model the scalar magnetic potential field inside the solid
FSC; a biaxial sample with a 5-mm axis along thaxis of  rectangular shapes of our samples. The demagnetization fac-
the FSC; and a biaxial sample with a 5-mm axis alongxthe tor was then computed from the average field in the sample
axis of the FSC. The 5-mm sample dimension was aligne®y
along the magnetic field in the susceptometer. The choice of
solid rectangular samples facilitates sample preparation, but
makes correcting the data for demagnetizing fields difficult.

The measured susceptibilitigg, are shown in Table II. n(x)= HO—_'”. (18
Susceptibility correctionsThe true composite suscepti- xHin
bilities are related to the measured susceptibilities by the
relation
The data from the 3D code were extrapolated to infinite
= Xm 17) mesh size and zero sample size and the code was run for
1-n(x)xm’ values of the susceptibility of 0.5, 1.0, 2.0, 4.0, and 9.0.

These data are shown in Fig. 8 for aspect ratios pertinent to
where the demagnetization factor for the nonellipsoidalour samples. Data for each aspect ratio were fit to a function
shapes of our samples is also dependent on the true compay- the form n(x)=A+B/(x+C), and this function was
ite susceptibility. To compute the demagnetization factoraised to iteratively correct our experimental data, using Eq.
we wrote a three-dimension&D) finite difference code to (17). The results are in Table II.
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FIG. 8. The demagnetization factors for solid rectangular bodies
as a function of aspect ratio and relative permeability. Fits to these FIG. 10. The susceptibilities of biaxial FSCs of Fe particles
data were used to iteratively correct the measured susceptibilitiesshow an inverted anisotropy relative to the uniaxial case. Again,

these data are similar to the point dipole predictions in Fig. 4, and
Soft magnetic particles the measured values are twice as large as expected.

Susceptibility The qualitative trends in the susceptibility simple, self-consistent point dipole approximation does a
data in Figs. 9 and 10 follow the behavior anticipated in Figs ood jc,)b of describing the trends. The susceptibility anisot-
3 and 4, but the measured values are larger than expected, by is p=3.34 for the uniaxial FSC at 2.8 vol %, and/is
nearly a factor of 2. This discrepancy is due to the fact that_ 0.241(1p=4.16) for the biaxial FSC at the sam,e concen-
we have used a simple point dipole approximation in com-

. ) ' hat the 75-ms coarsening times of the simulated structures
as iron. In essence, there are multipolar terms that need to %

idered in order to obtai fitai + vet th e very small compared to that of the experimental samples.
considered in order to obtain quantitative agreement, yet In€ g susceptibility invarian€) is plotted in Fig. 11 for the

l control sample, and the uniaxial and biaxial FSCs. Despite
r —
4| _
K L L T L
- n 4
——&— control 20 - | 4
i —-4#— uniaxial, z axis F ?’(\
r —&—— uniaxial, x-y plane by
3 7 %\ fffff X random
_ L \\‘ - - m- - uniaxial 1
4 15 kY —B5— - bjaxial -
|
_ L X ]
.| - \. -
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0.0 0.1 0.2 0.3 o, . . T
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o

FIG. 9. The susceptibilities of uniaxial FSCs of Fe particles over
the range of 2.8—-30.0 vol %. These data are similar to the point FIG. 11. The invarianf) is computed for the experimental data.
dipole predictions in Fig. 3, but the values are twice as large aghis invariant does seem to be invariant to structuring, despite fac-
expected, due to the large magnetization that occurs at particle comer of 2 discrepancies in the measured susceptibilities with the self-
tact points. consistent point dipole model.
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FIG. 12. The measured magnetization curves for a uniaxial FSC no(Ho-Heoer) (T)
of Fe particles at 2.8 vol % were fit to the four-parameter function
in Eq. (14), and for clarity only the fits are shown, since these run  FIG. 13. The magnetization ratios of a uniaxial FSC of Fe par-
through the data. In these soft magnetic particles the coercive fielticles at 2.8 vol % are shown. These curves were obtained by di-
is extremely small(~10 O@, so to avoid congestion only one Viding the fits in Fig. 12, and are similar to those in Fig. 6.
branch of the hysteresis loop is shown. The behavior is otherwise

similar to that of Fig. 5.

puted local fields back into Mgge=574f5 (Hioc

" . . ; .
the influence of multipolar interactions on the measured sus—_HCOeQMZ%] and plotting this againstl, then gives the

ceptibilities, () does indeed seem to be an invariant of thes gurves shown in Fig. 15. The effective value of the order

structured nanocomposites, suggesting that this invariant arameter,yr,= —0.181, was determined by matching the
P S, SUGYS 9 3xperimentally determined susceptibility ratio, and this value
not affected by multipolar interactions.

Hysteresis loops In general, experimental hysteresis gives reasonably good agreement over the full range of the

e ) . curves.

loops can be very _d|ff|CgIt to interpret, due to the con_wple?qty This value of the order parameter is lower than expected
of the demagnetlzmg_ field corrections for our nonelllpsmdala this particle concentration, yet this is probably the most
Sanlef' TheteSSSn%alfprolilﬁm IS thaétheted%es of the.fSO“r alistic means of computing the order parameter, since ap-
rectangles saturate before the core, due to the nonunifor . . Y .

fields \?vithin the sample. This effect is only small for com- rﬁ'ealmg directly to the point dipole modpkr se gives us a
posites of low susceptibility, so we only report data for the

samples at 2.8-vol % Fe. These Fe particles showed an ex- o T
tremely small coercive fiel~10 Og, so to avoid confusion 20r i 7
we plot only one branch of the loop. These experimental data I 2 axis /' ' |
were fit to the form in Eq(14), and the resultant fits for the i

uniaxial structures are shown in Fig. 12. The magnetization i b
ratios for the uniaxial and biaxial samples are shown in Figs. I ! !
13 and 14, respectively. All of these data bear a strong re- i
semblance to the expected behavior, shown in Figs. 5-7,
which is surprising in light of the approximate nature of the
point dipole model.

It is interesting to determine how well the experimental
data for the FSCs can be predicted from the magnetization ™[ ---- T
data for the control sample. The control sample has a mag- e |
netization that is considerably greater than that predicted by
the point dipole model, so the local fields are much greater.
The magnetization data for the control sample are well de-

iy
(5]
T
|

Mgsc/Mrandom

o
\
\
!
4
1
i
1

scribed byM =574f,[ (Ho* Hcoe)/4285]. Because the par-
ticle concentration is low, the local field in this sample is
essentially the applied field, so we can approximate the
single  particle  magnetization  function by M,
=(574Ip) f 5] (H et Heoed/4285]. The local field in the

numerically solving the equationH,.=Hg+(M,/3)(¢
+ 6, ,) for a particular value off,. Substituting the com-

0.5 -

I 0.0 I
Ho(Ho-Heoer) (T)

0.5

1.0

. ) - FIG. 14. The magnetization ratios of a biaxial FSC of Fe par-
FSCs can then be found as a function of the applied field byicles at 2.8 vol % are shown. These curves were obtained by di-

viding the fits to the magnetization curves, and are similar to those
portrayed in Fig. 7, with an especially exaggerated lower curve.
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FIG. 15. The experimental magnetization data for a random ugHo (T)

sample of Fe particles at 2.8 vol % is used to generate the observed
data for the uniaxial FSC of Fe particles at the same concentration. g 16, Magnetically hard uniaxial FSCs of SmQuarticles

The best agreement is found using a value of the order parametghoy an extremely large remanence anisotropy, approximately
that is lower than that obtained from simulation data, possibly in-g 5:1. This and the differences in the apparent saturation magneti-
dicating that particle friction reduces ordering. zation, are due to the large crystalline anisotropy in this material.

per particle susceptibility that is about one-half that which . ,
we observe. The low order parameter might be due to paﬁSpeCt ratio of 10 (These fibers come as bundles, and we

ticle friction, and optical transmittance experiments we haveund it difficult to disperse them completely, so the effec-
conducted on Fe particles seem to bear this out. We conclud/® aspect ratio is much lower, more like 1We prepared a
that the rather good agreement of the observed susceptibilifigndom sample at 1.55 vol %, and measured a susceptibility
anisotropies with the point dipole model is fortuitous, theOf Xrandon=0.324, which is roughly 3.6 times greater than
poorer than expected structural ordering tending to cancdhat expected for the spherical carbonyl iron at the same
the large magnetization that occurs at the contact points b&oncentration. A uniaxial FSC gave a susceptibility along the
tween particles. z axis of y;=0.878 and a susceptibility in they plane of
x . =0.126, the latter of which is much larger than expected,
Hard magnetic particles indicating incomplete alignment of the fibers with thaxis.
. . . . From these measurements on uniaxial FSCs we would ex-
Creating composites of magnetically hard particles of .
SmCagq presented a number of difficulties, due to the Iargepe.c.t?(fa”d."m:0'376’.Whlc.h shows that the sum of the suscep-
: é|b|l|t|es is nearly invariant for strongly oriented prolate
concentrations the coarsening kinetics in a uniaxial field waSPheroids. This analysis is only qualitative: To treat these
so rapid that very large particle columns formed. To reducdiPer samples adequately one would have to have a means of
the growth kinetics we added 10-wt% BaTji@articles to _generatmg or_lentat|0nal dlstrlbutlpn functions, qnd estimat-
increase the suspension viscosity. Second, we were unable iftg the local field effects, all of which would require a model
form structures in a biaxial field, due to the hydrodynamicOf structure, which is beyond the scope of this paper. Here
effects produced by particle rotation, so our measurement&e only wish to emphasize that the expected magnetic an-
were restricted to uniaxial compositgk3]. isotropy is subject to a different invariant if form anisotropy
The magnetization curves in Fig. 16 show a surprisinglydominates.
large remanence anisotropy for this system, wjithM,
=3.8mT in thex-y plane anduoM,=32.2mT along thez CONCLUSIONS

axis. This 8.5-fold anisotropy is larger than can be accounted A study of the magnetism of uniaxial and biaxial field-

for by local field effectswhich predict at most a factor of ructured composites shows that substantial alterations in
2.5, and because the apparent saturation magnetization ] comp : .
e magnetization curves occurs. In soft, spherical magnetic

also anisotropic in this case, the excess remanence anis article composites the susceptibility at the coercive field
ropy can be attributed to the large crystalline anisotropy i P P y

these particles, which must align along an easy axis when thpcreases substantially in the Qirection or plane of t'he gtruc-
field is applied' turing field, and decreases in the orthogonal directions.

Uniaxial FSCs have one high susceptibility axis and two low
axes; biaxial FSCs have two high axes and one low axis. The
remanence is altered accordingly, but the coercive field and
The effect of shape anisotropy is illustrated by measurethe hysteretic losses are unchanged by structuring. The sum
ments on samples of stainless steel fibers having a nominaf the inverse susceptibilities along the principal axes of the

Fibers
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material is invariant to structuring. The self-consistent pointcompute the field over a symmetry elemégt of a solid
dipole approximation gives a good qualitative description ofrectangular material of relative permeability Each interior
the data, but underestimates by a factor of 2 the magnitude @fode had a functionality of 6, and the solid rectangle of
the measured susceptibilities. A good description of the magmagnetic material was represented as a cube at the center of
netization curves is obtained after accounting for this factotwo magnet faces. Reflecting boundary conditions were used
of 2 in the amplitude. at the boundaries whose surface normals were perpendicular
FSCs of magnetically hard particles exhibit an anisotropyo the applied field, so we had, in effect, a cubic lattice of
in the magnetic remanence that is much larger than expecteghage dipoles. The field produced by a cubic lattice of image
based on the self-consistent point dipole approximation. Thigjipoles at a dipole site is zero, so these reflecting boundary
is attributed to the large crystalline anisotropy, which causegonditions help to reduce the fact that the permeable body is
particles to align along an easy magnetization axis. of finite size compared to the gap between the magnets. We
Finally, composites of magnetic fibers are shown to beassumed that the magnet faces were of sufficiently high per-
dominated by shape anisotropy, and exhibit an invariant fopeapility that the magnetic scalar potential was a constant at
the sum of the susceptibilities along principal sample axessach face.
In the future we would like to investigate FSCs of prolate  The total weighting factors of the bonds connecting the
particles, such as those used in recording media. To interprefodes were the product of two factors. The first represented
these data would require a model of structure formation inthe permeability of the solid, and this factor wainside the
these systems, which should exhibit liquid crystalline order-g|id, 1 outside the solid, andk@ 1)/2 for bonds connecting
ing, in addition to particle chaining. FSCs of superparamagnodes on the surface of the solid. The second weighting fac-
netic particles are also of interest, as these should show @ was used to define the shape of the solid. For a solid

number of qualitatively different effects. shape of dimensionk,, L,, andL,, all of the weights of
the bonds in the entire lattice pointing in the directiony,
ACKNOWLEDGMENTS andz, were multiplied by 12, 1.7, and 1LZ, respectively.

did Nis method of defining the shape is much more useful than
S actually putting the shape into the finite lattice, since shapes
‘that might be incommensurate with a finite lattice are exactly
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partment of EnergyDOE). reaching the condition where the potential of each floating

potential node is the weighted average of the potential of its
neighbors. Getting there is the trick. We used a very fast
method, wherein a small mesh, of total sizex3HX 35,
within which is solid permeable body of dimensiohé

The computation of demagnetization factors for solid XM XM was relaxed first, using local update of the node
rectangular shapes is a problem which deserves some dpetentials, and overcorrecting the updates by a factor of 1.94.
scription. First, we note that there is considerable confusiof500d convergence was generally obtained after 50—-80 itera-
in the literature between the Lorentz cavity field and thetions. The internal field and demagnetizing factor were then
demagnetizing field. This confusion no doubt arises becausgomputed, being careful to weight the node potentials in the
these fields are the sam@vithin a sign for ellipsoidal field calculation at the top surface of the solid body to ac-
shapes, due to the fact that the internal field of ellipsoidsount for the fact that we are dealing with a symmetry ele-
aligned with the external field applied along the principalment of the solid. Next a 7070x 70 mesh was run, using
axes is a constant. For other shapes, such as the solid rette results of the 38 35X 35 mesh to estimate the node po-
angles used in our experiments, the internal field is not dentials. Good convergence took 25-50 iterations. The de-
constant. For these shapes one must bear in mind that tmeagnetization factor was again computed and then these re-
Lorentz cavity field is merely a bookkeeping construct, itsults were used as the initial guess of a %4@0
does not actually exist. In other words, the Lorentz cavityX 140 mesh. Convergence at this size require2b itera-
field is a field due to an imaginary cavity cut into a magnetictions. All of this took just over a minute on a 400-MHz
material without disturbing the scalar magnetic equipotenMacintosh G3. This entire process was done with various
tials. On the other hand, the demagnetizing field is very realsizesM of solid bodies, and the demagnetization factors were
and is the solution to a boundary value problem for a solidextrapolated to infinite mesh sideby plottingn versus 1N,
permeable body in a medium of different permeability. and then to zero body size by plotting{N=0) versus

To solve this problem we wrote a 3D finite mesh code to(M/N)3.

APPENDIX: COMPUTATION OF DEMAGNETIZATION
FACTORS
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