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A computer simulation method has been used to study the three-dimensional structural formation and
transition of electromagnetorheologicdMR) suspensions under compatible electric and magnetic fields.
When the fields are applied simultaneously and perpendicularly to each other, the particles rapidly arrange into
single layer structures parallel to both fields. In each layer, there is a two-dimensional hexagonal lattice. The
single layers then combine together to form thicker sheetlike structures. With the help of the thermal fluctua-
tions, the thicker structures relax into three-dimensional close-packed structures, which may be face-centered
cubic (fcc), hexagonal close-packeétcp) lattices, or, more probably, the mixture of them, depending on the
initial configurations and the thermal fluctuations. On the other hand, if the electric field is applied first to
induce the body-centered tetragoffatt) columns in the system, and then the magnetic field is applied in the
perpendicular direction, the bct to fcc structure transition is observed in a very short time. Following that, the
structure keeps on evolving due to the demagnetization effect and finally forms close-packed structures with
fcc and hcep lattice character. The simulation results are in agreement with the theoretical and experimental
results.

PACS numbe(s): 83.80.Gv, 61.90+d, 61.20.Ja

[. INTRODUCTION synergistic EMR effect in this case is assigned to the increase
of the number of the chains bridging the platgs However,
Electrorheological(ER) and magnetorheologicalMR) when the fields are applied perpendicularly, the structure

fluids are typically comprised of polarizable particles dis-formed in EMR suspensions depends on the ratio between
persed in a liquid. When an electric or magnetic field isthe strength of the fields. Theoretical calculations indicate
app"ed’ the particles aggregate to form chain or Columﬁhat if the e|eCtriC(OI’ magneti¢ field is dominant, the ideal
structures which modify the effective viscosities of the fluidsStructure of the system is still the bct lattice with its fourfold
dramatically. Though the ER and MR phenomena are similafotational axis along the dominant fiel,6]. When the ratio
in character, the fundamental physical mechanisms respoff€tween the fields exceeds a minimum value so that the elec-
sible for them are different. Each of them has characteristid'' and magnetic interactions between the particles become

advantages and disadvantadés-4]. Recently, there have compatible, the dipolar energy for the hexagonal close-

been some attempts to combine the ER and MR effects fo?aCked(th) and face-centered cubigcc) lattices will be
much smaller than that of the bct lattice, implying a struc-

getting better rheological properties. One attempt is the de-

I t of the elect torheologitaMR) tural transition from the bct lattice to the close-packed lattice
velopment of the electromagnetorheolog Suspen- ,6]. Since the energy difference between the hcp and fcc
sions by using the materials responsive to both electric an X

y ue . : ructures is very small and compatible to the thermal energy
magnetic fields as the dispersed phgde4]. Experiments o4 room temperature, the EMR system may develop into a
showed that the shear stress induced in EMR suspensions H}fp, a fcc, or, more likely, a mixed hcp-fcc structure under
the combined electric and magnetic fields is larger than tha¢ompatible field§5]. The structural transition from bet to fcc
expected from the linear additivity of the ER and MR effects.had been observed in experiment where the electric field was
This synergistic EMR effect has been observed in both thepplied first to induce bct columns in the suspension and the
parallel-field and crossed-field conditions, and it is signifi-compatible magnetic field was then applied in the perpen-
cant in the parallel-field conditiof3,4]. For understanding dicular direction[6]. The possibility for the formation of
the mechanism of the synergistic EMR effect, it is necessarylifferent lattice structures in EMR suspensions is also an
to clarify the structure change of the EMR suspensions undednteresting physical phenomenon worth investigating, be-
different field conditions. cause it has many potential applications, especially in manu-
When the electric and magnetic fields are applied in parfacturing mesocrystals with unique photonic properfigls
allel, the structure change of the EMR suspensions is similar In this paper, we present the molecular dynamic simula-
to that in ER and MR fluids. Chain or column structures aretion studies on the dynamic structural evolution of EMR sus-
formed along the field direction with the body-centered te-pensions. The studies are concentrated on the crossed-field
tragonal (bct) structure as their ground state. The obviouscondition, because most of the interesting structuring pro-
cesses occur in this case. The compatible electric and mag-
netic fields are supposed to be applied in two orders. One is
*Present address: Laboratoire de Physique de la’'ia@end- applying both fields simultaneously to the initial random
ense, Universitede Nice—Sophia Antipolis, Parc Valrose, 06108 configurations. The other is that the electric field is applied
Nice Cedex 2, France. Electronic address: wang@unice.fr first so as to induce the bct columns in the suspensions, and
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the magnetic field is then applied in the perpendicular direcs;, dielectric constan¢;, and magnetic permittivitye; with
tion. In the former case, we find that the final structure ofe,>e; and up> . The suspension can behave as both an
EMR suspensions under compatible fields is the mixed hcpER fluid and a MR fluid. In practice, the dispersed phase can
fce structure, in good agreement with the theoretical predibe ferromagnetic particles coated with an ER active layer or
cation[5]. The thermal fluctuation is found to play an impor- dielectric particles coated with a MR active lay@-6].

tant role in the formation of the lattice structures. In the latter When an electric fiel&, is applied to the suspension, the
case, the structural transition from bct to fcc is found shortlyelectric dipole moment induced on a particlg 758]

after the application of the magnetic field. The observed dy-

namic process of the structural transition is consistent with pi=meo€eraEjod2, (1)

the theoretical explanation for the experimental resiéis

Following this transition, the structure keeps on evolving due E —E +Z El @)
to the demagnetization effect. The final state is also a mixed loc™ =0 e

hcp-fce structure. The details of the final structures are found

to depend on the initial configurations, the thermal fluctua-  3(p-e)e—p

tions, the field conditions, and the properties of the EMR El=—t——— (3)
materials in both cases. 477605fr|1

whererjj=r;—r; anda=(e,— €;)/(ep+ 2¢€). Ejc is the lo-

cal electric field evaluated at the centeripfvhich is deter-
The EMR system studied in this paper is supposed tanined by the external field as well as the dipole fields from

consist of spherical particles of uniform diameterdielec-  all other particles in the simulation cell and their periodic

tric constante,, and magnetic permittivitys, suspended in  images within a cutoff radius of; . The electric static inter-

a nonconducting Newtonian fluid. The fluid has a viscosityaction force between two particles is given by

II. SIMULATION METHOD

[3(p| er)(pj er) Pi- pj]er [(pl ee)(p] er)+(p| er)(pj ea)]ee

el
F ( |]) 3 47T606fr” (4)
|
The scale of the electrostatic force can be evaluated from the (Ri &) =0, <Ri,a(0)Ri,B(t)>:67TKBTO'77f5aB5(t)!
parametelFe 3megesa’o E0/16 Similarly, if the system
is exposed to an external magnetic figld, the induced
magnetic dipole moment on a particle is whereKg is the Boltzmann’s constant, affids the tempera-
ture. The average dR;(t) over the simulation time stept
m;, = muomtBoHod2, (5) has a Gaussian distributid®,10]. When both the electric

and the magnetic fields are applied to the EMR system, the

where B=(up— us)/(np+2u¢). The calculation of the lo-  equation of motion of a particle is given by
cal magnetic fieldH,,. and the magnetic static interaction
force F{j*{(r;;) between two particles is analogous to that in dr;
the electric field. The scale of the magnetic force is evaluated m— = 2 (F'+ F9% F*) — 3w o — at S+ Ri(1), (9)
by FI'9= 3 uouiB20?H2/16. The parametef=FJ°YF¢ 17
can be used to measure the competition between the electri
static interaction and the magnetic static interaction.

The hydrodynamic forces acted on the particles are sim-=
ply taken as the Stokes’ drag:

%erem is the mass of the particle. Similar to the calculation
of the local field, the summation in this equation is also
evaluated within the cutoff separation of. The variables
can be rescaled ag=tot*,F=F¢F* r=or*, and R

dr; =QR* with ty=m/37n;o0 and Q=67KgTo7n;/5t. The

FV= — 370 — - (6)  rescaled equation of motion can be written[@<.0]

A short-range repulsive force between two particles is used M =A(F+BR})—r*, (10

to account for the effect of the hard sphef@s 13,
where A=Fgto/3mneo?, B=Q/F§, and Ff =3 (F*
+EF¥ +F™). A represents the ratio of the Reynolds

(—&). (7) number to the Mason numbeB.is a ratio of the Brownian
force to the dipolar force. In Gulley and Tao’s simulation

The random forceR;(t), which represents the net effect of Work of an ER fluid, it is found that wher<10"° the
collisions of solvent molecules on the particles, has a whitesystem is in the overdamped situation, i ~0 [10]. In
noise distribution this case, Eq(10) can be simplified to

_(rij lo— 1)
0.01

FieR(rij) = Fg'exp[
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i* = A(F* + BR¥). (11  9rated with a time step oft’* <103 _
In simulations, we found that the structure evolution of
By settingt* =t'* /A, the equation of motion now reduces to the systems with differen® are very similar in the initial
stage. The combined electric and magnetic interactions be-
dr*/dt’* =F* + BR* , (12)  tween the particles draw them to form layer structures .paral-
lel to both fields. In each layer, the particles arrange into a
which is independent oh. It means that in the overdamped Wo-dimensional close-packed hexagonal lattice with each
situation the final structure is independentofout the time ~ Particle in contact with six others. For the systems with
for the structure formation and transition is inversely propor-arger @, the smaller separation between the layers makes
tional to A. WhenE, is on the order of KV/mmA is esti- them _easny to combine Wlth each other to form_ thicker
mated to be 10%—1075 for the typical experimental param- she_etllke_ structures. The thick structures may relax into a 3D
eters of ER and EMR fluidks,14]. Therefore, instead of Eq. lattice with the help of the thermal fluctuations. But f(_)r t_he
(10), we use Eq(12) to study the structure evolution of the CaS€ of smalle, only the single or double_layers exist in
EMR system. the systems. It means that a relat_lvely larbas n_eeded for
The parameteB characterizes the ratio of the Brownian studymg_the formation of 3D lattice structure in the EMR
force to the dipolar force. Though for a typical EMR fluid SUSPENsIONs. _
the dipolar energy is much stronger than the thermal energy, 'N€ choice of the parametess 8, andB can also influ-
the thermal energy cannot be ignored for studying theEnce the structure evolution of the suspensions obV|ogst.
ground-state structure of the fluid. In the simulations of gRrSince the local-field effect has been considered in the simu-
and MR fluids, it had been found that wheris taken to be lations, the dipole moments on the particles, and thus the
zero the systems are easily trapped in local-energy minimur{p_teraction forces_ between them_are found to increase _rapidly
states and end up in the complicated gel-like structures wit¥/ith the structuring of the particles due to the multibody
no obvious lateral orderingl2,13. For driving the systems Polarization effect{7]. That makes the systems easily be
from the local-energy minimum states to the global energ);rapped in the local-energy minimum states, and this effect is
minimum states, a moderatB is usually needed. The More obvious for the systems with largerand 5. At that
Brownian force had been found to help the ER fluids totMme, larger Brownian force and longer relaxing time will be
evolve into thick columns with bet lattice structure for a Needed for the systems to relax into good lattice structures.
quite wide range oB [9,10]. In this paper, the thermal effect The influence of the parameté is found to be similar to
is also found to play an important role in the formation of thethat discussed in the simulation work of ER fluifs0].
lattice structures in the EMR suspensions. WhenB is zero or very small, the final structure of the EMR
In adopting the local-field approximation to deal with the SySteéms are sensitive to the initial random conf_|gurat|ons.
dipolar interactions between the particles,and 8, which For some initial states, the systems may develop |_nto a good
represent the electric and magnetic polarization capabilitiedP crystal, but for others the systems will end up in a poly-
of the particles, respectively, are taken as the input paranprystalll_ne structure. WheB is too large, the strong thermal
eters[7,8]. That enables us to study the effect of the materiafluctuations prevent the systems from forming any ordered
properties on the dynamic behavior of EMR suspensions itructure. Our simulations found that for a moderia the
more details. In the present work, and 8 are chosen to be fange of 0.1-2.0, the Brownian forcg is helpful in driving the
the same value for convenience of discussion, although it iEMR systems from local-energy minimum states to global
not easy to find an EMR material with both good ER and®N€rgy minimum states. _
MR properties. The competition between the electric and The structural evolution of an EMR system with
magnetic interactions of the particles is then only determined=0-37.@=B=0.5 under the conditions of=1.0 andB
by the parameteg¢ which is taken to be 1 in most simula- —1.0 is shown in Fig. 1. The corresponding radial distribu-
tions, as we concentrate on studying the condition of comtion function(RDF), which is defined a$12,15
patible fields.

o

go(r*)=m : 2 S(r*—ri), (13
I1l. STRUCTURE FORMATION o j#i

The structure formation process in the EMR suspensioni given in Fig. 2 in order to give a quantitative description of
is investigated by applying the electric and magnetic fieldghe structure character of the system.tAt=0 [Fig. 1(a)],
simultaneously to the initial random configurations. Thethe particles are randomly distributed in the simulation cell.
electric field is set along the direction and the magnetic The radial distribution function of this structufgig. 2] is
field is along thex direction. The initial configurations con- consistent with the equilibrium RDF for a hard sphere liquid
sist of N particles randomly dispersed in the three-[12]. After application of the external fields, electric and
dimensional(3D) simulation cell which has the scales of magnetic dipoles are induced on the particles. The electric
80X 8o X 8¢ with periodic boundary conditions imposed in interaction forces between the particles lead them to have the
all three directions. The systems with=108, 256, and 365 tendency to form chain structures along #direction, while
have been studied, corresponding to the volume fraction aothe magnetic interaction forces lead to the tendency of form-
the particlesb=0.11, 0.26, and 0.37, respectively.and 8 ing chains along the direction. If the effect of one field is
are taken in the range of 04L.0 andB is in the range of much stronger than the other, chains or columns will still be
0—5.0. After the fields are applied at* =0, the systems formed along the dominant field direction. But when the two
begin to evolve according to EL2). This equation is inte- fields are compatible, the particles will rapidly arrange into
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X

FIG. 3. Thex-z plane projection of the layer on the right-hand
side of Fig. 1b). It can be seen that the two-dimensional hexagonal
lattice has been roughly formed in this layer.

[5]. Thus under the compatible fields, there is no restriction
for the arrangement direction of the 2D lattice in the
FIG. 1. The three-dimensional structure of an EMR system withplane.
$®=0.37 anda=£=0.5 at different timesi(a) t'*=0, (b) t'* Since the interaction energy between the parallel layers is
=2.8,(c) t'*=8.0, and(d) t’* =28. The electric field is in the relatively weak and decays fast with the separation between
direction and the magnetic field in thedirection. The conditions them, the following structure evolution of the system de-
are{=1.0 andB=1.0. The unit iso. pends on the volume fraction of the particles obviously.
When® is small, there are only a few single layers formed
layer structures parallel to both fields due to the combinedn the system. The larger separation makes it difficult for the
electric and magnetic forces. As can be seen in F),1 |ayers to combine with each other. The layers remain iso-
several single layers have been formed in the system. Thegted. The structure evolution of the system will stop after
obvious growth and narrowing of the main peakat=1in  the internal structure in each layer has reached the well-
the RDF of this structur¢Fig. 2b)], together with the ap- arranged 2D hexagonal lattice. This case has been observed
pearance of the peaksret=3,2,,/7,3, reflect the character evidently in the simulations with®=0.11. When® is
of the 2D close-packed hexagonal lattice. The layer on th¢arger, the interaction energy between the layers increases
right-hand side of Fig. (b) is isolated and projected on the due to the smaller separation. The electric and magnetic at-
x-z plane in Fig. 3. It can be seen that the 2D hexagonairactive forces draw the layers combine together to form
lattice has been roughly formed in this layer. The peaks inhick sheetlike structures. Figure(cl shows such a case,
Fig. 2(b) correspond to the separations between particle vhere three single layers combine with each other on the
and its neighbors 2,3,4,5,6, separately. The vectors pointingght side and two others combine on the left. The RDF of
from the center of particle 2 to particle 4 and from 2 to 3 canthis structure is given in Fig.(2). No new peak appears in
be considered as the primitive vectors for the 2D hexagonahis figure when compared with Fig(8). It means that there
lattice. The structures in other layers are very similar to Figjs still no lateral ordering in thg direction. The growth of
3, except that the directions of the primitive vectors maythe existed peaks indicate that the 2D hexagonal lattices in
differ for different layers. Because the sixfold rotational axisthe layers become more completeBlfs taken to be zero or
of the 2D hexagonal lattice is perpendicular to the electriovery small, the structure evolution of the EMR system usu-
and magnetic dipole orientations, the dipolar energy of theally end up in such a polycrystalline state, because it is dif-
lattice is invariant under the rotation around the sixfold axisficult for the particles to leave their local-energy minimum
positions. The final structure is sensitive to the initial random
state in this case. But when a moder&ds applied, the

’ t=28 thermal fluctuations can drive the system to good lattice

o 2 e (b) structure. This can be seen clearly on the right side of Fig.
® ® o4 1(d), where the three combined layers have relaxed into a 3D
) ) W close-packed structure after a long enough relaxing time. The
K o 1z 3 packing of the two other layers is not so good, because there

r r is a large rotation angle between the two 2D hexagonal lat-

tices. In the RDF of the systefirig. 2(d)], the formation of
8 =30 8 =28 the 3D close-packed structure is reflected by the obvious

growth of the peaks corresponding to the 2D hexagonal lat-
© - (@  tice and the appearance of the new peaks rat

“ | =./2,1/5,/6 which correspond to the separations between

the particles in two close-packed single layers.

The close-packing of the 2D hexagonal layers can form
two 3D lattices[16]. The ABCABC -- series is the fcc

FIG. 2. The radial distribution functions of the particle configu- lattice and theABAB-. - - series is the hcp lattice. If we sup-
rations in Fig. 1. pose that the 2D close-packed layers are inxhe plane

2(t)
gr)

<
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FIG. 4. Projections of the hexagonal close-packbdp and 8t
face-centered cubigdcc) lattices on the plane perpendicular to their
2D hexagonal layers. The projected structures can be represented by
two 2D crystals which are depicted with the two rectangular frames.
The unit iso.

(b)

*
(=)
N’
&0

with one of their primitive vectors along thedirection, the
primitive vectors for the 3D fcc lattice can be written as *

a=02° a’=c/2(\3x°+2%, and a¥°=qa/2(14/3x° I

+24/2/3y°+2%). The two former vectors determine the par-  FIG. 5. (a) The simulation cell in Fig. @) is repeated in the

ticle arrangement in the 2D hexagonal lattices and the thirdirection and projected on they plane to show the periodic struc-
one gives the lateral order of the 3D fcc lattice. For the hcpures more clearly. There is a fcc structure in the parallelogram
lattice, there are two particles in one primitive cell. One par-frame and a hcp structure in the rectangular frathg Radial dis-
ticle is in the A layers, the primitive vectors for which are tribution function of the structure in the upper part @. The
=520 a)l™=/2(\3x°+2° and agcmzzﬁ&)-yo_ arrows point out the special peaks corresponding to the hcp struc-
The other is in theB layers, which has a displacement of ture. This re_sult reflects that the structure in the upper pa)ds
roo = 1/3a]°"+ 1/3a5°™ + 1/2a°™ with that inA. The pro- & hep-fec mixed structure.

jections of the two 3D lattices on the plane perpendicular to

the 2D layers are shown in Fig. 4 and described by two 2Dreplacingr; with r;—r® in Eq. (14). If the structure formed
crystals there. The Bravais vectors of the 2D crystalsaare in the EMR system is a complete f¢or hcp structure, the
=oa and a=20a) for fcc, and aj=3cal and &  order parameters!”® (or p!*™ andp!“*) should equal 1. On
=2./2/30a) for hcp. In the RDFs, both fcc and hcp have the contrary, they will be zero if the system is in a random
peaks at*=1,2,y3,2,/5,\6,17,3, . .. which reflect the state. The calculations are carried out to the 3D close-packed
close-packing of the 2D hexagonal layers. But there are stilstructure on the right side of Fig(d), in which the coordi-
peaks at* = /8/3,\/11/3, and\/17/3 for hcp that correspond nate rotation is used for getting the largébt; 0;. The

to the relative positions between the particles in two neighorder parameters about fcc lattice are obtained topr?%
boring A layers or twoB layers. As referred in Sec. Il, when =5.49, 7.69, and 5.70, respectively, while that about hcp are
the 2D layers are parallel to the plane determined by th@?°m=7.78,7.46,7.36 and?°m=8.03,8.73,9.18, separately.
crossed electric and magnetic fields, the dipolar energy difThe relative large values quthB reflect the close-packing
ference between the hcp and fcc structures is very small angharacter of the layers, but the smaller valueSpfS‘f and
compatible to the thermal energy at room temperature. ThuEPcm imply that the 3D structure in Fig.(d) is not a com-

the 3D close-packed structure which is formed in the EMRyjete fcc or hep lattice. This is clarified in Fig(d@ where the
system with the help of the thermal fluctuations may be a NCRimylation cell is repeated periodically in thelirection and
lattice, a fcc lattice, or, more likely, a hcp-fcc mixed struc- projected on the-y plane. When comparing with Fig. 4, we

ture[5]. can see that the 3D close-packed structure is just a mixed

The quantitative analysis of the lattice character of the 30, fcc structure in that the hep and fec lattices are nearly of
structure can be obtained from its order parameters which akg e same proportion. For the structure in the parallelogram

defined ag9,10] frame, the order parameters about fcc af€=9.92, 9.85,

1 N and 9.47, respectively. For that in the rectangular frame, the
plEtioe= = 3 exp(ib®r) (j=12,3, (14 parameters about hcp apd™=9.97,9.99,9.90 angh;**®
N =1 =9.96,9.97,9.92, separately. When the calculation of the

RDF is confined to this mixed structure, the re$gig. 5(b)]

| ) show that the common characteristic peaks of the hcp and fcc
3f|:c)c periodic strucgures. F(())r ghe fcfic lattice, we Qa"ebecome very obvious and even the special peaks at
b =27r/(r(—1/\f/§x —1N6y°+2°), b3°=2ml0(2\3x" g3 \TI/3, and y17/3 for the hcp lattice can also be
—1//6y°%) and b5°=2/c(1/3/2y°). For the hcp structure, found. The formation of this mixed structure is because there
the reciprocal vectors about & are b}®™ s a gap with width ofa/\3 in the x direction in the top
=270 (—13x°+2°), b5 =27/ 5(2/y/3x%) and b3™ Jayer. This distance is just the relative lateral shift between
= m/o(+/3/2y°), which can also be used to calculafs™ by theA layer and theC layer of the fcc lattice as shown in Fig.

where b1 are the reciprocal lattice vectors of the ideal
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FIG. 6. Time variation of the mean-square electric and magneti

simultaneous growth of , and\, indicates the symmetrical devel-
opment of the structure in the electric and magnetic field direction

4. Without this gap, the top layer can be a complet@r A)
layer, and the three layers will form a complete foc hcp
lattice.

Figure 6 shows the time variation of the mean-square
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stacking form of the 2D hexagonal layers in thélirection.

If the layers stack in an order &§BCABC - - (or ABAB-

--), we got a fcc(or hep structure. But in most cases the
stacking of the layers are in random order and the 2D layers
themselves are not so complete, thus the mixed fcc-hcp
structures are obtained more easily. In Figd)1the result is
due to the defect in one layer. The layers are also found to
stack in the order oABCB in simulations. For the former
three layers, it is a fcc structure. While for the latter three
ones, it is a hcp. Since the primitive vectors of the 2D hex-
agonal layers can arrange in different directions in xkhe
plane, the lattice axes of the formed 3D close-packed struc-
tures are also found to orient differently with respect to the
electric and magnetic fields. The details of the final struc-

dipole strength of the particles in the system studied in Fig. 1. Th%ures depend on the initial configurations, the thermal fluc-

uations as well as the polarization parameteendg of the

sparticles. The different 3D close-packed structures obtained

in simulations are consistent with the theoretical predictions
for the lattice structures formed in EMR systems under the
compatible fieldg5].

IV. STRUCTURE TRANSITION

electric and magnetic dipole strengths on the particles which

are defined ap7]

1 N
Np(1*) = 2 PFAL™),
(15

1 N
Am(t'*)=g 25 mA™).

For studying the structure transition in EMR systems, the
electric field is supposed to be applied at first to induce the
bct columns along the direction. The magnetic field is then
applied in the perpendicular directi¢f]. Since the forma-
tion of the bct structures in ER fluids has been studied in
details by the theoretical and simulation methf@d.0], we
will not discuss it in this paper. The simulations are thus
started with the preset cylindrical bct columns with their
fourfold rotational axis along the electric field direction. The

Due to the mutual polarization effect, the dipole strengths or¢olumns have the diameter ranging fronx T 90 and their
the particles increase obviously with the formation of struc-three conventional Bravais vectors are taken to de

tures, see Eq9.1)—(3) and (5). The time variation of the

=(/60/2)x°, b=(\/60/2)y°, andc=c2° [6]. With the pe-

parameters\, and\,, can thus be used to analyze the timeriodic boundary conditions applied in three directions, the
scale of the structure evolution in the EMR system. The sicolumns are supposed to be infinitely long in théirection

multaneous growth ok, and\, in Fig. 6 reflects the sym-
metrical development of the structures in thend z direc-

and arrange into a two-dimensional square lattice inxtye
plane. The electric field is assumed to be applied for all the

tions, i.e., the formation of the layer or sheetlike structurestime, and the magnetic field is switched ort'@t=0 in thex
The structuring process in the EMR system can be dividediirection, i.e.,a axis of the bct lattice.
into two regimes. In the first regime, the single layers are Figure 7 shows the structure transition in an EMR system

formed rapidly. The dimensionless tinhe" for this period is

consisting of cylindrical bct columns with a diameter af 8

less than 3 in Fig. 6. In the following regime, the single and polarization capabilitiee=3=0.5. The scales of the
layers combine with each other to form thicker sheetlikesimulation cell in thex-y plane is 1@ X 100 which corre-
structures and the thicker structures relax into 3D closesponds to the volume fraction of the particles=0.36. ¢ is
packed structures with the help of the thermal fluctuationsset to be 1 for the compatible fields aBds taken to be zero.
The second process is much slower than the first one. It takds has been found that the effect of the thermal fluctuations

dimensionless time of about* ~20 for the system to build
up lateral ordering in the direction. After that there is no

are relatively weak when the initial state is the complete
lattice structure. For a quite wide rangeBfthe simulation

obvious structure variation because the system is approachesults are found to be essentially the same in this case.

ing to its global energy minimum state. Figur@\lis taken

If only the electric field is applied, the suspension works

at this time. If the experimental parameters are available foas an ER fluid. So the initial bct columfsig. 7(a)] are very

calculatingty, and A, the real time scale for the structure

stable even under relatively large thermal fluctuations. How-

evolution of the EMR system can be obtained directly fromever, when the magnetic field is switched on, the bct struc-

the dimensionless time discussed above.

ture is no longer the ground state for the system. The demag-

The formation of the 3D close-packed structures has beenetization effect favors the lattice deformation afc

found for nearly all of the initial random configurations we
studied with® =0.37 when a moderatgis applied. Some of

increasing[6], resulting in the stretch of the columns along
the x direction. The lattice vecta increases, while vectdy

them are complete fcc or hep structures, while others are théecreases. The lattice vectmkeeps invariant and the chain
mixed fcc-hcp structures. This originates from the differentstructures stay intact in thedirection in the whole process
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fields are removed at this time and the structures are frozen
by physical or chemical methods, the complete fcc meso-
crystals may be obtained. However, if the fields are still ap-
plied, our simulations found that the structure will keep on
evolving at a relatively slow speed after the structure transi-
tion. This may be understood as the result of the obvious
demagnetization field effect at the rough surface of the de-
formed column structures as shown in Figb)7
The subsequent structure evolution of the system depends
on the volume fraction of the particleés obviously. Hered
is determined by the diameter of the initial bct columns and
the scales of the simulation cell in tikey plane. Whend is
smaller, the larger separation between the columns gives
them enough space to relax. Following the bct to fcc transi-
FIG. 7. Thex-y plane projections of an EMR system with cy- tjon, the structures keep on stretching along xhdirection
lindrical bt columns as its initial state @) t'*=0, (b) t'*=1.5,  yntil all the particles arrange into 2D close-packed layers
(c) t'*=9.5, and(d) t'* =20. Thec axis of the initial bct columns parallel to both fields. Because of the smaller only the
is in the electric field(z) direction. The magnetic field is applied single or double layer structures are obtained under this con-
alonga axis of the bct columnsx(direction. The diameter of the  ji0 | the extreme case that there is only one bct column
I>r<“t1|g(|7 ?r?lrhrgl IS ?Zr‘]eﬂ\';hiiﬁalﬁjegft;htﬁes\'/rgﬂr?'eo?raifilér:sofg]e in the system, i.e., no periodic boundary conditions are im-
particles® =0 ngHeréa:ﬁ:gs £=1.0, andB=0 posed, thg structure is found to develop mto several single
e ~ - ' layers rapidly. On the other hand, whdn is larger, the
columns touch their neighbors in thedirection soon after
of the structure transition. After a very short tingeturns to  the deformation, see Fig.(h). The relaxation of the struc-
be \2ox° andb to ay°, as shown in Fig. (b). Due to the tures in the limited spadé-ig. 7(c)] leads to the formation of
rapid decrease db, the bct column is found to break into thicker sheetlike structures. It can be seen in Figl) That
two parts in they direction. In each para andb construct a  two 3D close-packed structures have been formed in the sys-
2D rectangular lattice wita/b= /2 in thex-y plane, imply-  tem. The structure in the upper part is a hcp lattice. Its order
ing the formation of the fcc structure. The order parameterparameters about hcp an?cr"\ 5.08,9.59,9.48 and;thB
about fcc for the system ar,ﬁfc 9.28, 7. 40 and 7.44, re- =6.21,9.04,9.55, separately, considering the deformatlon of
spectively. The relative small values pf° result from the the two lower layers. The structure in the lower part of Fig.
particles at the outer parts of the columns in yheirection. ~ 7(d) is a fcc lattice with order parameters o
At this time, the 2D hexagonal layers are at an angle of about9.97, 9.81, and 9.68, respectively. The only difference be-
35.3°with respect to the-z plane, while this angle is 45° for tween these lattice structures and those in Fig. 4 is that the
the bct structure in the initial configuration. The rotation of orientation of the 2D hexagonal layers is at an angle with the
the close-packed layers toward the magnetic field direction i%-z plane in this case. As discussed above, this angle will
understood as the requirement for the EMR system to reactlecrease with the increase of the separation between the ini-
the global energy minimum state. Although our simulationtial bct columns. In simulations, it has been found that when
model adopts the induced magnetic moment, instead of thé is not smaller than 0.3 the structures can always relax into
permanent moment, to describe the magnetic properties dfie 3D close-packed lattices. The details of the 3D lattices
the particles, the simulated dynamic process of the bct-fcdepend on the initial configurations and the competition be-
structural transition is found to agree well with the experi-tween the magnetic and the electric fields. In Figl),7the
mental observations as well as the theoretical explanation ihcp and fcc structures are separate. The mixed fcc-hcp struc-
Ref. [6]. ture has also been found. For example, we have increased the
We have also studied the effect of the magnetic fieldsimulation cell in Fig. 7 to 1&X 110 and fixed other con-
strength on the structural transition by changing the paramditions. In the upper part of the final configuration, we find
eter ¢ from O to 1. The application of the magnetic field is four single layers close-packing in an orderABCB. This
always found to induce the deformation of the bct columngs the mixed structure as mentioned in Sec. Ill. Thus the
along thex direction. When¢ is up to 0.5 the bct to fcc  structure transition of the EMR system can also be divided
structural transition can be observed obviously. While or into two steps. In the first step, the bct structures transform to
<0.5, the magnetic field is relatively weak and cannotthe fcc structures with/c= /2. The fcc structures then relax
stretch the columns to a structure withb= 2 completely. into the 3D close-packed structures with their 2D hexagonal
In that case it is found that the columns usually develop intdayers turning toward th&-z plane as far as possible in the
a polycrystalline structure with local fcc structures and localsecond step. The final structures may be the fcc, the hcp, or,
bct structures. This result is qualitatively consistent with thatmore likely, the fcc-hcp mixed structures.
observed in experiments as wéb], though the material
properties studied in our simulations differ from those in V. CONCLUSION
experiments. We have changed the diameter of the columns,
the scales of the simulation cell and the thermal fluctuations In this paper, the molecular dynamic simulation method
in simulations. The bct to fcc transition has been found forhas been used to study the structural formation and transition
all the simulations wherg is large enough. If the external in EMR fluids under the compatible electric and magnetic
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fields. The structural formation process is investigated byWhen the magnetic field is strong enough, the structure tran-
applying the fields crossed and simultaneously to the initiakition of the EMR system is found to be composed of two
random configuration. It has been found that the particles ateps. In the first step, the bct columns transform to fcc struc-
first form 2D hexagonal layers parallel to both fields. Whentures witha/c= /2 due to the demagnetization effect. The
the volume fraction of the particles is large enough, the laystructures further relax into 3D close-packed structures with
ers combine each other to form thicker sheetlike structuresheir 2D hexagonal layers turning toward the plane deter-
The thick structures further relax into 3D close-packed lat-mined by both fields as far as possible in the second step.
tices with the help of thermal fluctuations. Since the dipolarThe final structures are also found to be the fcc, hcp, or
energy difference between the fcc and hcp lattices is verycc-hcp mixed structures. The simulation results are consis-
small, the final structures may be the fcc, the hcp, or, mostent with the theoretical and experimental results Wg)6].
probably, the fcc-hcp mixed structures, depending on the ini-

tial configurations and the thermal fluctuations. For studying ACKNOWLEDGMENTS

the structural transition observed in experimdigis the cy-

lindrical bct columns are supposed to be formed at first with  This work was supported by the National Science Foun-
their c axis along the electric field direction. The magneticdation of China through Grant No. 19774019. Z. Lin was
field is then applied along tha axis of the bct structures. also supported by NSFC Grant No. 19834070.

[1] J. D. Carlson, irElectrorheological Fluids, Magnetorheologi- 30, 1265(1997).
cal Suspensions and Associated Techngleghted by W. A. [9] R. Tao and Qi Jiang, Phys. Rev. Let8, 205 (1994).
Bullough (World Scientific, Singapore, 1996p. 20. [10] G. L. Gulley and R. Tao, Phys. Rev. 36, 4328(1997).

[2] W. I. Kordonsky, S. R. Gorodkin, and E. V. Medvedeva, in [11] D. J. Klingenberg, F. Van Swol, and C. F. Zukoski, J. Chem.
Electrorheological Fluids edited by R. Tao and G. D. Roy Phys.91, 7888(1989.
(World Scientific, Singapore, 1994p. 22. [12] K. C. Hass, Phys. Rev. E7, 3362(1993.

[3] K. Koyama, inElectrorheological Fluids, Magnetorheological [13] M. Mohebi, N. Jamasbi, and J. Liu, Phys. Rev.5E 5407
Suspensions and Associated Technol@Rgf. [1]), p. 245. (1996.

[4] K. Minagawa, T. Watanabe, K. Koyama, and M. Sasaki, Lang-14] For example, se&lectrorheological Fluids edited by R. Tao
muir 10, 3926(1994). and G. D. Roy(World Scientific, Singapore, 1994Elec-

[5] R. Tao and Qi Jiang, Phys. Rev.3, 5761(1998.
[6] W. Wen, N. Wang, H. Ma, Z. Lin, W. Y. Tam, C. T. Chan, and

P. Sh Phys. Rev. LeB2, 4248(1 . . . . .
[7]2 \‘/SV (\a/cghg %/SF Iﬁ\rll a(ralgl’? B '?';og?r?t J. Mod. Phys18 [15] M. P. Allen and D. J. TildesleyComputer Simulation of Lig-

1153(1996 uids (Clarendon, Oxford, 1989
[8] Z. W. Wang, Z. F. Lin, H. P. Fang, and R. B. Tao, J. Phys. D[ 16] R- Tao and J. M. Sun, Phys. Rev. L&, 398 (1991.

trorheological Fluids, Magnetorheological Suspensions and
Associated TechnologyRef. [1]).



