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Simulation of field-induced structural formation and transition
in electromagnetorheological suspensions

Zuowei Wang,* Haiping Fang, Zhifang Lin, and Luwei Zhou
Department of Physics, Fudan University, Shanghai 200433, People’s Republic of China

~Received 17 June 1999!

A computer simulation method has been used to study the three-dimensional structural formation and
transition of electromagnetorheological~EMR! 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-packed~hcp! 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 tetragonal~bct! 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 hcp lattice character. The simulation results are in agreement with the theoretical and experimental
results.

PACS number~s!: 83.80.Gv, 61.90.1d, 61.20.Ja
is
is

m
ds
ila
po
st

f
d

an

s
th
ts
th
ifi

a
d

a
il
r

te
u

ase

ure
een
ate
l
ld

lec-
me

se-

c-
ice
fcc
rgy
o a
er

c
was
the
en-

an
be-
nu-

la-
s-

-field
ro-
ag-

e is
m
ied
and

8

I. INTRODUCTION

Electrorheological~ER! and magnetorheological~MR!
fluids are typically comprised of polarizable particles d
persed in a liquid. When an electric or magnetic field
applied, the particles aggregate to form chain or colu
structures which modify the effective viscosities of the flui
dramatically. Though the ER and MR phenomena are sim
in character, the fundamental physical mechanisms res
sible for them are different. Each of them has characteri
advantages and disadvantages@1–4#. Recently, there have
been some attempts to combine the ER and MR effects
getting better rheological properties. One attempt is the
velopment of the electromagnetorheological~EMR! suspen-
sions by using the materials responsive to both electric
magnetic fields as the dispersed phase@2–4#. Experiments
showed that the shear stress induced in EMR suspension
the combined electric and magnetic fields is larger than
expected from the linear additivity of the ER and MR effec
This synergistic EMR effect has been observed in both
parallel-field and crossed-field conditions, and it is sign
cant in the parallel-field condition@3,4#. For understanding
the mechanism of the synergistic EMR effect, it is necess
to clarify the structure change of the EMR suspensions un
different field conditions.

When the electric and magnetic fields are applied in p
allel, the structure change of the EMR suspensions is sim
to that in ER and MR fluids. Chain or column structures a
formed along the field direction with the body-centered
tragonal ~bct! structure as their ground state. The obvio
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synergistic EMR effect in this case is assigned to the incre
of the number of the chains bridging the plates@3#. However,
when the fields are applied perpendicularly, the struct
formed in EMR suspensions depends on the ratio betw
the strength of the fields. Theoretical calculations indic
that if the electric~or magnetic! field is dominant, the idea
structure of the system is still the bct lattice with its fourfo
rotational axis along the dominant field@5,6#. When the ratio
between the fields exceeds a minimum value so that the e
tric and magnetic interactions between the particles beco
compatible, the dipolar energy for the hexagonal clo
packed~hcp! and face-centered cubic~fcc! lattices will be
much smaller than that of the bct lattice, implying a stru
tural transition from the bct lattice to the close-packed latt
@5,6#. Since the energy difference between the hcp and
structures is very small and compatible to the thermal ene
at room temperature, the EMR system may develop int
hcp, a fcc, or, more likely, a mixed hcp-fcc structure und
compatible fields@5#. The structural transition from bct to fc
had been observed in experiment where the electric field
applied first to induce bct columns in the suspension and
compatible magnetic field was then applied in the perp
dicular direction @6#. The possibility for the formation of
different lattice structures in EMR suspensions is also
interesting physical phenomenon worth investigating,
cause it has many potential applications, especially in ma
facturing mesocrystals with unique photonic properties@6#.

In this paper, we present the molecular dynamic simu
tion studies on the dynamic structural evolution of EMR su
pensions. The studies are concentrated on the crossed
condition, because most of the interesting structuring p
cesses occur in this case. The compatible electric and m
netic fields are supposed to be applied in two orders. On
applying both fields simultaneously to the initial rando
configurations. The other is that the electric field is appl
first so as to induce the bct columns in the suspensions,
6837 ©2000 The American Physical Society
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6838 PRE 61WANG, FANG, LIN, AND ZHOU
the magnetic field is then applied in the perpendicular dir
tion. In the former case, we find that the final structure
EMR suspensions under compatible fields is the mixed h
fcc structure, in good agreement with the theoretical pre
cation@5#. The thermal fluctuation is found to play an impo
tant role in the formation of the lattice structures. In the lat
case, the structural transition from bct to fcc is found sho
after the application of the magnetic field. The observed
namic process of the structural transition is consistent w
the theoretical explanation for the experimental results@6#.
Following this transition, the structure keeps on evolving d
to the demagnetization effect. The final state is also a mi
hcp-fcc structure. The details of the final structures are fo
to depend on the initial configurations, the thermal fluctu
tions, the field conditions, and the properties of the EM
materials in both cases.

II. SIMULATION METHOD

The EMR system studied in this paper is supposed
consist of spherical particles of uniform diameters, dielec-
tric constantep , and magnetic permittivitymp suspended in
a nonconducting Newtonian fluid. The fluid has a viscos
t

n
in
te

c

im

se

f
it
-
f
p-
i-

r
y
-
h

e
d
d
-

o

y

h f , dielectric constante f , and magnetic permittivitym f with
ep.e f andmp.m f . The suspension can behave as both
ER fluid and a MR fluid. In practice, the dispersed phase
be ferromagnetic particles coated with an ER active laye
dielectric particles coated with a MR active layer@2–6#.

When an electric fieldE0 is applied to the suspension, th
electric dipole moment induced on a particle is@7,8#

pi5pe0e fas3Eloc/2, ~1!

Eloc5E01(
j Þ i

Ep
j , ~2!

Ep
j 5

3~pj•er !er2pj

4pe0e f r i j
3

, ~3!

wherer i j 5r i2r j anda5(ep2e f)/(ep12e f). Eloc is the lo-
cal electric field evaluated at the center ofi, which is deter-
mined by the external field as well as the dipole fields fro
all other particles in the simulation cell and their period
images within a cutoff radius ofr c . The electric static inter-
action force between two particles is given by
Fi j
el~r i j !53

@3~pi•er !~pj•er !2pi•pj #er2@~pi•eu!~pj•er !1~pi•er !~pj•eu!#eu

4pe0e f r i j
4

. ~4!
the

on
so

s

n

The scale of the electrostatic force can be evaluated from
parameterF0

el53pe0e fa
2s2E0

2/16. Similarly, if the system
is exposed to an external magnetic fieldH0 , the induced
magnetic dipole moment on a particle is

mi5pm0m fbs3H loc/2, ~5!

whereb5(mp2m f)/(mp12m f). The calculation of the lo-
cal magnetic fieldH loc and the magnetic static interactio
force Fi j

mag(r i j ) between two particles is analogous to that
the electric field. The scale of the magnetic force is evalua
by F0

mag53pm0m fb
2s2H0

2/16. The parameterj5F0
mag/F0

el

can be used to measure the competition between the ele
static interaction and the magnetic static interaction.

The hydrodynamic forces acted on the particles are s
ply taken as the Stokes’ drag:

Fi
hyd523ph fs

dr i

dt
. ~6!

A short-range repulsive force between two particles is u
to account for the effect of the hard spheres@7–13#,

Fi j
rep~r i j !5F0

elexpF2~r i j /s21!

0.01 G~2er !. ~7!

The random forceRi(t), which represents the net effect o
collisions of solvent molecules on the particles, has a wh
noise distribution
he

d

tric

-

d

e

^Ri ,a&50, ^Ri ,a~0!Ri ,b~ t !&56pKBTsh fdabd~ t !,
~8!

whereKB is the Boltzmann’s constant, andT is the tempera-
ture. The average ofRi(t) over the simulation time stepdt
has a Gaussian distribution@9,10#. When both the electric
and the magnetic fields are applied to the EMR system,
equation of motion of a particle is given by

m
d2r i

dt2
5(

j Þ i
~Fi j

el1Fi j
mag1Fi j

rep!23ph fs
dr i

dt
1Ri~ t !, ~9!

wherem is the mass of the particle. Similar to the calculati
of the local field, the summation in this equation is al
evaluated within the cutoff separation ofr c . The variables
can be rescaled ast5t0t* ,F5F0

elF* ,r 5sr * , and R
5VR* with t05m/3ph fs and V5A6pKBTsh f /dt. The
rescaled equation of motion can be written as@9,10#

r̈ i* 5A~Fi* 1BRi* !2 ṙ* , ~10!

where A5F0
elt0/3ph fs

2, B5V/F0
el , and Fi* 5( j Þ i(Fi j

el*
1jFi j

mag* 1Fi j
rep* ). A represents the ratio of the Reynold

number to the Mason number.B is a ratio of the Brownian
force to the dipolar force. In Gulley and Tao’s simulatio
work of an ER fluid, it is found that whenA<1023 the
system is in the overdamped situation, i.e.,r̈ i* '0 @10#. In
this case, Eq.~10! can be simplified to
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ṙ* 5A~Fi* 1BRi* !. ~11!

By settingt* 5t8* /A, the equation of motion now reduces

dr* /dt8* 5Fi* 1BRi* , ~12!

which is independent ofA. It means that in the overdampe
situation the final structure is independent ofA, but the time
for the structure formation and transition is inversely prop
tional to A. WhenE0 is on the order of kV/mm,A is esti-
mated to be 1024–1025 for the typical experimental param
eters of ER and EMR fluids@6,14#. Therefore, instead of Eq
~10!, we use Eq.~12! to study the structure evolution of th
EMR system.

The parameterB characterizes the ratio of the Brownia
force to the dipolar force. Though for a typical EMR flu
the dipolar energy is much stronger than the thermal ene
the thermal energy cannot be ignored for studying
ground-state structure of the fluid. In the simulations of E
and MR fluids, it had been found that whenB is taken to be
zero the systems are easily trapped in local-energy minim
states and end up in the complicated gel-like structures w
no obvious lateral ordering@12,13#. For driving the systems
from the local-energy minimum states to the global ene
minimum states, a moderateB is usually needed. The
Brownian force had been found to help the ER fluids
evolve into thick columns with bct lattice structure for
quite wide range ofB @9,10#. In this paper, the thermal effec
is also found to play an important role in the formation of t
lattice structures in the EMR suspensions.

In adopting the local-field approximation to deal with th
dipolar interactions between the particles,a and b, which
represent the electric and magnetic polarization capabil
of the particles, respectively, are taken as the input par
eters@7,8#. That enables us to study the effect of the mate
properties on the dynamic behavior of EMR suspension
more details. In the present work,a andb are chosen to be
the same value for convenience of discussion, although
not easy to find an EMR material with both good ER a
MR properties. The competition between the electric a
magnetic interactions of the particles is then only determi
by the parameterj which is taken to be 1 in most simula
tions, as we concentrate on studying the condition of co
patible fields.

III. STRUCTURE FORMATION

The structure formation process in the EMR suspensi
is investigated by applying the electric and magnetic fie
simultaneously to the initial random configurations. T
electric field is set along thez direction and the magneti
field is along thex direction. The initial configurations con
sist of N particles randomly dispersed in the thre
dimensional~3D! simulation cell which has the scales
8s38s38s with periodic boundary conditions imposed
all three directions. The systems withN5108, 256, and 365
have been studied, corresponding to the volume fraction
the particlesF50.11, 0.26, and 0.37, respectively.a andb
are taken in the range of 0.421.0 andB is in the range of
025.0. After the fields are applied att8* 50, the systems
begin to evolve according to Eq.~12!. This equation is inte-
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grated with a time step ofdt8* <1023.
In simulations, we found that the structure evolution

the systems with differentF are very similar in the initial
stage. The combined electric and magnetic interactions
tween the particles draw them to form layer structures pa
lel to both fields. In each layer, the particles arrange int
two-dimensional close-packed hexagonal lattice with e
particle in contact with six others. For the systems w
larger F, the smaller separation between the layers ma
them easily to combine with each other to form thick
sheetlike structures. The thick structures may relax into a
lattice with the help of the thermal fluctuations. But for th
case of smallerF, only the single or double layers exist i
the systems. It means that a relatively largeF is needed for
studying the formation of 3D lattice structure in the EM
suspensions.

The choice of the parametersa, b, andB can also influ-
ence the structure evolution of the suspensions obviou
Since the local-field effect has been considered in the si
lations, the dipole moments on the particles, and thus
interaction forces between them are found to increase rap
with the structuring of the particles due to the multibo
polarization effects@7#. That makes the systems easily b
trapped in the local-energy minimum states, and this effec
more obvious for the systems with largera and b. At that
time, larger Brownian force and longer relaxing time will b
needed for the systems to relax into good lattice structu
The influence of the parameterB is found to be similar to
that discussed in the simulation work of ER fluids@10#.
WhenB is zero or very small, the final structure of the EM
systems are sensitive to the initial random configuratio
For some initial states, the systems may develop into a g
3D crystal, but for others the systems will end up in a po
crystalline structure. WhenB is too large, the strong therma
fluctuations prevent the systems from forming any orde
structure. Our simulations found that for a moderateB in the
range of 0.1–2.0, the Brownian force is helpful in driving th
EMR systems from local-energy minimum states to glo
energy minimum states.

The structural evolution of an EMR system withF
50.37,a5b50.5 under the conditions ofj51.0 and B
51.0 is shown in Fig. 1. The corresponding radial distrib
tion function ~RDF!, which is defined as@12,15#

g0~r * !5
p

6FN (
i

(
j Þ i

d~r * 2r i j* !, ~13!

is given in Fig. 2 in order to give a quantitative description
the structure character of the system. Att8* 50 @Fig. 1~a!#,
the particles are randomly distributed in the simulation c
The radial distribution function of this structure@Fig. 2~a!# is
consistent with the equilibrium RDF for a hard sphere liqu
@12#. After application of the external fields, electric an
magnetic dipoles are induced on the particles. The elec
interaction forces between the particles lead them to have
tendency to form chain structures along thez direction, while
the magnetic interaction forces lead to the tendency of fo
ing chains along thex direction. If the effect of one field is
much stronger than the other, chains or columns will still
formed along the dominant field direction. But when the tw
fields are compatible, the particles will rapidly arrange in
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6840 PRE 61WANG, FANG, LIN, AND ZHOU
layer structures parallel to both fields due to the combin
electric and magnetic forces. As can be seen in Fig. 1~b!,
several single layers have been formed in the system.
obvious growth and narrowing of the main peak atr * 51 in
the RDF of this structure@Fig. 2~b!#, together with the ap-
pearance of the peaks atr * 5A3,2,A7,3, reflect the characte
of the 2D close-packed hexagonal lattice. The layer on
right-hand side of Fig. 1~b! is isolated and projected on th
x-z plane in Fig. 3. It can be seen that the 2D hexago
lattice has been roughly formed in this layer. The peaks
Fig. 2~b! correspond to the separations between particl
and its neighbors 2,3,4,5,6, separately. The vectors poin
from the center of particle 2 to particle 4 and from 2 to 3 c
be considered as the primitive vectors for the 2D hexago
lattice. The structures in other layers are very similar to F
3, except that the directions of the primitive vectors m
differ for different layers. Because the sixfold rotational ax
of the 2D hexagonal lattice is perpendicular to the elec
and magnetic dipole orientations, the dipolar energy of
lattice is invariant under the rotation around the sixfold a

FIG. 1. The three-dimensional structure of an EMR system w
F50.37 anda5b50.5 at different times:~a! t8* 50, ~b! t8*
52.8, ~c! t8* 58.0, and~d! t8* 528. The electric field is in thez
direction and the magnetic field in thex direction. The conditions
arej51.0 andB51.0. The unit iss.

FIG. 2. The radial distribution functions of the particle config
rations in Fig. 1.
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@5#. Thus under the compatible fields, there is no restrict
for the arrangement direction of the 2D lattice in thex-z
plane.

Since the interaction energy between the parallel layer
relatively weak and decays fast with the separation betw
them, the following structure evolution of the system d
pends on the volume fraction of the particles obvious
WhenF is small, there are only a few single layers form
in the system. The larger separation makes it difficult for
layers to combine with each other. The layers remain i
lated. The structure evolution of the system will stop af
the internal structure in each layer has reached the w
arranged 2D hexagonal lattice. This case has been obse
evidently in the simulations withF50.11. When F is
larger, the interaction energy between the layers increa
due to the smaller separation. The electric and magnetic
tractive forces draw the layers combine together to fo
thick sheetlike structures. Figure 1~c! shows such a case
where three single layers combine with each other on
right side and two others combine on the left. The RDF
this structure is given in Fig. 2~c!. No new peak appears in
this figure when compared with Fig. 2~b!. It means that there
is still no lateral ordering in they direction. The growth of
the existed peaks indicate that the 2D hexagonal lattice
the layers become more complete. IfB is taken to be zero or
very small, the structure evolution of the EMR system us
ally end up in such a polycrystalline state, because it is
ficult for the particles to leave their local-energy minimu
positions. The final structure is sensitive to the initial rando
state in this case. But when a moderateB is applied, the
thermal fluctuations can drive the system to good latt
structure. This can be seen clearly on the right side of F
1~d!, where the three combined layers have relaxed into a
close-packed structure after a long enough relaxing time.
packing of the two other layers is not so good, because th
is a large rotation angle between the two 2D hexagonal
tices. In the RDF of the system@Fig. 2~d!#, the formation of
the 3D close-packed structure is reflected by the obvi
growth of the peaks corresponding to the 2D hexagonal
tice and the appearance of the new peaks atr *
5A2,A5,A6 which correspond to the separations betwe
the particles in two close-packed single layers.

The close-packing of the 2D hexagonal layers can fo
two 3D lattices @16#. The ABCABC••• series is the fcc
lattice and theABAB••• series is the hcp lattice. If we sup
pose that the 2D close-packed layers are in thex-z plane

h

FIG. 3. Thex-z plane projection of the layer on the right-han
side of Fig. 1~b!. It can be seen that the two-dimensional hexago
lattice has been roughly formed in this layer.
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with one of their primitive vectors along thez direction, the
primitive vectors for the 3D fcc lattice can be written
a1

fcc5sz0, a2
fcc5s/2(A3x01z0), and a3

fcc5s/2(1/A3x0

12A2/3y01z0). The two former vectors determine the pa
ticle arrangement in the 2D hexagonal lattices and the t
one gives the lateral order of the 3D fcc lattice. For the h
lattice, there are two particles in one primitive cell. One p
ticle is in theA layers, the primitive vectors for which ar
a1

hcpA5sz0, a2
hcpA5s/2(A3x01z0) and a3

hcpA52A2/3sy0.
The other is in theB layers, which has a displacement
r0

hcpB51/3a1
hcpA11/3a2

hcpA11/2a3
hcpA with that in A. The pro-

jections of the two 3D lattices on the plane perpendicula
the 2D layers are shown in Fig. 4 and described by two
crystals there. The Bravais vectors of the 2D crystals area1

5sa1
0 and a25A2sa2

0 for fcc, and a15A3sa1
0 and a2

52A2/3sa2
0 for hcp. In the RDFs, both fcc and hcp hav

peaks atr * 51,A2,A3,2,A5,A6,A7,3, . . . which reflect the
close-packing of the 2D hexagonal layers. But there are
peaks atr * 5A8/3,A11/3, andA17/3 for hcp that correspon
to the relative positions between the particles in two nei
boringA layers or twoB layers. As referred in Sec. II, whe
the 2D layers are parallel to the plane determined by
crossed electric and magnetic fields, the dipolar energy
ference between the hcp and fcc structures is very small
compatible to the thermal energy at room temperature. T
the 3D close-packed structure which is formed in the EM
system with the help of the thermal fluctuations may be a
lattice, a fcc lattice, or, more likely, a hcp-fcc mixed stru
ture @5#.

The quantitative analysis of the lattice character of the
structure can be obtained from its order parameters which
defined as@9,10#

r j
lattice5

1

N (
i 51

N

exp~ ibj
lattice

•r i ! ~ j 51,2,3!, ~14!

where bj
lattice are the reciprocal lattice vectors of the ide

3D periodic structures. For the fcc lattice, we ha
b1

fcc52p/s(21/A3x021/A6y01z0), b2
fcc52p/s(2/A3x0

21/A6y0) and b3
fcc52p/s(A3/2y0). For the hcp structure

the reciprocal vectors about aj
hcpA are b1

hcpA

52p/s(21/A3x01z0),b2
hcpA52p/s(2/A3x0) and b3

hcpA

5p/s(A3/2y0), which can also be used to calculater j
hcpB by

FIG. 4. Projections of the hexagonal close-packed~hcp! and
face-centered cubic~fcc! lattices on the plane perpendicular to the
2D hexagonal layers. The projected structures can be represent
two 2D crystals which are depicted with the two rectangular fram
The unit iss.
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replacingr i with r i2r0
hcpB in Eq. ~14!. If the structure formed

in the EMR system is a complete fcc~or hcp! structure, the
order parametersr j

fcc ~or r j
hcpA andr j

hcpB) should equal 1. On
the contrary, they will be zero if the system is in a rando
state. The calculations are carried out to the 3D close-pac
structure on the right side of Fig. 1~d!, in which the coordi-
nate rotation is used for getting the largest) j 51,3r j . The
order parameters about fcc lattice are obtained to ber j

fcc

55.49, 7.69, and 5.70, respectively, while that about hcp
r j

hcpA57.78,7.46,7.36 andr j
hcpB58.03,8.73,9.18, separately

The relative large values ofr j
hcpB reflect the close-packing

character of the layers, but the smaller values ofr j
fcc and

r j
hcpA imply that the 3D structure in Fig. 1~d! is not a com-

plete fcc or hcp lattice. This is clarified in Fig. 5~a! where the
simulation cell is repeated periodically in thex direction and
projected on thex-y plane. When comparing with Fig. 4, w
can see that the 3D close-packed structure is just a m
hcp-fcc structure in that the hcp and fcc lattices are nearly
the same proportion. For the structure in the parallelogr
frame, the order parameters about fcc arer j

fcc59.92, 9.85,
and 9.47, respectively. For that in the rectangular frame,
parameters about hcp arer j

hcpA59.97,9.99,9.90 andr j
hcpB

59.96,9.97,9.92, separately. When the calculation of
RDF is confined to this mixed structure, the result@Fig. 5~b!#
show that the common characteristic peaks of the hcp and
become very obvious and even the special peaks
A8/3, A11/3, andA17/3 for the hcp lattice can also b
found. The formation of this mixed structure is because th
is a gap with width ofs/A3 in the x direction in the top
layer. This distance is just the relative lateral shift betwe
theA layer and theC layer of the fcc lattice as shown in Fig

by
s.

FIG. 5. ~a! The simulation cell in Fig. 1~d! is repeated in thex
direction and projected on thex-y plane to show the periodic struc
tures more clearly. There is a fcc structure in the parallelogr
frame and a hcp structure in the rectangular frame.~b! Radial dis-
tribution function of the structure in the upper part of~a!. The
arrows point out the special peaks corresponding to the hcp s
ture. This result reflects that the structure in the upper part of~a! is
a hcp-fcc mixed structure.
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4. Without this gap, the top layer can be a completeC ~or A!
layer, and the three layers will form a complete fcc~or hcp!
lattice.

Figure 6 shows the time variation of the mean-squ
electric and magnetic dipole strengths on the particles wh
are defined as@7#

lp~ t8* !5
1

N (
i

N

pi*
2~ t8* !,

~15!

lm~ t8* !5
1

N (
i

N

mi*
2~ t8* !.

Due to the mutual polarization effect, the dipole strengths
the particles increase obviously with the formation of stru
tures, see Eqs.~1!–~3! and ~5!. The time variation of the
parameterslp andlm can thus be used to analyze the tim
scale of the structure evolution in the EMR system. The
multaneous growth oflp andlm in Fig. 6 reflects the sym-
metrical development of the structures in thex andz direc-
tions, i.e., the formation of the layer or sheetlike structur
The structuring process in the EMR system can be divi
into two regimes. In the first regime, the single layers
formed rapidly. The dimensionless timet8* for this period is
less than 3 in Fig. 6. In the following regime, the sing
layers combine with each other to form thicker sheetl
structures and the thicker structures relax into 3D clo
packed structures with the help of the thermal fluctuatio
The second process is much slower than the first one. It ta
dimensionless time of aboutt8* ;20 for the system to build
up lateral ordering in they direction. After that there is no
obvious structure variation because the system is appro
ing to its global energy minimum state. Figure 1~d! is taken
at this time. If the experimental parameters are available
calculating t0 and A, the real time scale for the structur
evolution of the EMR system can be obtained directly fro
the dimensionless time discussed above.

The formation of the 3D close-packed structures has b
found for nearly all of the initial random configurations w
studied withF50.37 when a moderateB is applied. Some of
them are complete fcc or hcp structures, while others are
mixed fcc-hcp structures. This originates from the differe

FIG. 6. Time variation of the mean-square electric and magn
dipole strength of the particles in the system studied in Fig. 1.
simultaneous growth oflp andlm indicates the symmetrical deve
opment of the structure in the electric and magnetic field directio
e
h

n
-

i-

.
d
e

-
s.
es

h-

r

n

he
t

stacking form of the 2D hexagonal layers in they direction.
If the layers stack in an order ofABCABC••• ~or ABAB•
••), we got a fcc~or hcp! structure. But in most cases th
stacking of the layers are in random order and the 2D lay
themselves are not so complete, thus the mixed fcc-
structures are obtained more easily. In Fig. 1~d!, the result is
due to the defect in one layer. The layers are also found
stack in the order ofABCB in simulations. For the former
three layers, it is a fcc structure. While for the latter thr
ones, it is a hcp. Since the primitive vectors of the 2D he
agonal layers can arrange in different directions in thex-z
plane, the lattice axes of the formed 3D close-packed st
tures are also found to orient differently with respect to t
electric and magnetic fields. The details of the final stru
tures depend on the initial configurations, the thermal fl
tuations as well as the polarization parametersa andb of the
particles. The different 3D close-packed structures obtai
in simulations are consistent with the theoretical predictio
for the lattice structures formed in EMR systems under
compatible fields@5#.

IV. STRUCTURE TRANSITION

For studying the structure transition in EMR systems,
electric field is supposed to be applied at first to induce
bct columns along thez direction. The magnetic field is the
applied in the perpendicular direction@6#. Since the forma-
tion of the bct structures in ER fluids has been studied
details by the theoretical and simulation methods@9,10#, we
will not discuss it in this paper. The simulations are th
started with the preset cylindrical bct columns with the
fourfold rotational axis along the electric field direction. Th
columns have the diameter ranging from 7s to 9s and their
three conventional Bravais vectors are taken to bea
5(A6s/2)x0, b5(A6s/2)y0, andc5sz0 @6#. With the pe-
riodic boundary conditions applied in three directions, t
columns are supposed to be infinitely long in thez direction
and arrange into a two-dimensional square lattice in thex-y
plane. The electric field is assumed to be applied for all
time, and the magnetic field is switched on att8* 50 in thex
direction, i.e.,a axis of the bct lattice.

Figure 7 shows the structure transition in an EMR syst
consisting of cylindrical bct columns with a diameter of 8s
and polarization capabilitiesa5b50.5. The scales of the
simulation cell in thex-y plane is 10s310s which corre-
sponds to the volume fraction of the particlesF50.36. j is
set to be 1 for the compatible fields andB is taken to be zero.
It has been found that the effect of the thermal fluctuatio
are relatively weak when the initial state is the comple
lattice structure. For a quite wide range ofB, the simulation
results are found to be essentially the same in this case.

If only the electric field is applied, the suspension wor
as an ER fluid. So the initial bct columns@Fig. 7~a!# are very
stable even under relatively large thermal fluctuations. Ho
ever, when the magnetic field is switched on, the bct str
ture is no longer the ground state for the system. The dem
netization effect favors the lattice deformation ofa/c
increasing@6#, resulting in the stretch of the columns alon
thex direction. The lattice vectora increases, while vectorb
decreases. The lattice vectorc keeps invariant and the chai
structures stay intact in thez direction in the whole proces
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of the structure transition. After a very short time,a turns to
be A2sx0 and b to sy0, as shown in Fig. 7~b!. Due to the
rapid decrease ofb, the bct column is found to break int
two parts in they direction. In each part,a andb construct a
2D rectangular lattice witha/b5A2 in thex-y plane, imply-
ing the formation of the fcc structure. The order paramet
about fcc for the system arer j

fcc59.28, 7.40, and 7.44, re
spectively. The relative small values ofr j

fcc result from the
particles at the outer parts of the columns in they direction.
At this time, the 2D hexagonal layers are at an angle of ab
35.3°with respect to thex-z plane, while this angle is 45° fo
the bct structure in the initial configuration. The rotation
the close-packed layers toward the magnetic field directio
understood as the requirement for the EMR system to re
the global energy minimum state. Although our simulati
model adopts the induced magnetic moment, instead of
permanent moment, to describe the magnetic propertie
the particles, the simulated dynamic process of the bct
structural transition is found to agree well with the expe
mental observations as well as the theoretical explanatio
Ref. @6#.

We have also studied the effect of the magnetic fi
strength on the structural transition by changing the par
eter j from 0 to 1. The application of the magnetic field
always found to induce the deformation of the bct colum
along thex direction. Whenj is up to 0.5 the bct to fcc
structural transition can be observed obviously. While foj
,0.5, the magnetic field is relatively weak and cann
stretch the columns to a structure witha/b5A2 completely.
In that case it is found that the columns usually develop i
a polycrystalline structure with local fcc structures and lo
bct structures. This result is qualitatively consistent with t
observed in experiments as well@6#, though the materia
properties studied in our simulations differ from those
experiments. We have changed the diameter of the colum
the scales of the simulation cell and the thermal fluctuati
in simulations. The bct to fcc transition has been found
all the simulations whenj is large enough. If the externa

FIG. 7. Thex-y plane projections of an EMR system with cy
lindrical bct columns as its initial state at~a! t8* 50, ~b! t8* 51.5,
~c! t8* 59.5, and~d! t8* 520. Thec axis of the initial bct columns
is in the electric field~z! direction. The magnetic field is applie
alonga axis of the bct columns (x direction!. The diameter of the
initial column is 8s. The scales of the simulation cell is 10s
310s in the x-y plane, which gives to the volume fraction of th
particlesF50.36. Herea5b50.5, j51.0, andB50.
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fields are removed at this time and the structures are fro
by physical or chemical methods, the complete fcc me
crystals may be obtained. However, if the fields are still a
plied, our simulations found that the structure will keep
evolving at a relatively slow speed after the structure tran
tion. This may be understood as the result of the obvio
demagnetization field effect at the rough surface of the
formed column structures as shown in Fig. 7~b!.

The subsequent structure evolution of the system depe
on the volume fraction of the particlesF obviously. HereF
is determined by the diameter of the initial bct columns a
the scales of the simulation cell in thex-y plane. WhenF is
smaller, the larger separation between the columns g
them enough space to relax. Following the bct to fcc tran
tion, the structures keep on stretching along thex direction
until all the particles arrange into 2D close-packed lay
parallel to both fields. Because of the smallerF, only the
single or double layer structures are obtained under this c
dition. In the extreme case that there is only one bct colu
in the system, i.e., no periodic boundary conditions are
posed, the structure is found to develop into several sin
layers rapidly. On the other hand, whenF is larger, the
columns touch their neighbors in thex direction soon after
the deformation, see Fig. 7~b!. The relaxation of the struc
tures in the limited space@Fig. 7~c!# leads to the formation of
thicker sheetlike structures. It can be seen in Fig. 7~d! that
two 3D close-packed structures have been formed in the
tem. The structure in the upper part is a hcp lattice. Its or
parameters about hcp arer j

hcpA55.08,9.59,9.48 andr j
hcpB

56.21,9.04,9.55, separately, considering the deformation
the two lower layers. The structure in the lower part of F
7~d! is a fcc lattice with order parameters ofr j

fcc

59.97, 9.81, and 9.68, respectively. The only difference
tween these lattice structures and those in Fig. 4 is that
orientation of the 2D hexagonal layers is at an angle with
x-z plane in this case. As discussed above, this angle
decrease with the increase of the separation between the
tial bct columns. In simulations, it has been found that wh
F is not smaller than 0.3 the structures can always relax
the 3D close-packed lattices. The details of the 3D latti
depend on the initial configurations and the competition
tween the magnetic and the electric fields. In Fig. 7~d!, the
hcp and fcc structures are separate. The mixed fcc-hcp s
ture has also been found. For example, we have increase
simulation cell in Fig. 7 to 11s311s and fixed other con-
ditions. In the upper part of the final configuration, we fin
four single layers close-packing in an order ofABCB. This
is the mixed structure as mentioned in Sec. III. Thus
structure transition of the EMR system can also be divid
into two steps. In the first step, the bct structures transform
the fcc structures witha/c5A2. The fcc structures then rela
into the 3D close-packed structures with their 2D hexago
layers turning toward thex-z plane as far as possible in th
second step. The final structures may be the fcc, the hcp
more likely, the fcc-hcp mixed structures.

V. CONCLUSION

In this paper, the molecular dynamic simulation meth
has been used to study the structural formation and trans
in EMR fluids under the compatible electric and magne



b
itia
s
en
ay
re
lat
la
e
o
in
in

it
tic
.

an-
o

uc-
e
ith

ter-
tep.
or

sis-

un-
as

6844 PRE 61WANG, FANG, LIN, AND ZHOU
fields. The structural formation process is investigated
applying the fields crossed and simultaneously to the in
random configuration. It has been found that the particle
first form 2D hexagonal layers parallel to both fields. Wh
the volume fraction of the particles is large enough, the l
ers combine each other to form thicker sheetlike structu
The thick structures further relax into 3D close-packed
tices with the help of thermal fluctuations. Since the dipo
energy difference between the fcc and hcp lattices is v
small, the final structures may be the fcc, the hcp, or, m
probably, the fcc-hcp mixed structures, depending on the
tial configurations and the thermal fluctuations. For study
the structural transition observed in experiments@6#, the cy-
lindrical bct columns are supposed to be formed at first w
their c axis along the electric field direction. The magne
field is then applied along thea axis of the bct structures
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When the magnetic field is strong enough, the structure tr
sition of the EMR system is found to be composed of tw
steps. In the first step, the bct columns transform to fcc str
tures witha/c5A2 due to the demagnetization effect. Th
structures further relax into 3D close-packed structures w
their 2D hexagonal layers turning toward the plane de
mined by both fields as far as possible in the second s
The final structures are also found to be the fcc, hcp,
fcc-hcp mixed structures. The simulation results are con
tent with the theoretical and experimental results well@5,6#.
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