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Field Induced Structural Transition in Mesocrystallites
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We have fabricated multiply coated glass spheres with diameters of45s62d mm that exhibit
appreciable magneto-, as well as electrorheological responses. Under crossed electric and magnet
fields, the microspheres were observed to form columnar crystallites with a structure that transforms
from body-centered tetragonal to face-centered cubic as the ratio between the magnetic and th
electric fields exceeded a minimum value. The observed transition scenario is in excellent agreemen
with calculations based on the model of field induced crystal formation and structural transition.
[S0031-9007(99)09153-X]

PACS numbers: 64.70.Kb, 61.46.+w, 77.84.Lf
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Crystals with lattice constants ranging from a few
thousand angstroms to tens of microns—mesocrystals
short—constitute an interesting class of artificial materia
with unique photonic properties. At present there a
only a limited number of approaches for their realizatio
such as colloidal crystallization, 3D lithography, and th
electrorheological (ER) or the magnetorheological (MR
effect. The ER or MR fluids are generally particle suspe
sions where the particles have large electric polarizabil
or magnetic permeability/magnetic moments. The E
or MR effect offers a unique technique whereby the su
pended particles can be self-assembled into body-cente
tetragonal (bct) mesocrystallites [1–5] through th
application of an external field. When ER and MR effec
are combined, the EMR effect can lead to nonline
increases in the yield stress, attributed to changes in
network structure [6]. In this work, we demonstrate fo
the first time that martensiticlike structural transformation
can be realized under crossed electricsEd and magnetic
(H) fields, when theHyE ratio exceeds a minimum value
The observed transformation is correctly predicted by t
minimization of combined electrostatic and magnetosta
free energy densities.

The field-controlled structural transformation is rea
ized with multiply coated glass spheres with diameters
45s62d mm that exhibit significant EMR responses. Uni
form glass spheres with diameters of34 6 2 mm were
coated with Ni using the conventional electroless platin
technique [7]. A Ni coating of approximately2 mm is de-
sired. A layer of PZT (lead zirconate titanate) was coat
on top of the Ni layer by using the sol-gel method [8] t
prevent Ni oxidation in the subsequent annealing proce
necessary for obtaining the desired magnetization. T
PZT-coated spheres were heated in a vacuum chambe
400 ±C for 2 hours and then annealed at550 ±C for 3 hours.
While not absolutely necessary, we have further coat
another layer of Ni, followed by a layer of TiO2, with
processing steps similar to those described above and
ported elsewhere [9]. The outer coatings were intended
give a large ER response [9]. The cross-sectional scann
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electron microscope (SEM) pictures of the EMR sphere
together with the response to a small magnet, are sho
in Fig. 1.

Experiments on EMR fluids were carried out by mixin
the EMR spheres with silicon oil, and placing the samp
in a cell with four electrodes. The highE field, at 50 Hz
and up to2 kVymm, was applied across the top and botto
electrodes, separated 3 mm apart. Another two para

FIG. 1. (a) Cross-sectional SEM picture of the coated spher
The apparent size variation is caused by deviation of t
spheres’ centers from the cutting plane. The arrow poin
to a circular region detailed in (b), which shows detaile
thickness of the four coatings. From the inside out:2 mm Ni,
1.5 mm PZT,1 mm Ni, and finally1 mm TiO2. (c) The coated
EMR spheres under the influence of a small magnetic stirrer
© 1999 The American Physical Society
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plates were mounted on two sides, 6 mm apart, a
connected to a HP4282A LCR meter. The whole cell wa
placed in the central region of an electromagnet (GNW
Magnet System, model 3470) with a pole surface diamet
of 40 mm and a gap of 20 mm. Without external fields
the suspension had the appearance of a random dispers
At an E field of 1 to 2 kVymm, columns appeared, with
diameters typically ranging from seven to nine particle
At fixed E field, the structural changes induced by th
H field inside the mesocrystallites were monitored b
measuring the small dielectric constant changes in
direction perpendicular to both theE and H fields. The
results are summarized in Fig. 2 for a sample with 20%
solid volume fraction, at four values of theE field. They
have a characteristic dip on the order of 3%, with th
minimum position increasing linearly with increasedE
field as shown in the upper-right inset. The slope o
this variation gives the conversion factor between th
strengths of ER and MR responses for our EMR sphere
The dielectric constant at the small H-field region wa
flat and reversible. For the curve withE  2 kVymm,
this region occurred forH , 30 G. Irreversibility sets
in at H fields greater than this value. We obtained man
cross-sectional micrographs by freezing in solid epox
the configurations at variousH-field values, and cutting
the resulting samples. Four such micrograph pictur
are shown in Fig. 3, withE  2 kVymm. Figures 3(a)
and 3(b) are for the configuration under zeroH field,
cut along the (001) plane [Fig. 3(a)] and the (110) plan
[Fig. 3(b)]. Taken together, they give direct evidenc

FIG. 2. The sample dielectric constant measured along t
y direction (perpendicular to both theE and H fields) as a
function of the appliedH field, under four differentE fields.
The upper right inset shows that the position of the minimum
is a linear function of the appliedE field. The arrow indicates
the H-field value where the fcc structure was observed.
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to the BCT structure. Figures 3(c), cut along the (01
plane, and 3(d), cut along the (110) plane, are for t
configuration at H  54 G. They clearly indicate a
square lattice in the (011) plane (the fcch100j) and a
hexagonal lattice in the (110) plane (the fcch111j), both
the signatures of a fcc structure. Other cuttings we
taken at 20, 30, 35, 38, 40, and 50 G. Together with t
dielectric constant measurements, they gave the follow
picture of the BCT-fcc transformation. AtH , 30 G,
only the BCT structure was seen. From 30 to 50 G, the
was an apparent coexistence of local BCT structures w
locally non-BCT structures. This coincides approximate
with the onset of irreversibility in the dielectric constan
measurement. At 54 G, where Figs. 3(c) and 3(d) we
taken, only the fcc structure was seen. AtH . 54 G, we
see visually the columns being pulled apart and formi
a “fractallike” structure at the minimum of the dielectri
constant. Even higherH fields result in the reformation of
the columns aligned in theH-field direction, similar to the
observations reported in Ref. [6]. We note here that t
cohesive energy per particle (relative to random disp
sion) in our system is at least 5 orders of magnitude larg
than the thermal energy, and hence temperature effe
are negligible. The transition between two structures
distinct symmetries was accomplished by the cooperat
displacements of the spheres without any long ran
diffusion. As such, it can be regarded as a martens
transformation. As the BCT and the fcc structures a
close in energy under anE field alone, the structural tran-
sition is induced by varying the relative strengths of th
two external fields. However, as will be exposed later, t
macroscopic columnar structure of these mesocrystall
plays a subtle but important role in deciding the fcc orie
tation. We emphasize that fcc becomes the ground s
structure when electrostatic and magnetostatic energ

FIG. 3. Panels (a) and (b) are SEM cross-sectional pictu
for a sample frozen (in epoxy) atE  2 kVymm with zeroH
field, while (c) and (d) are cross sections for a sample frozen
E  2 kVymm andH  54 G. See text for details.
4249
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compete under crossed field conditions. In an appli
magnetic field alone (with no electric field), the groun
state microstructure is also BCT [10].

In our calculations, we assume that the spheres fo
columns with diameter ranging from 7 to 9 times th
diameter of the spheres, and the preferred arrangem
of the spheres inside the columns is determined throu
energy minimization. We consider the combined Gibb
free energy densities of the EMR fluid,F  FE 1 FH ,
whereFE andFH are the electrostatic and magnetostat
parts of the free energy, respectively.F is a function of the
external fields, the arrangement of the spheres, as wel
the dielectric and magnetic properties of the coated sphe
and the fluid medium.

The electrostatic free energy density is given byFE 
2 ¯́ zzE2y8p. Here z is the direction of theE field E,
maintained by a constant potential across two capaci
plates, and ¯́ zz is the zz component of the effective
dielectric tensor for the composite system. To simplify th
calculations, we approximate the dielectric polarizabilit
of the EMR spheres by that of the TiO2 coating (which
is a lower bound due to the inner Ni coatings). Th
overall ¯́ zz can be found as̄́ zz  fc´zz 1 s1 2 fcd´2,
where fc is the volume fraction of the mesocrystallite
columns, fixed at the experimental value of0.2ypc, with
pc the solid fraction in the mesocrystallites. The´zz of
the mesocrystallite, treated as a two-component compos
may be rigorously calculated for any given microstructur
through the Bergman-Milton representation [5,11], wit
the input parameters of́2  2.5 for the dielectric constant
of the fluid and́ 1  85 for that of TiO2 [12].

Each EMR sphere has a permanent moment$mi of ap-
proximately1.5 3 1026 emu in magnitude estimated from
its Ni coating (assuming a magnetization of58 emuyg).
The magnitude of this moment is assumed to be fixed, b
its orientation can change depending on the arrangemen
the spheres and the strength of theH field, as determined
by the minimization of the magnetostatic free energ
density:

FH  Fm 2 $M ? $H 1 2phabMaMb . (1)

The first term,

Fm  2
1

2V

X
i

$mi ?
X
jfii

1

r3
ij

f3n̂sn̂ ? $mjd 2 $mjg ,

is the dipolar interaction due to the permanent momen
The second term is the interaction between the appli
H field and the magnetization$M of the entire EMR sys-
tem. The third term gives the depolarization effect, whe
hab are the demagnetization factors of the rectangul
EMR cell (taken to be diagonal andhxx  hyy  1

4 and
hzz  1

2 ). To evaluate theFH , we determine the orienta-
tion of each individual$mi through a spin dynamics simu-
lation. A set of dynamical equations is derived from
LagrangianL  T 2 FH , whereT is an auxiliary kinetic
energy that is dissipated slowly to allow the spins to evolv
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towards an energy minimum. We assume the cylindric
columns to be arranged in a square lattice. Each spin is
lowed to vary freely, with the periodic boundary conditio
imposed in thez direction. Our approach is noted to dif
fer from the previous theoretical considerations [2,13]
the following aspects: (i) the macroscopic columar stru
ture is explicitly considered; (ii) the dielectric part of th
interaction energy is computed with the Bergman-Milto
formalism rather than the usual dipole approximatio
(iii) permanent (rather than induced) magnetic moment
considered in better correspondence with the mate
properties; (iv) we do not assume uniform alignment
the magnetic moments, which is unphysical in our ca
We note that if the magnetic moments were induced rat
than permanent, a separate calculation [14] showed that
results are qualitatively the same.

The BCT, fcc, and the intermediate structures insi
the mesocrystallite columns can all be described by
body-centered-orthorhombic unit cell with two sphere
per cell. We align thec axis with theE field (z direc-
tion) and thea axis with theH field (x direction). We
found that up toH  60 G, the minimum energy state is
associated withc  2R (i.e., touching spheres in theE-
field direction). In addition, the spheres must be in phy
cal contact with each other, as required by the fact th
the compressional electrostatic and magnetostatic for
are stabilized by the steric repulsion of the spheres [1
At H  0, the ground state is the BCT structure, wit
ayc 

p
6y2 (and b  a), as seen experimentally and

in agreement with prior works [1–4]. The (110) plan
is a closed-packed plane and remains invariant under
BCT ! fcc transformation. Together with the constrain
of c  2R, the transformation path can be described
the equationb2  12R2 2 a2. The hard sphere con-
dition sa $ 2R, b $ 2Rd requires1 # ayc #

p
2, with

the limits corresponding to fcc structures oriented diffe
ently with respect to theH field. We performed energy
calculations along this path, and the results are sho
in Fig. 4 for different values ofH-field strengths with
a fixed appliedE field of 2 kVymm. We find good
quantitative agreement with the experiments by usi
j $mi j  1.0 3 1026 emu. Thus, the only parameter use
in the calculation agrees well with the value estimat
from the Ni coating thickness.

From Fig. 4, we see that forH fields below,30 G,
BCT remains the optimal structure. This agrees wi
our observation that there is a reversible regime in t
dielectric constant measurement for fields somewhat be
30 G. ForH fields above 30 G, the minimum free energ
state rapidly moves to the fcc structure. This coincid
with the observation of non-BCT structures at theseH
fields; the observed BCT structure could be due to defe
and the lack of temperature effect to overcome loc
metastabilities. At 57 G, fcc is a stable minimum fre
energy state, as compared to the observation of the cl
fcc state at 54 G.
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FIG. 4. Calculated sum of the electrostatic and magnetosta
free energy densities, minimized with respect to thec and b
axes values, are plotted as a function of theayc ratio. The
energy of the BCT structure is used as reference.

We note that the columnar structure breaks the cub
symmetry of the fcc structure withayc  1 or

p
2,

because the demagnetization effect favors the deformat
whereayc increases.

The fact thata increases under the action of theH
fields implies a decrease of¯́ yy . This is indeed observed
as shown in Fig. 2. Based on effective medium theor
we estimate that́̄ yy should decrease by about 0.3% t
5.5% (depending on the shape of the columns and th
orientation) as the internal structure changes from BCT
fcc. The observed decrease of about 1% falls within th
range.

The excellent consistency achieved between theo
experiment, and characterization means that the obser
structural transformation may be characterized as
external-field-induced martensiticlike transformation. Th
recognition of this mechanism opens a new avenue for t
fabrication of mesoscrystals with BCT and fcc structure
(and those in between), with unique and tunable optic
characteristics.
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