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Breakup of dipolar rings under a perpendicular magnetic field
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An experimental and theoretical study of the breakup process of rings, formed by magnetic microspheres,
under the application of an external magnetic field perpendicular to the plane of the ring is presented. We found
experimentally that when the value of the external magnetic field falls below a lower critical field the dipoles
rotate in the ring without any distortion of the ring structure. However, exceeding the upper critical field causes
sudden breakup of the ring into short chains aligned with the field. Between the lower and upper critical fields
the system is in a metastable state, and hence, it is very sensitive to external perturbations. The spiral opening
was found experimentally to be the lowest energy transition from the ring to the chain conformation. We
worked out an analytic approach and we performed computer simulations, the results of which are in good
agreement with experiments.
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[. INTRODUCTION perturbations by analytic means, and we also tested experi-
mentally the stability of structures formed in the absence of
In colloidal materials composed of micrometer-sizedan external field against vibratiofi2]. The deformation and
magnetic particles suspended in a nonmagnetic viscous lidgereakup process of dipolar rings under the application of an
uid, in the absence of an external magnetic field the magnetiexternal magnetic field parallel to the ring’s plane was stud-
particles aggregate due to the interplay of the dipole-dipoléed in Ref.[13].
interaction and of the Brownian motion of the particles, and Subjecting a dipolar ring, formed in a suspension, to a
they build up complex structures. The intriguing effect of weak external magnetic field, not sufficient to destroy the
long-range dipolar forces on the dynamics of growth pro-Structure, the ring rotates until its plane gets perpendicular to
cesses and on the structure of growing aggregates in colloidge field achieving equilibrium. However, a further increase
have attracted much scientific and industrial interest duringf the field value can cause the breakup of the ring structure.
the past yearfl—12. The problem of the breakup of a planar ring of dipoles under
The formation of structures of magnetic particles and theithe application of an external magnetic field perpendicular to
disintegration under various kinds of external perturbationghe plane of the ring has been addressed in Refl, where
is a very interesting issue that has initiated intensive rea simplified analytic approach has been worked out, com-
search. In these investigations the study of the behavior ddined with computer simulations, but no experimental results
small regular structures, like chains, or rings composed of #ave been presented. The analytic approach of [Réf.al-
few particles, is essential since they can serve as a startifgwed for solely nearest neighbor interactions between the
point for the understanding of more complicated conforma#particles of the ring. To capture the effect of the long-range
tions. Due to this reason the formation of chains and columnéorces a parameter had to be introduced, the value of which
of magnetic particles in an external magnetic field has beeias determined by fitting the analytic formulas to the results
extensively studie1—7]. Very recently, themicromechani-  of computer simulations.
cal properties the deformation and rupturing of dipolar  In this paper we reconsider this problem and we present
chains and columns, was investigaf@-11]. Another im-  for the first time a thorough experimental and theoretical
portant structure of dipolar particles is the circular ring, investigation of the breakup process of dipolar rings sub-
which provides the lowest energy conformation when thgécted to an external magnetic field perpendicular to the
number of particles is larger than 4. Recently, we reported aflane of the ring. We found experimentally that when the
experimental and theoretical investigation of the formationvalue of the external magnetic fieB falls below a lower
of two-dimensional circularly shaped rings of dipoles in col- critical field B! the dipoles rotate in the ring without any
loidal materials in the absence of an external magnetic fielddistortion of the ring structure. However, exceeding an upper
and that of the competition of rings with randomly oriented critical field B¢ causes the sudden breakup of the ring into
open chains and labyrinthine structures when changing thshort chains aligned with the field. Between the lower and
volume fraction of particle§12]. We have analyzed the sta- upper critical fields the system is in a metastable state, and
bility of rings of dipoles with respect to external mechanicalhence it is very sensitive to external perturbations. The spiral
opening was found experimentally to be the lowest energy
transition from the ring to the chain conformation. We
*Electronic address: feri@dtp.atomki.hu worked out an analytic approach treating long-range interac-
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FIG. 1. Top view of a ring of dipoles. One can
observe the rotation of the marked particle.

B=0 B=19 B=24

tions correctly, and we could relate the characteristic quantimore, experiments have been performed by suddenly switch-
ties of the break-up process with that of the initial ring. Ex-ing on the magnetic field and keeping its value fixed.
periments, analytic theory, and computer simulations are in When the magnitude d8 was increased slowly, we have
satisfactory agreement. The role of friction between the parebserved that the particles rotated in the ring without distor-
ticles and between the particles and the bottom plate of thBon of the ring’s structure. The rotation of a particle is dem-
vessel are discussed; furthermore, the effect of gravity andnstrated in Fig. 1, where the rotational status of the micro-
that of the lateral constraint due to the hard ground of thesphere pointed by the arrow can be clearly seen due to the
vessel are discussed. The effect of polarization of the parchanges of the bright spark on it. In Fig(al there is no
ticles due to the external magnetic field and the mutual dispark on the microsphere, while increasing the magnetic field
polar fields is analyzed. intensity the bright spark appears when the ball rotated,
which can be seen in Figs(l) and Xc). However, the rota-
tion of particles appeared at random positions along the ring
and they were found to be discontinuous, i.e., rotations oc-
For the experimental study of the breakup process theurred in sudden jumps under the slowly increasing field.
circularly shaped rings of dipolar particles have been proThis effect is caused by the sticking friction between the
duced as described in Refd.12,13. The moment- particles and between the particles and the bottom plate of
controllable magnetic particles were fabricated by selectinghe vessel.
uniform glass microspheres with an average diameter of 47 When B exceeds a threshold value under slow increase,
um as an initial core, and by coating a layer of nickel of the ring opens up at a random position, i.e., a particle starts
thickness about 3.3wm using a chemical coating process to move in the direction of the field and the whole ring opens
[15]. The magnetizatiot of microspheres used in our ex- in a spiral way as presented in Fig. 2Bfwas kept fixed the
periments is 480 emu/cinin the experiments the optical opening process stopped due to the gravitational force acting
side of a 2-in. Si wafer was used as the bottom plate o®n the particles, and the particle system stabilized itself in
which four plastic barriers are mounted to form a containeithe actual conformation. To get the whole chain of particles
filled with silicone oil of viscosity7=517.68 mPas. The aligned with the field, the magnitude Bfhad to be continu-
container was placed in the center region of a pair of Helmously increased. Under slowly increasing magnetic field only
holz coils, where the magnetic strength of coils was conthe spiral opening was found experimentally as a transition
trolled by a current amplifier. The pattern evolution of mi- mechanism from the ring to the chain conformation. In Fig. 2
crospheres in the container was monitoried situ by a the opening started at about 20—25 G and the field had to be
charge-coupled devic€CCD) camera and a video recorder. increased up to 40 G to get full alignment.
First, the nickel-coated microspheres were magnetized and When a magnetic fiel of constant value was imposed
then dispersed randomly onto the container in the absence &fiddenly, the specific field value was searched for, which
an external magnetic field. The particles settle down onto theauses the immediate breakup of the ring. Typical results of
bottom plate of the vessel and organize themselves into varthese experiments are presented in Fig. 3 where the time
ous planar structures; they also form planar rings. In Refevolution of a ring can be seen after switching on the mag-
[12] we pointed out that the formation of circularly shaped netic field. In this case the magnetic fiddds strong enough
rings on the bottom plate of the vessel is due to the relativeljo fix the dipole moments parallel to each other which gives
large particles size, which hinders the Brownian motion offise to an explosion of the ring. Afterwards, the separated
the particles at room temperature and provides a magnetiearticles gather again and form short chains along the field
coupling the strength of which is much larger than the ther-due to the dipole-dipole interaction. The minimum valuéof
mal energy. needed to provoke immediate breakup of the ring was found
After the formation of the circularly shaped rings of mag- to be between 40 and 50 G for rings of 10—20 particles.
netic microspheres, those rings were selected for further
studies which occurred far from the other structures in the
colloid in order to minimize the disturbing effect of the sur-
roundings. In the next stage of the experiments, the external The problem of the breakup of rings under an external
magnetic field was switched on such that its direction wasnagnetic field perpendicular to the plane of the ring can be
fixed to be perpendicular to the plane of the rings. The magstudied analytically up to some extent. A simplified analytic
nitude of B was controlled in two different waysB was treatment has been performed in Rdf4], where only near-
increased linearly with time starting from O and, further- est neighbor interactions have been considered between the

Il. EXPERIMENTS

IIl. ANALYTIC APPROACH
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FIG. 2. In the experiments, the ring opens in a
spiral way into a chain and aligns with the exter-
nal fields(a)—(f). The magnitude oB had to be
increased during the opening process to over-
come the gravitational force acting on the par-
ticles. Computer simulations are in good agree-
ment with the experiment&y)—(l). In snapshots
of the simulations the arrows indicate the orien-
tation of the dipole moments.

particles. To capture the long-range nature of the dipolar ineonfiguration ofN dipoles, all the dipole moments lie in the
teraction a parameter was introduced into the analytic modetjng’s plane and the anglg, enclosed by the direction of a
the value of which was determined by fitting the analyticdipole and the line connecting the center of two consecutive
results to the exact numerical solution obtained by computeparticles in the ring, can be given @gs=7/N [12].
simulations. In the following we do not restrict the dipole-  If a weak external magnetic field is switched on perpen-
dipole interaction to nearest neighbors but we treat the longdicular to the plane of the ring, the dipole moments of the
range interaction correctly. This way the analytic results arearticles turn out of the ring’s plane in the direction of the
obtained in closed form without any fitting parameter; fur- external field but the ring structure remains unchanged. Due
thermore, this formulation allows us to directly relate theto the symmetry of the system, all the dipoles have the same
characteristic quantities of the breakup process to those @btation and the dipole moments are always tangential to the
the initial ring. surface of a cylinder defined by the initial ring and the ex-

In the theoretical treatment the system under considerternal magnetic field. Let us denote Bythe angle between
ation is modeled as a monodispersive ensemble of soft pathe orientation of dipoles and the external magnetic figld
ticles of numberN and magnetic moment. The particles i.e., 0<0®< /2. The potential energy of the ring of dipoles
are represented by spheres of radRigdiameterd) and divided by the number of particlés can be obtained as
pointlike dipole moments are assigned to their center, which
corresponds to the assumption of a homogeneous distribution 1
of dipole moments in a spherical shell of uniform thickness W= — E U — uB cosO. (1)
neglecting any spatial inhomogeneities. N =

It can be simply shown that in the absence of an external
magnetic field the lowest energy configuration of dipoles, if . . . . -
thegnumber of dipoles is larger than 4, is the ring structur In Eq. (1) ujj is the |nter§ctlon energy of two dipolese; and
which is illustrated in Fig. 412]. Compared to a straight “€ Separated by the distancg
chain of aligned dipoles in the absence of an external mag-

netic field the ring is energetically more favorable because u? o o
the closing of the two ends of the chain overweights the uij=—[e-e—3(&-ni)(e-nij)], 2
energy loss due to the misalignment of dipoles. In the ring Fij

FIG. 3. The breakup of a ring under a con-
stant magnetic fiel@ imposed suddenly. The ex-
perimental result$a)—(f) are in good agreement
with the simulationgg)—(l).
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FIG. 4. The ring of dipoles when pointlike dipola?s are as-
signed to the center of spherical particles of radiug denotes the N
equilibrium angle between the dipole moments and the connecting

u I Ariti : i
line of consecutive particles in the ring. FIG. 5. The uppeB. and lowerB, critical fields as a function of

the number of particlebl of the ring in dimensionless form.

where fij; denotes the unit vector pointing from dipole
i to dipole j. Until the ring structure is undistorted,
the orientation of the dipole moment of particle
can be represented in spherical coordinates s
= (sin® cos¢;,sin® sin ¢, ,cosO), where ¢;=2iB charac- Increasing the external fielB, the ring configuration loses
terizes the position of the dipole along the ring. The distancéts stability at a critical fieldB. corresponding to a specific
rij of particlesi andj can be obtained as;;=d sin(i value of the rotation angl®. at which the energy of the
—j)BJ/sinB. Based on these formulas the summation in Eqdipole-dipole interaction, i.e., the sum of the first two terms
(1) can be rewritten, and the energy of the ritkgan be cast  in Eg. (4), becomes positive. From Eqgl)—(6) it follows

in the following form:

2p2
_wi B
W=Wo— —— (6)

2 [ W
w w?sintB Nil ~ 1+cog(iB) Bg:; ~WoK,  cosO= _?O' @)
2= " =

Nd® =1 Sin’(ip) B is called the upper critical field, see also Rgf4]. Note

u?sintB N-1 2+ co(i B) that the above analytic expressions of the energy hold until
+c052®—3 2 (N=i)——— the ring structure persists, i.e., upBg.

Nd*> =1 sin’(i ) For the particle system the chain configuration aligned
— 1B cos0. 3) with the field becomes energetically favorable already at a

lower value of the external field., which is called the

It can be recognized that the first term in E8).is the energy I9wer critical field. Since the energy of a chain aligned with
W}, of a ring of N particles in the absence of an external B is W°=Wg— uB, the lower critical field reads as
magnetic field, see also R¢fL2]. The second term accounts
for the increase of the dipole-dipole interaction energy due to 5! __[ 1— \/1+ E[Wr _WE
the rotation of dipoles out of the ring’s plane, and the third o K-0 0
term provides the energy due to the interaction with the ex-
ternal field. Hence, Eq3) can be simplified to whereW; denotes the energy of a chain in the absence of an
external field. The upper and lower critical fields are illus-
W=Wg+K cos @ — uB cos®, (4)  trated in Fig. 5 as a function df, where the unit ofB is
Bo=u/R3. It can be observed th&, saturates for largé,
whereK>0 is solely determined by the initial ring structure \while Blc has a maximum aN=8 and it goes to zero for
according to Eq(3). The equilibrium angled, can be ob- |arge N, since in this limit the difference between the ring
tained by minimizingW with respect to® at a fixed mag- and chain configurations disappears. The critical afiglas

, ()

netic fieldB a function ofN is presented in Fig. 6. The saturation value of
0O for largeN corresponds to the critical angle of an infinite
cos® ZM—B (5) chain. . ,
¢ 2K’ It can be considered that when the external fiBléalls

betweenB). and B! the ring is in a metastable state, which
and the energy takes the final form also implies that it is sensitive to external perturbations. The
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3951 ¢ . fir?:r_4[5(cosﬁi)(coslgj)nij —cog Bi— Bj)n;j
Fo: ij
390 : 4 . .
el ® ] —€,CoSp;—€;CosBi], C)
380 I @ 1 where ﬁij denotes the unit vector pointing from dipaldo
®° sk & ] dipole j, and g;, B; are the angles of the direction of the
ol ¢ dipoles with respect ta;; . The hydrodynamic forcg® on
' a sphere is treated as Stockes'’s dfdj’= — av;, wherev;
365 denotes the velocity of particleand a=6Rw#. The par-
36.0 - ticles are assumed to be deformable bodies which can over-
lap each other during their motion representing local defor-
3551 mations up to some extent. To capture the finite size of the
35.0 particles, an elastic restoring force is introduced between

overlapping particles according to Hertz's contact [dw]

FPP=—kpy(d—r;)¥n; = — ko f PP, 10
FIG. 6. The critical angle in degrees at which sudden breakup 1 prl i) PR (10

occurs. The horizontal continuous line indicates the limit angle, . . .
where the interaction of two dipoles becomes repulsive when thg\’herek is a material-dependent constant, and the superscript

two dipole vectors and the line connecting the two particles lie in PP refers to the particle-particle contact. A similar contact
the same plane, i.e., in a chain configuration. force is introduced between the particles and the bottom
plate of the vesseFP9=—k,,fP? in order to ensure the con-

. straint by the hard ground. For simplicity, no gravitational
response of the system to external perturbatlonthmB force wa); implemen?ed on the particFI)es Y g

<B¢ can only be explored by means of computer simula-  The system is supposed to be fully dissipative and nonin-

tions. ertial, hence
dr, w2« .k . Koo
IV. COMPUTER SIMULATIONS L M_ 2 fi”ﬁ_ —pp fiPP_ ﬂfipg,
dt o F " a k" «a

A deeper insight into the breakup process can be obtained
by means of computer simulations. In the simulations the
model used in the analytic part is completed to make pos-

sible the study of the time evolution of the breakup process. i ) ) ) ) )
The two-dimensional version of the model has been succesdN€ first order differential equation system is solved numeri-

fully used in our recent workgl2,13. In general, the spheri- cally to thain the traje_ctories of the particlléﬁ]_. Since no
cal particles in the model have six continuous degrees oftochastic forces are introduced in the equation of motion,
freedom in three dimensions, i.e., the three coordinates of thgd- (11, the trajectories of the particles are completely de-

center of mass and the three Euler angles characterizing thgrministic. In our simulations we tooR, 4, and « to be
orientation of the dipole moment. unity, and we chosk such that no significant overlap occurs.

The time evolution of the particle system is followed by ThiS implies that the physical quantities for the present ex-
solving the equations of motion for the translational degree®€rimental situation are measured in thesfollowmg units: dis-
of freedom of the particlesmolecular dynamic$16]), and tancel§=%7 pm, magnetic field,=u/R°=650 G, force
by applying a self-consistent relaxation technique to captur&o=ux/R'=3.1 dyn, Ve|°C'2tYUg: Fo/“fg)lz cm/s(where
the rotational motion. The particles are subjected to the*=0.26 g/s), ener“gyEoz,u /R°=8x10"" erg, and time
dipole-dipole and dipole-external field interaction, to hydro-to=R/vo=2.3X10"" s. A
dynamic resistance due to their motion relative to the liquid Since the external magnetic fieRlis assumed to be ho-
phase, and to an elastic restoring fofseft particle dynam- mogeneous, it affects the translational motion only through
ics) in order to take into account the finite size of the par-its influence on the dipole orientation. In the simulation, the
ticles and the interaction with the hard bottom plate of therotational degrees of freedom are not treated dynamically,
container in which the pattern evolution is studied. Moti- instead, for each spatial configuration a self-consistent relax-
vated by the experimental observations, no stochastic forceagion algorithm is applied to find the equilibrium orientation
are taken into accour(ho thermal motiohin the simula- of dipoles, where each dipole points towards the I¢dgo-
tions. lar plus externglmagnetic field

The magnetic forcetfi“jq acting between two dipoleﬁéi
and ,uéj separated by a distancg is supposed to have the
form F{'= w2} with

i=1,...N. (11)

N
ém(ri):ig:l Bl(ri)+B, (12)
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: U T T T between the final results of gradually increasing the magnetic
field up to a certain value or suddenly imposing the same
de “““ value. Snapshots of the evolution of the particle system in a
e simulation, when a field value larger th&) was imposed,
) are compared to the corresponding experimental results in
Fig. 3. In the snapshots obtained by the simulations the ori-
2 T ] entation of the dipole moments of the particles is indicated
04 e by arrows. Since the dipole-dipole interaction cannot over-
weight the effect of the external field, the dipoles suddenly
turn over the critical angl® . and the ring practically ex-

0.2

06 ) AN
plodes, see Figs.(B) and 3h). The external magnetic field is
08 homogeneous, hence the further pattern evolution is solely
-0. —— analyti . . . . .
B o o c N due to the mutual interaction of dipoles, i.e., the particles

with almost parallel dipole moments tend to form short
chains aligned with the external field, see Figg)33(f) and
3(i)-3().
B To study the sensitivity of the ring to external perturba-
) ) ) . tions in the metastable regime, a fixed valueBofvas im-
FIG. 7. Comparison of .the analytic results with computer S'.m”'posed falling betweelﬁl'C andB{, and a perturbation of the
lations for a ring of 15 particles. The value of the upper critical field . . . . .
B¢ is indicated by an arrow. The analytic and numerical results 19 Was mtroduced_ SO that one particle was sllghtly_dls-
agree well up (8" as expected. placed from its eqU|!|br|um pos_ltlon along the field d|r¢ct|on.
Snapshots of the time evolution of the perturbed ring are
e o . compared to the experimental results in Fig. 2. Since no
whereBi(r;) is the total magnetic field at the position of grayity was implemented in the model the valueBfvas
particlei, B)(r;) is the dipolar field of particl¢ at the posi-  kept fixed during the simulations, while in the experiments
tion of i, and B denotes the homogeneous magnetic fieldthe magnetic field had to be continuously increased in order
imposed externally. After each integration step of the equato get full alignment withB. A qualitative agreement of the
tion of motion, Eq.(11), the dipole moments of the particles simulations and experiments can be observed in Fig. 2.
are turned to be parallel to the local magnetic fiélg_ It is Simulations revealed that such perturbations provoke always
iterated until equilibrium is achieved. The method corre-the spiral opening of the ring, which implies that spiral open-
sponds to the limiting case of infinite rotational mobility, ing is the lowest energy transition from the ring to the chain
when the dipole orientations are in equilibrium in any mo-conformations.
ment. This simulation technique has been successfully ap- Substituting the parameter values of Sec. IV into the ana-
plied to study the formation of rings of dipoles in the absencéytic results of Sec. llI, the theoretical prediction of the upper
of an external magnetic fielffL2], and their breakup in a critical field B for the present experimental setup falls be-
magnetic field parallel to the ring’s plah&3]. tween 357-488 G, and the maximum value of the lower
critical field B is about 13 G. However, in the experiments
V. COMPARISON OF EXPERIMENTS, SIMULATIONS, B was found about 40-50 G, which is an order of magni-
AND ANALYTIC CALCULATIONS tude smaller than the theorethal valyes. It_ has been argued in
Sec. Il that, contrary to the simulations, in the experiments
In the simulations, the particles were placed initially on athe particles can never form a perfect ring. The sticking fric-
circle such that the particle system is in equilibrium in thetion of particles with the bottom plate and with each other
absence of an external field, see also Fig. 4. Then the exteprevents reaching initially the deepest energy state so that the
nal magnetic field was imposed perpendicular to the planeinitial ring is distorted and the dipole moments have random
of the ring. When the field was gradually increased the di-orientation about the deepest energy conformation. Hence, in
poles rotated in the ring up to reaching the upper critical fieldthe experiment the opening starts spontaneously at the weak-
B¢, without any distortion of the ring’s structure. For a ring est point of the ring. This freezing of the initial ring in a
of 15 particles the energy of the dipole-dipole interactiondistorted state of relatively high energy is the reason for the
W,q and the total energyV of the ring was monitored as a large difference between the measured and calculated values
function of B, which is compared to the analytic solution in of BZ. To clarify this point, in the experiment we applied
Fig. 7. Nice agreement of the analytical and numerical reshaking of the container of the system during the formation
sults can be observed until the upper critical fi@ is  of the initial ring in the direction perpendicular to the bottom
reached, where the particle system becomes unstable and gate in the absence of a magnetic field, similarly to Ref.
organizes itself achieving equilibrium in the simulations. The[12]. A slight shaking can prevent the system from freezing
total interaction energyV of the system monotonically de- in local energy minima and helps it to reach a deeper energy
creases during the entire process as expected. conformation. The value oB; measured on rings obtained
Since in the simulations the dipoles always take theiwith shaking was significantly larger than the other ones,
deepest energy conformation, there is only a slight differencevhich justifies the above argument.

1 1 1 1 " 1 1

1‘0 1 n 1 1 n n
00 01 02 03 04 05 06 07 08 09 10
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FIG. 8. The critical value of the displacemed in units of

particle diameted needed to initiate the opening of a ring of 15  FIG. 10. The energyV as a function of time during the spiral
particles at a fixed value d@. opening process. The full line was obtained without lateral con-

straint, and the dotted line with lateral constraint due to the hard

o ) . bottom plate of the vessdb is measured in the unit @&, andt in
The sensitivity of the ring to external perturbations de-ihe unit oft,, respectively.

pends on the value of the external magnetic fRlidhposed,
i.e., if B is close toB¢ even a very small amount of pertur- In the experiments the particles were always magnetized
bation is enough to destroy the ring; however, wigen Blc up to the saturation level so that no significant polarization
the ring is rather resistant. To quantify this property of thecould occur due to the increasing magnetic field. However,
system, we measured in the simulations the value of the critithe effect of polarization on the breakup process has been
cal displacement, of a particle along the field direction considered in the framework of our simulation model, i.e., in
needed to provoke an opening at a fixed valuBafhenB  the relaxation step of the simulation not only the direction of
was varied up tdY. The results are presented in Fig. 8. It the dipole moments was changed but also the magnitude
follows from Fig. 8 that forB<B., after the removal of a according to
particle from the ring, the remaining planar chain would - - .
close to again form a ring. i = i+ yBioTi), (13

To test the effect of the lateral constraint of the hard bot- -0 S -
tom plate of the vessel on the breakup process, simulation¥N€réx denotes the initial dipole moment of parti¢leand
were performed by skipping the last term in the equation of'€ Multiplication factory depends on the magnetic suscep-
motion, Eq.(11), i.e., by omitting the bottom plate. Experi- _t|b|||ty.x of the material. Slmul_zi_tlons have been perfqrmed
mentally it can be achieved by creating rings of dipoles on d" W'dle range ofy but no significant change of the critical
liquid surface into which particles can penetrate during thdi€lds B¢, andBg has been observed.
breakup process. Snapshots of the simulation are presented
in Fig. 9. The energetics of the spiral opening with and with- VI. SUMMARY
out lateral constraint is compared in Fig. 10, whé&keis

presented as a function of time during the course of the pro- If a planar ring of dipoles formed in a suspension is sub-

cess for the two cases. Of course, the initial and final energ Icted totan extern(;i_l rrllag?etgrc]: f'?ldk}he rr:_ng_rotates_lggt_n Its
values are the same in the two cases; however, without la ylane gets perpendicuiar o the Tieid achieving equilibrium.

eral constraint the transition occurs along a lower energ ence, to study the breakup of simple structures of a dipolar

path in the phase space, and it takes less time )E)article the understanding of the behavior of a dipolar ring in
' ' a magnetic field perpendicular to its plane is of high impor-

tance. We presented a thorough experimental and theoretical
investigation of this problem which was first considered in
Ref. [14]. We found experimentally that when the value of
the external magnetic fiel falls below a lower critical field
B'C the dipoles rotate in the ring without any distortion of the
ring structure. However, exceeding an upper critical fi2{d
causes a sudden breakup of the ring into short chains aligned
with the field. Between the lower and upper critical fields the
FIG. 9. Spiral opening of a perturbed ring without lateral con- system is in a metastable state, characterized by a sensitivity
straint. to external perturbations. The spiral opening was found to be
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the lowest energy transition from the ring to the chain con-quantitative discrepancy of the experimental and theoretical
formation. We worked out an analytic approach treatingresults is due to the effect of static friction.

long-range interactions correctly, and we could express the
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