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Experimental study on the fluctuations of dipolar chains
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Dynamic light scattering is used to study experimentally the dynamics of dipolar chains consisting of
ferrofluid particles subjected to a magnetic fieldl,j. The effective diffusion coefficient shows a pronounced
dependence on the scattering wave vecforeflecting two modes of motion: translational diffusion of the
whole chain, and fluctuations of particles within a chain. The characteristic probed frequency of particle
displacements is inversely proportionalig, and exhibits a° dependency. Based on the striking analogy to
polymer chain dynamics, we attribute these behaviors to the contribution of hydrodynamic interégtishs
that couples particles motion within a chain. This work suggests that chain fluctuations cannot be ignored even
for the very strong magnetic field appli€doupling constant 10°). HI's can still be important, even at an
extremely low particle volume fraction of 16.
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Electrorheological(ER) and magnetorheologicalMR) defect-driven coarsenirfd0,11]. There may be other causes
suspensions show fascinating rheological properties: corfor chain aggregation, such as a chain shift relative to its
trolled by the applied fieldelectric or magnetic the fluid  neighbor, and variable chain lengths among neighboring
changes from a liquid state to a solid state continuously andhains. However, it is still very interesting to know to what
reversibly. This leads dipolar fluids to a wide range of appli-degree chain fluctuations affect the chain-chain interactions.
cations in such diverse areas as mechanical engineering andIn this paper, we report on a dynamics study of single
medicine[1,2]. The reason for the rheological controllability chains in a ferrofluid emulsion using dynamic light scattering
is the formation of structures when the field is applied. In the(DLS). We have found thafl) chain fluctuations do exist
case of a MR suspension, a magnetic dipole moment is ineven for short chains, and can only be neglected for ex-
duced in each particle by an applied magnetic field, creatingremely high magnetic field applie@-1 T). The chain mo-
dipole-dipole interactions between particles. This interactiortions consist of two parts: whole chain center-of-mass mo-
is balanced by thermal motion. A coupling constans used tion, and internal chain particle-position fluctuatio(®. The
to describe the relative strength of these two enerfids  characteristic frequency probed by DLS(q), depends on
A= wa3X2,u0H(2)/9kT. Herea is the radius angy the mag- the scattering wave vector &5(q) ~q®a/\/\. This suggests
netic susceptibility of one particley is the vacuum perme- a contribution of hydrodynamic interactior(sil’s) in the
ability, Hq is the effective magnetic field acting on each chain dynamics. The existence of HI's in a strongly interac-
particle, anckT is the thermal energy. Whexis greater than tive medium is not surprising. But it is surprising that we see
1, particles align into single chains parallel to the field direc-it at a particle volume fraction as low as 19 and for a
tion. Subsequently, columns or other large structures camagnetic interaction coupling constant as low as 17.
form by the lateral coalescence of chajd$. Here we have Video microscopy(VM) [12] was previously used to
defined\ the same way as de Gennes and Pincus first definegtudy single chain dynamics. Although the range of study is
it [3]: N\ is independent of the particle’s local environment, limited to two-dimensional and lower frequencies, VM ob-
and depends only on the particle magnetic properties and tiained a similar dynamic behavidr=t*3, Herel is the dis-
external magnetic field, for dilute samples. The advantage dfince covered by a particle in a chain during timas noted
this definition is that once a field is appliex,s known and by the authors, a dependency lof t* should be expected
does not vary with time, as it would if defined differently. without hydrodynamic interactions. Furst and GEH4] also

In spite of many studies in dipolar fluids that focus onreported experiments on chain fluctuations measured by
rheological properties[1,5] and field-induced structural diffusing-wave spectroscopy. They showed that a discrep-
changed1,4,6,7, the basic physics of column formation by ancy occurred between numerical simulations and experi-
lateral coalescence of single chains is still not clear. Twaments possibly due to HI's or magnetic interactions between
infinite straight chains do not attract unless they are almost ihains for a semidilute suspensi¢a particle concentration
contact. Two finite chains repel, yet experiments show agef 1%) used in their experiment. Thus, from previous work,
gregation to columns. To explain this, Halsey and TdtT) it is not clear that one needs to include HI's in ER and MR
proposed that chain fluctuations due to thermal energy influids.
duce a long-range attraction between chains, which causes To study chain dynamics, the advantages of using DLS vs
lateral aggregatiorisimilar to the London interaction8]. VM are manifold: DLS covers a range of frequerney<<100
This long-range interaction is predicted to be independent ofMHz) much larger than that accessible to MM <10 H2),
the applied field strength, and is strongest when the chairand DLS probes a three-dimensional sample volume rather
chain separation is about the wavelength of chain fluctuathan a two-dimensional sample volume with the volume
tions. Later, the HT model was modified to take into accountmuch larger than that studied by VM. Even at a volume
field-dependent aggregation found in experimef@s and  fraction as low as 10°, there are about $Qarticles within
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the scattering volume. Furthermore, due to our smaller par- — 1 T 1 . 1 ™ T T ]
ticle diameter (2=0.46um,) and lower particle density 0.8
(1.1 g/end) of ferrofluid emulsion, diffusion dominates con-
vection (Peclet number 0.02so that sedimentation is not a
problem on a time scale of an experimen80 min.

In this work, the ferrofluid emulsion consists of an aque-
ous suspension of kerosene-based ferrofluid dropjeds- =04
ticles) coated with a surfactant to prevent aggregation &
[15,16. The relative, initial magnetic susceptibility of a fer-
rofluid droplet is equal to 1.22. The particle volume fraction 0.2
is 10°° to avoid both multiple scattering and chain-chain
lateral aggregation. The particle radiasmeasured by DLS
is 0.23um, with 7% of polydispersity. The emulsion sample
is held in a test tube that is surrounded by an index match
bath to reduce reflections and control the temperature. The
sample holder is placed inside a pair of Helmholtz coils, as FIG. 1. Normalized effective diffusion coefficient vs the nor-
described in detail elsewherfl6]. A laser beam X, mallzgd scattering wave \{ectqrforvarlous applied magpetlcflelds
—514.5nm) is focused to the sample by a lens, and thé&fouPling constand). Solid triangle, A =406; empty triangle)
scattered light is collected at an angleby a single mode =157; square\ =46; circle,A=17. Solid lines are linear fittings.

fiber, guided to a photomultiplier tube, and analyzed by angle-dependent DLS is performétis]. We then vary the
digital correlator. The scattering plane is perpendicular to thenagnetic field strengtfh) and repeat the-dependence ex-
magnetic field direction. Therefore, this setup is only sensiperiment.

tive to particle and chain motions in the plane perpendicular Figure 1 shows four experiments performed at different
to the field directionlmotions normal to chain axis magnetic field or coupling constant where the average

In self-beating mode, the intensity autocorrelation func-chain length was kept nearly equal. After the chain length
tion measured by the correlator gives rise to the dynamiavas first established at=406, these four experiments were
structure factorS(q,t). In the absence of a magnetic field, done in the ordeh =406, 17, 157, and 46. This order was
the suspension is isotropic without any interactions betweeghosen to minimize the chain growth and ensure an equal
particles (very dilute samplg In this case, the dynamic chain length during all four experiments, and at the same
structure factor reduces to a single exponentsl,t) time to keep the coils from overheatinD« is normalized
xexp(—q?Dgt). Do=(kT/6mna) is the diffusion coefficient by D,. qis normalized by 2/a.
of a single particle in a fluid of viscosity. If interactions or From Fig. 1, it is clear thaD ¢ depends om, indicating
particle size polydispersity cannot be ignored, we can stilladditional motion other than rigid chain diffusion. The
assume single exponent®(q,t) ~exp(—g’Dest) at the short higher q is, the largerDo4 is. This additional motion be-
time limit [t<(g°Deg) '], where an effective diffusion co- comes dominant when zoomed to a smaller length scale
efficient D¢ iS used to describe the particle or chain motionWhen| is much larger than the particle radiugaf/27— 0)

[17]. D¢ reduces tdD, for monodisperse particles without DLS is mainly sensitive to the center of mass diffusion of the
interactions. chain. ThusD. reflects the translational diffusion of the

In the experiment, correlation functions are measured as antire chain, which depends only on the number of particle
function of the applied magnetic field and the scatteringper chainN andD,. In the opposite limit(i.e., ga/27~1),
angle # which determinesy through q=4mn/\gsin(@/2).  we are sensitive to motions on a length scale comparable to
Heren is the refractive index of the waten.defines a char- the size of individual particles. Here the main contributions
acteristic lengthH(=27/q), and sets a window in which the to the measured diffusion coefficient come from internal mo-
motion of particles or chains is probed. Thus varyifig tions of the chaingi.e., chain fluctuations It is worth noting
probes different length scales. If the chains are rigid, onlyhere that, using video microscopy under the same conditions
one length scale is present in the scattering plane—the chass in the DLS experiments, we verified experimentally that
width. Therefore, the diffusion coefficient ggindependent. no lateral aggregation occurred even for an average chain
In this work, the scattering anglis varied between 5° and length longer than 100 particles. Furthermore, although chain
130°. Thus, length scales are probed over the range af 0.9reakage-reformation plays an important role in the chain
<1< 20a. formation at the thermodynamic equilibrium\ €8) [13],

To study the scattering angle dependence, a magnetihis does not happen in our case, as confirmed by our video
field of 200 GA=406) is applied to the samplerf® h to  microscopy observations. Thus the only physical mecha-
build separated chains first. The resulting chains have anisms contributing toD.; are the motions of the chain’s
average length of 19 particles, which is long enough to allowcenter-of-mass and particle fluctuations within chains.
different motions to exist. The average chain separation is Figure 1 also shows that the slope Df; versusq in-
more than 70 particle diameters, which is far enough to slowcreases as decreases. That is, internal fluctuations increase
down the chain growth substantially. Therefore, the chairor the chain becomes less rigid for weaker magnetic interac-
length is almost constant during the next 30 min when theions, as expected. Note that all the four straight lines con-
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1.0 found to be 3.6:0.2 based on Ed1) and the data in Fig. 2.
| Lo — Thus putting the two approximations together, Et). be-
08 og'g - comes
' - A 04 [ 5
0.6 gg s vl 1 Derr~ Tqa"' 1| D¢hain- (2
g: L 0001001 01 1 10 A
5 0.4 e | . .
o Note that we can obtain E@2) without any assumption
about the chain size power-law dependency. Indeed, when
0.2 plotting D ¢1/D¢nain 20ainstga, the data of Fig. 2 correspond-
ing to N=19 and 42 collapse on a single straight line, with
oob— 1 o 1 o 1 1 4 1 , the slope equal to 2\ and the ordinate equal to 1, as shown

00 02 04 06 08 10 12 by Eqg. (2). From Eq.'(2), Des, and thus the characteristic
a2 frequency of fluctuations from the dynamic structure factor,
qa/en Q(q)=09?Ds decrease when the chain length increases.
This can be attributed to the longer wavelength and thus the
taken at\ =46, while chains are first formed at=406 for three slower fluctuating modes that dominate in longer chains.

more hours for the data shown as solid circles than those shown a-g‘is ‘?hai” Iength dependency of Chair_w fluctuations canno_t be
squares. Solid lines are linear fittings. The inset indicates the uni€XPlained by an increase of the local field acting on a particle
versal behavior 0D vs q in polymer physics. inside a longer chain. Indeed, it is only for very short chains

(<5 particles or high magnetic susceptibilitieg¢g1) that

_ _ \ is sensitive to the chain length. Thus, for the same applied
vergehto the sz;r_ne pQ'n;D@E/DO_O‘l.GiQ'Ol) banq aP-  external magnetic fieldy should be the same for our experi-
proaches zero. Since rigid chain motion is probed at gpw .ments with the two chain sizes of 19 and 42 particles. Note

this (t:ontvergen;:r(]a confyrrgs thi fafct that the. chaltn lengdthth'ﬁwat our experiments cover only a limited range of character-
constant over the period of the Tour expenments, and Mgiic |engthsl (=2/q). We are sensitive to the most inter-
chains remain connected even for the lowestalues used. esting range of where aq dependency oD can be ob-

€

A.S our earlier papers .ShOW’ the_ transverse diﬁu_sion Coeffi'served. However, if we could expand theange toward O
cient of a_sftralght Cha'ﬂ corr;prlse_d Nlpa;rncleszs g/lven and «», a different behavior oDy might be observed. In
bi/G 50*‘31"1; (NLDO’ where h(l\'l)_l[B nh( N)+1b' 54 |4N| nalogy to polymer dynamids 9,20, we expect a qualita-
[16,18. us the average chain length can be calculate ve behavior, as shown in the inset of Fig. 2. Here three

from the converging value dby which givesN=19x1. dynamic regimes exist. For smajk values,D /Dy corre-

From the slope of the four curves, the dependence of thgponds to the diffusion of the entire polymer chain. In the

diffusion coefficient on magnetic field is obtained. It shows a T .
; i | >2m, D icall roaches th
power-law relation Dg;/Dox\°, with an exponents= opposite fimit,qa>2m, D asymptotically approaches the

. diffusion coefficient of monomer,. In both limits
—0.47=0.05. ThusD /Dy is approximately proportional to -0 : "
1/\. SinceN~H? [3], Dy is inversely proportional to the Dei/Do does not depend og. For dipolar chains, the ex

S . . pected constant regions D corresponding to these limits
gigﬁﬁgcfgﬁé%izhigiﬁrae“/DO is experimentally found to may be deduced from Ed2) by settingga=0 andga
9 : =27 inside the brackets. Wheqa=0, Dq=D¢pain- The
rigid chain motion is probed. Wheqa= 27, we assume that
A the maximum diffusion coefficient is obtained in HE).
Dest/Do~ Tg(N)qa+f(N). (1) The relative importance of internal fluctuations to whole
A chain diffusion is measured by the ratio of the two terms in
Eq. (2) by settingga=2m to the maximum probed value of
HereA is a constant, and(N) is a function ofN that needs fluctuations:Dg, /D ¢naii=47/V\. At an extremely high field
to be determined. Equatiofl) shows the two contributions limit X — o, Dy, =0 andD ¢=Dchain- Chains become rigid,
to D¢ fluctuations and translational motion of the whole and the whole chain diffusion motion is probed. At the low
chain. field limit where A\=1 to ensure chain formatiof13],

g(N) andA are determined by studying the effect of chain Dy, /D y,.i~<4m. Therefore, the chain-fluctuation contribu-
length onDgk. To obtain a longer chain length thad  tion can be an order of magnitude larger than the rigid chain
=19, we hold the magnetic field at=406 for three more diffusion during the equilibrium structure formation. It is
hours. We then reduce the field downXe-46, and repeat thus possible that fluctuations cause chain coarsening in the
the g-dependence measurements. The result is shown in Fidirst stages of the equilibrium structure formation, as Halsey
2. Here, wherN varies, the initial valued— 0) is different.  and Toor suggested. Moreover, due to the square root depen-
The slope is found to change as well. If we assume thatlence, even at our highest magnetic fie\d=(406) internal
g(N)=N?in Eq. (1), thene is found to be—0.7+0.1. Since fluctuations are still comparab{62%) to the chain diffusion.
f(N)=~3N"°%7 for N>5, g(N)(=N"%") may be approxi- To reachDg,/Denair<1%, A has to be larger than §0In
mated by3f(N). After g(N) is known, the constanf is  our case, even if saturation effects were disregarded, the

FIG. 2. Effect of different chain lengths db.;. Both data are
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magnetic field would have toebl T to obtain completely 1/\\ or g° dependencies. Indeed, when particles gather, the
rigid chains. PhyS|caI.Iy, this means tha_t chain fluctuationgnternal magnetic field is no longer homogeneous within a
cannot be neglected in almost all experiments composed gfarticle, and is strongest at contact points where surrounding

submicron superparamagnetic particles. particles are locatel®3]. Since the magnetic susceptibility is
From Eq.(2), the characteristic frequency becomes a decreasing function of the internal field, the net magnetic
susceptibility is reduced, limiting the effect of induction.

Q(q)~<iqa+ 1] 62D gpain- 3) Moreover, even in the absenqe of theT magnetization ;atura—
JN tion effect, the internal magnetic field is at most 68% higher
for a homogeneous infinite cylinder than for a spherical par-

This relation shows® and 14\ dependencies. To under- ticle made of the same ferrofiuid as described above. This
stand this, we may compare the dipolar chains with polymegjifference is reduced by the geometry of a chain of particles,

chains. In polymer phygics, if only entropic spring forces, fig|d-dependent magnetic susceptibility and a finite-size
(spring constant of BT/b“) are considered to connect the ., rection.

monomers with their first neighbors, the chain motion is de-
scribed by a set oN linearly coupled Langevin equations

(Rouse model[19,20. This model predicts a characteristic than ours. Although their simulation concluded differently,

—a%h2 ; .
lfrequre]znt;:y 0fRousd @) ~0"b". Hergb Is the leffe_;:talle, bond | we believe that this is due to the discrepancy efsed in the
ength between two monomers. Conversely, | S COURCgimylations and experiments. Therefore, the two experimen-

the N Langeyin equations in additio_n to besides the springtal data over a large frequency range strongly suggest the
forces coupling, the Langevin equations become highly NONt fluence of HI's on the single chain dynamics.

linear. Hoyvever, the Zimm model originally c_onsisted c.’f In conclusion, we find that, by varying the scattering
preaveraging the Oseen tensor to obtain analytic expressiogs, ' '

S ; tor, t t d f moti Ived.
resulting in a0, (q) ~qb dependency19.20), If dipolar ve vector, two separate modes of motion are resolve

. ; . i i ) ' One originates from the translational diffusion of the chain
interactions bind the particles in a chdaspring constant of .« of mass, and the other comes from particle fluctua-
3kTr/a?), the Rouse model corresponds gqusdQ)

4o : e , X tions. As either the magnetic field or chain length increases,
~qg a’/x (usingb =a3/)\), while the Zimm model corre-  g,c1,ations decrease. However, chain fluctuations cannot be
sponds ta zimm(d) ~q%a/ VX in our case. Since both ' neglected in almost all experiments performed with submi-
anda/ |\ dependencies are shown in our measurements, thigonic particles. At intermediate scattering wave vectprs
strongly suggests the influence of HI's on chain dynamicsthe characteristic probed frequency behaves (&)
Theq? dependence is also observed in DNA molecules StUd’“qgaDchain/ JX. Both theq® and 14/\ dependencies can be
ied by DLS[21,22 showing that HI's affect the dynamics. eyplained by considering the contribution of HI's according
As pointed out by de Genngs9] in dynamic scaling argu- 15 the Zimm model developed in polymer dynamics. How-
ments, it is general to find @® behavior in the presence of ever, it remains open whether the origin of HI's is due
HI's. _ . _ mainly to nearest-neighbor motions or to whole chain diffu-

In the above comparison between dipolar chains and polysjon that creates an additional random drag force on each
mers dynamics, we need to clarify the following points. particle. Although weak, coupling of sedimentation with dif-
First, HI's do not come from interchain interactions, sincefysion may be another possible cause. An additional experi-
our VM observations performed at the same conditions as ipent performed with chain ends fixed could be used to
DLS experiments confirmed that only single chains were obgarify this point. Therefore, our experiments may serve as a
served at this low volume fraction, and no chain coarseningrst step to better understand HI's in complex fluids, since
occurred. Second, the spring constant we derived holds f§y; particles(monomers have a shape, a size, a separation,

transverse displacementeelative to its nearest neighbor 5,4 interactions that are precisely controllable.
smaller than a particle diameter. Finally, the approximation

made on nearest-neighbor interaction without magnetic in- We gratefully acknowledge M. Hagenthle for initial
duction may underestimate the absolute value of the springzork on dynamics studies and helpful discussion. This work
constant by a factor of 2 at most, but not affect either thewas supported by a Grant from NASAAG 3-1830.

The existence of HI's is further supported by the data of
previous work using VM[12] at a lower frequency range
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