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Time dependence of the magnetic grain concentration and secondary grain aggregation
in ferronematic lyotropic liquid crystals subjected to magnetic field gradients
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The dynamical behavior of lyotropic nematic liquid crystals doped with ionic and surfacted magnetic fluids
(ferronematicgis studied using a linear optical technique. The response of these mesophases to a combination
of a static and a pulsed magnetic field is investigated by measuring the relaxation times as a function of the
pulse width. A reversible modification of the magnetic grain concentration in the bulk of the samples and a
secondary aggregation process due to the presence of a field gradient introduced by the pulsed field is dis-
cussed[S1063-651X99)04008-9

PACS numbg(s): 61.30.Gd, 75.50.Mm, 78.20.Nv

[. INTRODUCTION for the optical birefringence observed in these materials in
the presence of a magnetic figldi0]. In usual ferrofluids,
Lyotropic ferronematic liquid crystalsl] are obtained by this chaining process is reversible and, after the removal of
the doping of usual lyotropic nematic liquid crystg® with  the field, the grains became isolated again. The chaining it-
ferrofluids[3,4]. These ferrofluids, or magnetic complex flu- Self does not changé in the sample subjected to a uniform
ids, are colloidal suspensions of small magnetic gréiyisi-  Magnetic field, but the grains cannot be considered isolated
cal dimensiorD3;~100 A) dispersed in a liquid carrier. In anymore. The cluster’s hydrodynamic volume_ is a_function
usual ferrofluids, the typical concentration of magneticOf the field and the aggregate is now the basic unit that re-
grains is about 18 grains/cni, corresponding to the vol- sponds to the applied field. This aspect is essential when

ume fraction of magnetic materiat~10"2. Two different magnetic fluids are used to determine the local viscosity of a

types of ferrofluids are available: surfacted and ionic ferro—IIqUId by means of a “ferrofluid viscometer(13]. This

. ' . method is based upon the measurement of the induced bire-
ﬂl.“ds' In the first case, the gran(ussually_ Fe0,) are coated fringence as a function of the time, when a field is applied
W'th surfactgnt agents to prgvent fchelr flocculatid}. In and after removed from a ferrofluid doped sample. The local
ionic ferrofluids, the magneno_gram(ajsually v~ F&0s; viscosity () is obtained from the measurement of the relax-
MnFe,0O;; CoFeO;) are electrically charged to keep the

: Uy L ° - ation time (rg) of the induced birefringence, knowing the
colloid stable[6]. When a ferrofluid is highly diluted in a pasic unit(usually assumed to be the isolated gydigdro-

solvent, it became unstable and the grains flocculate. dynamic radius Ry;). As the relevant parameter on this ex-

It was theoretically predictefd] and experimentally veri-  periment is the hydrodynamic volume, is proportional to
fied [7,8] that the doping of liquid crystals with ferrofluids R®, and an uncertainty iR, can introduce a large uncer-
(above a critical concentratipmmeduces the magnetic field tainty in 7.
required to orient the liquid crystal by 1@imes. The doping To our knowledge, a systematic study of the effect of a
of thermotropic liquid crystals with ferrofluids is a very deli- gmga| field gradient onp and Ry, particularly the time in-
cate task, due to the low solubility of them in thermotropics.igryg] during which it is applied to a ferronematic sample,
On the other hand, the doping of lyotropics with water bas§yas not yet reported. In this work we use a linear optical
ferrofluids was done for the first time in 1979 by b&tand  technique to study the dynamical behavior of the magnetic
Martinet [7] and since then this method has been usedyrains(ionic and surfactedin a ferronematic lyotropic liquid
[9-11 to investigate the physical-chemical properties of lyo-crystal subjected to spatially nonuniform and time-varying
tropics. ) ) magnetic fields. The paper is organized as follows. The next

A serious problem that experimentalists usually facesection describes the dynamical model used to interpret the
when they dope lyotropics with a small quantity of ferroflu- experimental results; after that, the experimental section
ids (usually 1 ul of ferrofluid per 1 ml of the liquid crystal  prings the details of the setup and the samples used:; finally,

is to control the stability of this doping with timandwith  the results are presented and discussed, followed by the con-
the applied magnetic field. It is known that when a magnetic|ysion.

field gradient is applied in a ferronematic sampl®], the
bulk concentration of magnetic grains varies. In ferrofluids,
even auniform magnetic field favors the formation of small
chains. This process of chaining is one of the responsibles We use the dynamical model proposed in R&#|. The
grains have a typical dimensidd;, magnetic momenj,
and magnetization at saturationg. The liquid crystalline
*Permanent address: Depto. désia, Centro de Ciias medium is characterized by an elastic constafin the one-
Fisicas e Matentitas, Universidade Federal de Santa Catarinaconstant approximatiofil5]). In the presence of a uniform
C.P. 476, 88040-900 Floriapolis, SC, Brazil. magnetic fieldH,, the magnetic moment of the grailas-
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sumed to be fixed in the crystalline structure of the grain Z
tend to align parallel tdH,. If 6(t) is the angle betweep v A
andH,, then the torque balance equation per unit area can be
written as -

PD

. Ko
7D10:_D_2_D1mSH10¢, (1)

wherey is the ferronematic viscosity)=dé/dt; andD, and P
D, are typical dimension$14] of rotation and distortion
around the grains, respectively.is assumed to be indepen-
dent of the time and of the fielti,. Due to the chaining
process(which we will call hereafteprimary), D; andD,
are functions oH 4, but time independent.

The solution of the differential equatidd) is

FIG. 1. Sketch of the setup. P, A, L, and PD are the polarizer,
analyzer, laser beam direction, and photodetector, respectively.
andz are the laboratory frame axes.

0(t)=Opexp( —t/7), (2 both types of water-base ferrofluid®nic and surfacted
) The ionic ferrofluid(gently furnished by Dr. Bee from the
where 6, is a constant and UniversitePierre et Marie Curie, Paishasy— Fe,0; mag-
K m netic grains with a mean diameter of 95 A amd
T_lzyD D, + 7sq§ Hy. (3 =442 G. The surfacted ferrofluifrom Ferrofluidics Cor-
1

poration has FgO, magnetic grains, a mean diameter of

The distortion lengtiD, depends on the shape and shapel®0 A andm;=100 G, double-coated with oleic acid.
anisotropy of the grain, and the local boundary conditions of The initial grain concentration in the samples is (7.9

the director at the grain's surfage6]. Here we assume that *0.9)x 10'° grains/ci, corresponding tog=(3.5+0.6)
D,~D, (~2 Ry) and Eq.(3) is written as X 10" % and¢=(4.1+0.7)x 10" ° for the ionic and surfacted

samples, respectively.
. R The ferronematics are encapsulated inside rectangular
T o= (D)2 + 7¢H1- (4 glass microslidegfrom Vitro Dynamic$ with the following
YiFa dimensions: 25 mm(length, 4 mm (width) and (400

For small values o8, the optical transmittanc@) is propor- ~ =40) um (thickness.
tional to 62 [17]:

B. The setup

H 2
| siff(20) < 6. ®) The experimental setup is sketched in Fig. 1. It consists in

a polarized(along thex direction HeNe cw laser bearfl0
mW), two sources of magnetic fields, an analygmarallel to
the y direction, and a photodetector connected to a com-
loc exp( — 2t/ 7). (6) puter. The laser beam direction is parallel to #exis (nor-
mal to the biggest flat surface of the micros)idad its waist
Thus, if the transmittance decay is due to only one physiat the sample’s position is about 1 mm. The magnetic field
cal process, we expect that the transmittance as a function @ a superposition of two independent fields. A static and
time can be described by only one exponential function. Irhomogeneous fielfl(H, oriented along the axis) (Fig. 1)]
the case of more than one physical procéés, can be de- generated by an electromagnet €8,<3000 G). The
scribed by a sum of exponentials: poles of the electromagnet are of circular cross sedfitn
ameter is 5 in. and the homogeneity of the field at the
Z(t_tO))+b ex;{ B 2(t—to)> R0 sample position is better than 1/1000. A second magnetic
0 T ' field H, (oriented along the axis) is a pulsed fieldstrength
is between 0 to 550 Ggenerated by two Helmholtz coils.
wherea, andb, are constantdy is the initial time, andr;  This pulsed field gives rise to a field gradient symmetric with

In this limit and taking into account E@2), | can be written
as

| =agexp —
exp2 0 T

and 7, are the characteristic respongelaxation) times. respect to the centek €y =0) of the sample. The measured
magnetic field gradient from=y=0 towards the borders is
lll. EXPERIMENTAL SECTION from 2 to about 10G/mm along thex direction and from 1

to 6 G/mm along they direction, forH, varying from 150
to 550 G.H; is oriented parallel to the longest axis of the
The lyotropic liquid crystal used is a mixture of potassiumsample holder and the direction of the analyzer. The strength
laurate(28.74 wt.%, decanol(6.64 wt.%9, and water64.62  and the time interval of the puldgypically from 1 to 90 $
wt.%) in the calamitic nematic phaseN{). The phase se- are controlled by a pulse generat@quare wave We
qguence of this mixture as a function of the temperature ichecked that during the time of the experiment the tempera-
isotropic (12°C) N. (35°C) isotropic The experiments ture of the sample did not vary more than 0.3 °C due to the
are performed at 22 °C. The ferrofluid doping is done withheating of the electromagnet and the Helmholtz coils.

A. Samples
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When the magnetic pulseHt) is turned off, the transmit-
tance returns to its minimum value. Measurementg (bf

are performed, changing the strength of magnetic field
H, (750<H,<2750 G) and the field gradient, keeping the
ratio H,/H, constant. Each value @b andD, is obtained
from a series of about six measurements of the relaxation
times for different values of the fields. Each complete set of

measurements takes about 30 min.
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Hereafter, the nematic doped with iorfr surfactegifer-

rofluids will be called ionic(or surfacted ferronematic. In
the absence ofl,, ¢, D4, andD, are expected to be inde-
pendent of the time, and the model described in Sec. Il can
be used to interpret the dynamical behavior of the sample.

Figure 2 shows two typical curves bft). Fort<t,, only
, H is present; at;, H, is applied for an interval of timat.
C. Experimental procedure After this time intervalH, is switched off and the sample’s

The experimental procedure consists of measuring theirector returns to the original orientation parallelHg. In

transmittance of the sample, subjected to a magnetic field, ake case of Fig. @), At (=20 s) is not enough to allow the
a function of time. Initially,H,(=3000 G, the highest field complete orientation of the nematic directar) (parallel to

used in this experiments applied for about three hours for H. In Fig. 2b) this complete orienting process|H) is

a complete alignment of the sample’s director in yidirec-  achieved. Our experimental results show that it is not pos-
tion. Modifications in¢g are not expected at this level. In this sible to fit the transmittance decreasdter H, is switched
geometry, the light transmittan€® of the samplebetween  off) with only one exponential function in the case dft
crossed polarizeys measured by the photodiode, is mini- >20 s[for example, Fig. &)]. In this case, Eq(7) is used
mum. After that,H, is fixed at a given value and, keeping to obtain the characteristic reorientiigelaxation) times 7,

H,; turned on, the magnetic fielt, (strength ofH,/H;  and 7, for each pair At, H;). In the case ofAt<20 s,
=0.2) is applied in a direction perpendiculariia during a  however, the decrease bhs a function of can be fitted by
time interval At (1<At<<90 s). This pulse induces a a single exponential functiofEqg. (6)]. This behavior is ob-
grain’s (and/or aggregate/sotation, and the sample’s opti- served in both ionic and surfacted ferronematics.

cal axis tends to align in the direction defined by the total The existence of two characteristic times in lyotropic
field Hy+H,. In this case, the maximum rotation angle of nematic liquid crystalgwithout ferrofluid was previously

the sample’s director is about 0.2 rad. This tilt gives an in-observed18]. These characteristic times had been associated
crease of the light transmittance. Besides this effectias with the two physical processes of the sample’s orientation,
introduces a field gradient in the sample, the graarsd/or  one in the bulk(with 7~10? s) and another at the surface
aggregatesmigrate from the center to the edg@hie to the  (with 7~10° s). This large characteristic tinjé8] refers to
particular field geometry usg¢af the sample, modifyingp. a gliding anchoring of onto the glass surfaces of the sample

FIG. 2. Typical optical transmittance as a function of tir(e.
lonic ferronematic withc=(7.9+0.9)x 10'® grains/cni and At
=20 s. The solid line is a fit with Eq6); (b) ionic ferronematic
with ¢=(7.9+0.9)x 10" grains/cmi andAt=40 s. The solid line

is a fit with Eq. (7).
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FIG. 4. Rotation(distortion characteristic dimensio®, as a b) At (s)

function of At. (a) lonic ferronematic sample with a concentration
¢=(7.9+0.9)x 10" grains/cni. The dotted line is only an eye
guide. (b) Surfacted ferronematic sample with a concentraion
=(7.90.9)x 10'® grains/cm. The dotted line is only a guide to
the eye.

FIG. 5. Volumetric fraction¢ as a function ofAt. (@) lonic
ferronematic sample of concentratiorc=(7.9+0.9)x 10'3
grains/cmi. The dotted line is a guide to the eyé) Surfacted
ferronematic sample of concentration ¢=(7.9+0.9)

X 10* grains/c. The dotted line is a guide to the eye.

holder. Our resultg$for At>20 s) will be interpreted in this

context. We will associate the smaller time ) to the pro-  ginning of the process when the field gradient is applied and
cess occurring in the sample’s bulk and the larger apgto  after it tends to be independent aft; ¢ decreases in the
the surface gliding of the director in the glass-liquid crystalbeginning of the process when the field gradient is applied
interface. For values okt below ~20 s(for all the values and after it tends to be independentAdf.

of H investigated, only the bulk of the sample experiences a  Figures 4a) and §a) show the pulse width dependence of
significant variation in the director’s orientation. D, and ¢, respectively, in the case of the ionic ferronematic.

Figure 3 shows a typical result @fl as afunctionoH;  The values of these parameters obtained in our experimental
for the ionic ferronematic samplésurfacted ferronematic conditions aramean valuesvithin the laser spot. The errors
samples give similar resujtsThe errors are evaluated taking are determined from error propagation, taking into account
into account not only the fitting procedure, but also the re-also the reproducibility of the experiment. Figur@4shows
producibility of the experiment. The linear behavior pre-the variation ofD; as a function ofAt. The characteristic
dicted by Eq.4) is observed with all the values dft inves-  length of rotation(distortion D, increases from~1x10 2
tigated. These results show that the response of ferronematip to ~2x 10 2 cm with increasingAt. This result could
liquid crystals to applied magnetic fields is different from the be explained by the formation of clusters of magnetic grains
conventional lyotropic nematics. The nematic phase withoutlue to the presence of the gradiés¢condary chaining pro-
the doping presents characteristic relaxation times proporess. These clusters tend to increase their size with increas-
tional toH 2 [18]. Using the known values af, the lyo-  ing At. This increase oD is an indication that the grains
tropic nematic elastic constait(10 © dyn) [19] and the tend to agglomerate in the presence of the field gradient,
measured viscosityy=(0.58+0.02) poiseat 22°C][20],  since it measures the typical dimension of a distorted volume
the dependences &f; and ¢ with At are obtainedEq. (4)]. around the grain. Besides this effect, the field gradient pro-
Comparing the results d; versusAt (Fig. 4 and¢ versus  motes a modification o with time. Initially, in the absence
At (Fig. 5), obtained with both ferronematics, we note thatof the magnetic field gradient, the ferronematic héas
the qualitative behavior is the sani@; increases in the be- =(3.5£0.6)X 10" °. In the presence of the field gradient, the
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[} sample k=y=0), we measured a increase ¢ of about
104 ¢ N 30% with respect to the centeA{=20 s). To verify if after
C E the switching off ofH, the grains diffuse back into the bulk
o | | of the cell and the secondary aggregation is reversible, we
measured consecutively a series of thgeeand D4, at the
0.8 i same sample position, as a function of timgt€&20 s).
Each complete set of measurements which allows the deter-
mination of ¢ andD; takes about 30 min. Figure$e and
6(b) show the normalized volume fraction of magnetic ma-
06 - terial [ ¢, (1) = & (1) ¢(0), where(0) is the first value ofp
0 10 20 30 40 50 60 obtained, and the normalized; [D’(t)=D4(t)/D(0),
(b) time (minutes) whereD(0) is the first value oD, obtained, respectively,
. ) . as a function of time. An inspection of Fig(e indicates
~ FIG. 6. () Normalized volumetric fractios of three consecu-  that at least for the field gradients and fields used in our
tive sets of measurements with the same sample as a function %fxperiment, the grain’s migration processrésersible i.e.,
time. Each set takes 30 min tp be performed. Surfacteq ferronemat'ﬁfter the removal of the gradient the sample behaves like a
sample,At=20 S'.(E) ':mmal'zele olf three Cl?nset.cuuvef ‘i‘.ets OfThfresth made one¢ obtained depends essentially Ah and
?aiﬁ:usrgr oinrfexhr;minstzgg sample as a function ot time. 1N, nsecutive measurement§ give the samé' he same con-
clusion seems to be applicable B,, which, despite the
experimental points, showed a larger disperdibiy. 6(b)]
compared to theb results[Fig. 6a)].
values of¢ decrease from 351077 (At=1 s) to values Comparing the results af versusAt of both ferronemat-
around 3<10°8 (At=90 s). This result is due to the mi- ics [Fig. 5] we note that, for the smallegtt, the surfacted
gration of magnetic grains from the center of the sample tderronematic present$ about 10 times larger than the ionic
the borders of the sample holder. This method of changingerronematic. It is interesting to note that the initial value of
the grains’ concentration in a ferronematic sample has bees (ferronematic in the absence of a magnetic field graglient
used[12] to measure the effect of a surface field on the valugs 10 times (ionic ferronematic and 10 times(surfacted
of the splay-bend elastic constant. ferronemati¢ larger than the values measured even with
The same linear dependencegf* with H, is observed =1 s. Figure 4 indicates that when the ferronematic sample
in the case of surfacted ferronematics. Figuré® 4nd 3b)  (both, ionic and surfacteds subjected to a magnetic field
showD; versusAt and ¢ versusAt. Surfacted ferronemat- gradient, the chaining process is much more intense in the
ics present larger values af; than the ionic ferronematic beginning, and after tends to stabilize. After about 20 s in the
(from 7 to 10 times larger, depending on the strengthigf.  field gradient,¢» andD; are almost independent dft.
The errors are obtained following the same procedure de- As discussed before, in usuab{ 10 ?) ionic ferrofluids,
scribed before. To check this grain’s migration process wehe magnetic grains have a surface charge density to prevent
measuredp at different positions of the sample in the plane their aggregation. In the surfacted ferrofluids, however, the
perpendicular to the laser beam. With a micrometric posiimagnetic grains are coated with surfactant agents, and the
tioner we change the place of the incident beam in theepulsion between them is mainly steric. The basic units of
sample. In a perimeter of 1 mm far from the center of thethe lyotropic liquid crystals are micellgaggregates of am-
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phiphilic molecules Besides the micelles, isolated am- V. CONCLUSIONS
phiphilic molecules exist in the bulk of the nematic phase. It

was previously observed in lyotropic nematjd$,21] that a It was verified that both types of ferronematic liquid crys-

tals (ionic and surfactedin the presence of a magnetic field

. . ?)resents only one response time, associated with the bulk
was described as a surface-screening effet} where the  jantation of the director, wheAt<20 s. WithAt>20 s,

amphiphilic molecules form a carpet over the glass interfacey, ,oin doping cases, two response times are observed. One
As the grains in surfacted ferrofluids are already coated withys them, associated with a bulk process, scalell a5 and,
molecules having the same characteristics of the lyotropignother one, almost independenttdf is associated with a
amphiphilic molecules, the grains could also be surroundedyrface process. The presence of a small magnetic field gra-
by an extra layer constituted by amphiphilic molecules of thegient (during a time intervalAt) reduces the volume fraction
lyotropic. In this case, the effective size of the grains couldpf magnetic materiakp in the sample, the greatext, the
increase and their mobility in the nematic matrix should besmaller¢ in the center of the sample. For the sanig ¢ is
smaller. It could explain whyD,; and the typical relaxation bigger in the surfacted ferronematic than in the ionic one.
times are bigger in surfacted ferronematics than in ionic ferThe ionic ferronematic’s relaxation times are smaller than
ronematics. the surfacted ones. It was verified also that the distortion
The values ofr,, obtained Eq. (7)] whenAt=20 s with  lengthD; increases in both types of ferronematics as a func-
both ferronematics, are of the order 0?16, practically in-  tion of At. This result is interpreted as an indication of a
dependent oAt, and donotfollow the behavior predicted by secondary chaining procegsince a primary one is due to the
Eq. (4) (Fig. 7). The errors are evaluated as discussed befor2resence of the uniform fielddue to the presence of the
This characteristic time is three orders of magnitude smallef?@gnetic field gradient. After the removal of the small field
than the time associated with the director gliding process ifgradient, the grains diffuse back to the bulk of the sample
nondoped lyotropic nematic samplds]. In this context, the ~&nd the aggregation process occurring dudigis undone.
ferrofluid doping and the migration of magnetic grains from
the bulk to the interfacddue to the field gradieptcould
modify the anchoring properties of the liquid crystal. lonic  We are indebted to Professor J. C. Bacri and Dr. A. Bee
and surfacted ferronematics present<&<<150 s, and from Jussieu(Pari9 for helpful discussions and for kindly
100< 7,<300 s, respectively. Assuming that these times aresupplying the ionic ferrofluids. Fundaw de Amparo &Pes-
associated with the gliding of the director in the interfacequisa do Estado de 8&Paulo(FAPESP, Fundaeo Vitae,
solid-liquid crystal, these results indicate that the anchorindCOFECUB-USP, and PRONEX are acknowledged for finan-
of surfacted ferronematics is stronger than ionic ferronemateial support. Dr. A. Roy is acknowledged for helpful discus-
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