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The behavior of magnetic nanoparticles in a liquid free of anti-coagulants in magnetic
field has been studied in two container types (round and flat). Application of a specifically
configured gradient magnetic field to the magnetic nanoparticles in a round capillary
makes it possible to form a periodic structure consisting of needle-like clusters of the
magnetic particles. In a flat container, a fairly homogeneous distribution of clusters is
observed. In some conditions, clusters of larger size (mega-clusters) appear within a
two-dimensional ensemble of the needle-like clusters. The mega-clusters are of dumbell-like
shape with asymmetric (presumably spiral) constriction.

WNsyueno nmoBegeHme MArHUTHBIX HAHOYACTHUIL B JKUAKOCTH 0€3 MCIIOJH30BAHUSA AHTHUKOA-
I'yJASHTOB B MAarHUTHOM II0Jie B JBYX THIIaX KOHTEMHEPOB: KPYIJIOM M IJOCKOM. [IpuioskeHnue
rpPafiieHTHOT0 MArHMUTHOTO IIOJIS OIpeAeeHHON KOH(Urypanuu K MAarHUTHBIM HAHOYACTHUI[AM
B JKHUAKOCTU B KPYIJIOM KAaIIUJJSPE II03BOJISIET CO3AABATH II€PUOAUYECKYIO CTPYKTYDPYy U3
UIOJIbYATBHIX KJIACTEPOB MATHUTHBIX YaCTHUIl. IIpM MCIIOJB30BAHUHU IIJIOCKOTO KOHTEHepa pacipe-
IeJieHre KJIACTEPOB XapaKTepHUsyeTcsi MX OTHOCHUTEJHLHO DAaBHOMEPHBIM pacipeaesneHueM. IIpu
HEKOTOPBIX YCJIOBHUAX B ABYMEPHOM MACCHBE HI'OJIBYATHIX KJIACTEPOB HAHOYACTHUIL IIOSABJIAIOTCS
KJIacTephl YBEJINYEHHBIX PasdMepoB (MeraxJacrepsr). PopmMa MerakjacTepoB — TaHTEJeBUIHAS C
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HECHMMEeTPUYHOHN ([IPeaIIoI0KNTEIbHO — BHHTOBOM) IIEPETIKKOM.

Magnetic liquids (ML) are colloidal solu-
tions of tiny magnetic particles in a liquid
carrier. Those attract last years an intense
attention due to their technical applications
(see, e.g., [1]), and are also considered to be
a material of good promise for functional
electronics and, in particular, for obtaining
so-called "photon crystals” [2]. Coupling of
the magnetic particles into clusters is a spe-
cific property of magnetic liquids prepared
without adding of anti-coagulants; that can
be interpreted as the initial state of transi-
tion to gel phase (sedimentation of the par-
ticles). The fact of such a coupling (agglo-
meration) and the interaction mechanisms
of the particles in ML were investigated in
detail [3, 4]. Appearance of clusters in ML
is considered not to be desirable for its ap-
plications. This concerns the usage of ML as
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lubricants, printing inks, damper liquids,
coolants, seal materials, and other cases
where stability of the ML hydrodynamic pa-
rameters plays an important role. That is
the reason of a great attention paid to the
methods reducing agglomeration. However,
the cluster formation mentioned above is a
necessary condition for practical usage of ML
in some cases. Visualization of magnetic field
lines, magnetic irregularities and magnetic
domains; operation of optical valves, and
other applications require such a non ideal
state of ML. Note that spatial ordering of the
clusters in magnetic field underlies the deve-
lopment of ML-based photon crystals [5].
The cluster formation mechanism is
based on dipole-dipole interaction between
magnetic nanoparticles and counteracting
thermal oscillations of the liquid carrier
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Fig. 1. Magnetite nanoparticles AFM-image.
The average particle size is 17.5 nm. The
scale of gray gradations correspondence to
the surface geometry is shown at right-hand
side of the Figure.

molecules. That is why clusterization is the
more intensive, the larger the particles are.
The critical dimension of nanoparticles at
which coupling probability becomes appre-
ciable is about 10 nm [1]. The clusterization
probability increases when an external mag-
netic field is applied; in this case, the cluster
itself arises as magnetic dipole with magneti-
zation directed along the external field.
Numerous investigations are devoted to
the properties and formation process of or-
dered clusters in thin ML films [6-11]. In
those works, analyzed is mainly the case of
external magnetic field perpendicular to the
film surface and clusters arranged like cy-
lindrical magnetic domains in thin magnetic
films in the sites of two-dimensional hex-
agonal lattice. Such an arrangement is the
closest. In this work, in contrast to those
mentioned above, the clusters are studied
which grow freely in ML prepared without
using anticoagulants. Cylindrical glass cap-
illaries were used in order to provide neces-
sary conditions for such growth and clus-
ters arrangement along a straight line. Fur-
thermore, studies concerning behavior of
ML in a flat container are continued.
Monodispersed powder of magnetite was
selected as the initial material (Fig. 1).
Ethyl alcohol was selected as the carrier lig-
uid. The powder content in the liquid was
100 mg/cm3. No anticoagulants were used.
In absence of magnetic field, the powder
formed a precipitate at the capillary bot-
tom. Glass capillary tubes of 120, 200 and
370 um inside diameter were used as the
round containers for a magnetic liquid. The
external magnetic field was generated
either by Helmholtz coils (Fig. 2) or by per-
manent magnet. The external magnetic field
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Fig. 2. Scheme of experimental setup used to
study the magnetic field gradient influence
on cluster distribution in the magnetic liq-

Fig. 3. Needle-like clusters in magnetic field
gradient: one-dimensional (a) and two-dimen-
sional distribution (b).

intensity could be varied from 0 to 260 Oe
and its direction could be arbitrary.

Switching on the magnetic field results
in needle-like clusters growing from the
precipitate. The clusters are almost of the
same height; their growing stops at a cer-
tain size (about 100 um) even when the cap-
illary diameter is sufficient for further
growth. Magnetic field induction at which
the growing process stops is about 15 mT. In
a homogeneous magnetic field, the clusters
are arrange into one row on arbitrary spac-
ings from each other, while staying in the
same plane passing through the capillary tube
axis. If there is a bell-shaped magnetic field
distribution, the clusters are arranged near
its maximum in a periodic fashion (Fig. 3).
The periodicity rather regular, what is testi-
fied by a small spot size of the diffraction
peaks in light diffraction experiment with the
obtained ordered cluster structure [14]. The
dependence of field gradient on coordinate is
quadratic in the case of bell-shaped field dis-
tribution.

The structure period can be reduced by
moving the magnet near to a capillary tube
what causes gradient increase (Fig. 4). The
structure period can be changed by up to
60 % as the field increases from O to
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Fig. 4. One-dimensional clusters structure pe-
riod Ax as a function of distance between the
capillary and the permanent magnet meas-
ured near the point of zero gradient (x = 0).
The capillary diameter 120 pum.

15 mT. The single-row arrangement of clus-
ters in the capillary of 120 um inside di-
ameter is maintained till the field induction
in the maximum of its bell shaped distribu-
tion does not exceed 15 mT. A further field
increase results in the structure rearrange-
ment into a multi row one. In this case, the
clusters form a structure close to hexagonal
(Fig. 8). The distance between clusters re-
mains stable in such a structure, too.

The capability of period control is shown
at Fig. 4. Here, the dependence of structure
period Ax on distance between the magnet
and the capillary with ML is presented. The
period change obtained in experiment
reaches 60 %. Further period decrease is
hindered by appearance of extra rows of
clusters.

We have considered the theory of cluster
behavior in the cylindrical capillary in [14].
The results testify to a high stability of the
cluster structure against the field gradient
profile deviation from the optimal one. The
second important conclusion shows that to
obtain periodic structure, a high gradient
value is required at the edges of the clusters
group. Theoretical calculations in [14] and in
present work are based on equality (1) ob-
tained on the energy balance condition.

oH(x) (1)
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Here, m,, m; are magnetic moments of
interacting clusters; 0H(x;)/0x;, the exter-
nal field gradient in the point of i-th clus-
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Fig. 5. Calculated dependences of relative
cluster coordinate deviation from the points
corresponding to their uniform arrangement
on n (p-normalizing factor) for groups of 2N + 1
=5, 7 and 9 clusters. The scheme of clusters
arrangement is shown at the bottom of the Fig-

ter location (cluster with coordinate x;); (2N +
1), number of clusters.

Let us consider how the gradient depend-
ence on coordinate x influences the cluster
structure disorder extent. Let the field gra-
dient be presented as a power function:
OH(x;)/0x; ~ (x;)". The disordering extent
will be defined as k; = x;/xy. Solving the
combined equations (1), the dependence of
k; on n can be obtained for various amount
of clusters (N = 2, 3, 4) (Fig. 5).

Consideration of the curves presented
shows that the period deviation from regu-
larity less than 5 % is approached when n
is as small as 2 and for n>6, the cluster
distribution is almost ideally regular. Thus,
the theoretical calculations show that a
regular cluster distribution is the most en-
ergy favourable when the field has a gradi-
ent at the structure edges. Hence, a trend
of the cluster ensemble to self-organization
must manifest itself in those conditions.

Solving the combined equations (1) and
assuming that magnetic moments are equal
for all clusters, we get an expression for
cluster coordinate x; relatively to the center
of the cluster ensemble:

x.:k_[ jm| J”“ 2)
U OH(xp/ox |

where A; is a calculation coefficient depend-
ing on cluster coordinate and number of
clusters. The cluster distribution remains
uniform when magnetic field intensity pro-
file does not change in its shape but only in
absolute value. Changing field intensity by
a factor of p results in the structure period
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Fig. 6. Magnetic clusters in magnetic liquid
in homogeneous magnetic field. a, magnetic
field direction in the figure plane; b, perpen-
dicularly to it.
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change. The period relative change Ax/Ax,
in the case OH/0x ~ x™ is

Axg

— n+4
e @

(3)

where Ax and Ax, are final and initial val-
ues of the uniform structure period, respec-
tively. Eq.(2) allows to define cluster mag-
netic moment m, and Eq.(3) testifies to op-
portunity of uniform distributed -clusters
period to be controlled by varying the exter-
nal magnetic field intensity (parameter p)
and/or its spatial distribution (parameter n).

In this work, the magnetic cluster behav-
ior in a flat glass container was also stud-
ied. The ML composition and magnetic field
magnitude were the same as in the case of
cylindrical capillary. The flat container
thickness was 100 um.

In external magnetic field magnetic par-
ticles form needle-like clusters (Fig. 6). A
trend to their uniform distribution over the
area is observed in the region of field maxi-
mum. Under a disturbance (periodic mag-
netic field direction rotation by 10—20°), the
uniform cluster ensemble (Fig. 6) produces
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Fig. 7. Micro photo of large size clusters in
the flat container. Magnetic field is applied
perpendicularly to the figure plane (a) and
nearly to the figure plane (b). The dumbbell
shape of the cluster can be seen (cluster with
constriction).

clusters of larger size (Fig. 7). More precise
examination shows that those are dumbbell
shaped with a constriction (Fig. 8). The con-
striction is unsymmetrical and arranged at
an angle to the field direction. Such a clus-
ter form is rather stable to the external
influences: changes in magnetic field inten-
sity or direction do not result in evident
cluster shape changing, except for its poles.
The poles are supplied by extra particles
which form “tails™ if it is located in the
plane of the container. Such an unsymmet-
rical constriction is observed in all men-
tioned large clusters. Basing on symmetry
conditions, the observed constriction can be
assumed to be of spiral shape and appears
to be a visible part of complex internal
structure of the cluster. The revealed peculi-
arities of ML behavior in the flat container
require a further research.

To conclude, application of magnetic
field of a specified configuration allows to
create periodic structures of magnetic
nanoparticles clusters in a cylindrical capil-
lary. The clusters formed in such a way show
the following properties: clusters form peri-
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Fig. 8. A large cluster microphoto in the flat container. Magnetic field is applied perpendicularly

to the figure plane (a) and in the mentioned plane (b).

odic structure along the capillary axis; the
structure period can be varied within some
limits (in our case, up to 60 %) by chang-
ing the field intensity and gradient; at cer-
tain value of field intensity, the single-row
structure in reorganized into multi row one.
Calculations show that uniform (to within
5 %) cluster distribution can be reached at
quadratic character of the field gradient de-
pendence on coordinate. The cluster distri-
bution can be characterized by relatively
uniform arrangement over the area of flat
container. Cluster of large size occur in
two-dimensional cluster ensemble under cer-
tain conditions. The shape of this type of
clusters is dumbell-like with unsymmetrical
constriction.
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IloBeminka MArHITHHX HAHOYACTHHOK
Y PiIMHI y MardiTHOMYy HOJIi

B.®@.Koeanenrxo, M.B.Ilempuuyk,
B.M.Monadosan, O.A. Aumonmwk, €.®@.Trau

HocaigKkeHo MOBEeAIHKY MAarHiTHUX HAHOYACTUHOK y PiauHi 6€3 BUKOPUCTAHHA aHTUKOA-
IyJASHTIB y MardiTHOMY MHOJII y ABOX THIIaX KOHTeMHEpiB: Kpyraomy i mmockomy. Ilpukia-
IaHHSA IPAgi€eHTHOrO MATUHITHOI'O II0JsA BH3HA4YEHOI KoH(irypariili 1o MargiTHMX HAHOYACTHU-
HOK y pigmHi y KpyriiomMy Kalijspi m03BOJIsIE CTBOPIOBATHU IIEPiOAMYHY CTPYKTYPY 3 roJida-
CTHX KJacTepiB MarsiTHMX dJacTUHOK. IIpy BHKOPHMCTAHHI ILJIOCKOrOo KOHTEHHepa PO3MOoia
KJIacTepiB XapaKTepudyeThbCs 1X BiAHOCHO piBHOMipHHMM poasmoxisom. IIpu mesKkmx ymoBax y
IBOBHMIPHOMY MACHBI IroOJIYaCTHX KJIACTEPiB HAHOUYACTHHOK 3 ABJIAITLCA KJacTepu 30ijabIie-
HuUX poamipiB (merakmacrepu). Popma meraxjacrepiB — ramresenonibHa 3 HECHMETPUUHOIO

(Opi€eHTOBHO — I'BMHTOBOIO) II€PETSIIKKOIO.
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