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A setup is described intended to study the conversion of a cluster of magnetic particles
into a supercluster under magnetic field influence. The technique used makes it possible
to study the processes associated with the magnetic particle motion during the superclus-
ter formation, the contribution of the domain wall displacement inside the particles to the
measured signal being negligible. The relaxation processes during a Ni supercluster forma-
tion in magnetic fields of 0 to 160 Oe strength have been studied. The presence of slight
changes in the cluster state in the fields lower than the first critical one has been revealed,
where no changes in the cluster geometry have been observed before. The typical relaxa-
tion curve shape has been found to depend on the formative field amplitude. The saturation
time of the particle redistribution process depends non-monotonously on the field amplitude.
The dependence maximum is located between the first and second critical fields.

B pabore mpejcTaBiieHa yCTaHOBKA [AJS MCCJIEIOBAHUS IIPOIECCOB paclaja KJacTepa Mar-
HUTHBIX YACTHI[ B CyIlepKJacTep IIOJ BO3[AeiicTBHEeM MAarHUTHOIO moJisi. Vcmoab3dyemMas MeTo-
IUKaA I03BOJIAET WMCCJIeN0BATh IIPOIIECCHI, CBSI3AHHBIE C IIepeMellleHueM MATrHUTHBIX YaCTHIT
nmpu QOPMHUPOBAHUU CyIlepKJacTepa, MPU STOM BKJAJ B U3MePSEeMbI CHUTHAJ OT CMeIeHUs
IOMEHHBIX CTEHOK BHYTDHM YACTHII IIpeHebpexumMo maj. VcciemoBaHbI MPOIECCH pelaKcaluu
nmpu GOPMUPOBAHUM CylepKJjacTepoB yactuil Ni mpu Bo3geificTBMM MarHUTHOTO IIOJSA C Ha-
npskenHoctbrio 0—-160 A. YcraroBieHo HanHuUMe CIABBIX M3MEHEHUH COCTOSHIUS KJacTepa B
MMOJISX MEHBIINX IePBOTO KPUTHUUYECKOTO0, B KOTOPBHIX HM3MEHEHUIl reoMeTPUUYECKHUX XapakTe-
PHUCTHK KJacTepa paHee He HaO/I0Ia0Ch. YCTAHOBJIEHO, UTO XapaKTePHBIM BUJ pesaKcaliu-
OHHOM KPUBOM 3aBUCUT OT aMILIUTYAbI (hOPMUPYIOIIETO MMOJisd. BpeMsa BhIXOIa Ha HaCHIIleHUE
mpoIiecca IepepacipeeieHnus YacTHUll 3aBUCUT OT aMILIUTYAbI IIOJS He MOHOTOHHBIM 0o0pa-
30M. MaKCcHMyM 3TOH 3aBUCHMOCTH PACIOJOMKEH MEXKJY MEePBBIM UM BTOPHIM KPUTHUUYECKUM

IIOJIAMM.

The behavior of clusters of magnetic
particles in a magnetic field is studied in-
tensely both from theoretical [1, 2] and ap-
plied [3-6] standpoint. So, in [1], the for-
mation of ordered structures in a magnetic
field was observed for clusters located at
a liquid/liquid interface. In [3, 4], when stu-
dying stationary states of magnetic particle
superclusters formed in the fields with in-
creasing strength, the existence of critical
fields has been revealed, these fields being
responsible for the changes in the magnetic
particle motion as the field strength in-
creases. At to the applied aspect, the struc-
tures formed from the magnetic particle
clusters in a magnetic field could be used as
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multilevel packings in high-gradient
netic filters [4, 5].

The observations have shown that the su-
percluster formation processes under the
formative field application are accompanied
by the relaxation phenomena, the latter
consisting in that the equilibrium cluster
configuration is not formed instantane-
ously. The various relaxation aspects in
magnetic fields for systems of magnetic
particles (both fixed in a rigid matrix, see
[6] and references therein, and free-moving
[7, 8]) have been studied. When a super-
cluster is formed from an ensemble of mag-
netic particles under applied magnetic field,
of a substantial importance is the formation
process of individual clusters and the mo-
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Fig. 1. Setup schematic view: 1, 2 — magnetic
systems to generate the constant and variable
magnetic fields; 3 — cell; 4 — heater; 5 —
sensor; 6 —glass cell bottom; 7 — cluster; 8 —
paraffin; 9 — thermocouple; 10 — microscope.

tion thereof relative to the initial positions
and to each other during the equilibrium
state establishing [4, 5]. That is why the
studies of the process dynamics are neces-
sary. The purpose of this work is to study
the time dependences of the supercluster
parameters during the formation thereof
and to define the factors influencing the
shape of those dependences.

To investigate the time characteristics
for conversion of a cluster of magnetic par-
ticles into a supercluster under magnetic
field action, a setup has been elaborated and
constructed basing on the induction-fre-
quency method. The setup schematic dia-
gram is presented in Fig. 1. The main setup
part is an auto-generator assembly (denoted
by a dashed line in the Figure) consisting of
two LC generators, the one being a reference,
the other serves to measure. The scheme in-
cludes a mixer giving at the output the fre-
quency difference AF = |f,,r = f,,045- The fre-
quency-to-voltage converter transforms the
AF into a DC voltage that comes to the Y
input of a recorder.

The setup operates as follows. The initial
cluster of magnetic particles (7) formed in
molten paraffin (8) forms the core of the
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Fig. 2. Relaxation at switching on and off of
a constant field at different amplitudes: a
and b, the switching-on and switching-off
moments. Field strength (Oe): 40 (1), 70 (2).

induction coil (5) of the measuring auto-
generator loop operating at the frequency of
1 MHz. The coil (5) is shaped as a flat spi-
ral fixed by a glue under the glass bottom
(6) of a dielectric cell (3). The glass is
0.17 mm thick. The constant magnetic field
and the variable one generated by coils (1)
and (2) are applied perpendicular to the
substrate plane and thus to the developed
cluster surface. The action onto the cluster
results in changes of its parameters and
thus the measuring generator changes its
frequency. The signal proportional to AF
comes to the Y input of the recorder, the
time axis being the X one. The plot AF(¢)
obtained in this manner is referred to as
the relaxation curve.

The relaxation curves are recorded as
follows. The initial clusters are formed by
melting the feed balls made of a mixture of
paraffin with nickel powder and placed in
the bottom center of the cell filled with
molten paraffin heated up to 100°C. The
feed ball diameters are calibrated to within
10% . The initial cluster formation tech-
nique is described in detail elsewhere [4].
Then the formative magnetic field of a pre-
set strength is applied and during the su-
percluster formation, a signal in proportion
to AF is recorded as a function of time ¢.

Typical dependences for AF(¢) as the con-
stant magnetic field of different amplitudes
is successively switched-on and switched-off
are shown in Fig. 2. It is seen that both the
field switching and cutoff result in a sub-
stantial changes in AF. This may be con-
nected with changes in arrangement of the
particles in the cluster, in the shape of the
latter, and in the domain configurations
within individual particles. The charac-
teristic time values in the curve section fol-
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lowing the moment marked by the arrow a
are of the order of several seconds and ex-
ceed the duration of the magnetic field
pulse increase that does not exceed 0.2 s.
Thus, the section of AF(¢) dependence fol-
lowing the point a evidences a relaxation in
the system.

The visual observations during the field
application have shown that, starting from
the formative field strength of about 50 Oe
(being the 15t critical field H; according to
[3]), individual clusters are separated from
the solid initial cluster body and move ra-
dially from the center. As the field is
switched-off, these clusters fall down. Also
it has been found in [3] that as the forma-
tive field exceeds the second critical value
(Hy = 100 Oe), the particle start to move
not only along the substrate surface but
perpendicular thereto, along the gradient of
the scattering fields of individual particles.

It is to note that the relaxation observed
at the field switching-on is observable also
at its successive switching-off and switch-
ing-on (Fig. 2, the section following the
arrow b). The characteristic relaxation
times at the field switching-on and switch-
ing-off are commensurable to each other.

To discriminate the contribution of the
motion of the particles themselves from
that of the motion of the domain walls
therein in the AF(t) dependence, the AF(t)
plot was recorded for the initial cluster fro-
zen in paraffin. The solidified paraffin did
not allow the magnetic particles to move,
so, in this case, the AF changes were due
only to the changes in the powder particle
domain state. The typical dependences are
shown in Fig. 3a, b. In both cases, the
80 Oe field was applied to the initial cluster
formed in zero field. Comparison of the de-
pendences shown in Fig. 3 suggests that it
is just the changes in the particle positions
with regard to the measuring sensor that
contribute mainly to the AF changes. Thus,
the AF(t) dependences obtained later at
T = 100°C can be suggested to be due
mainly by the changes in the particle ar-
rangement.

It has been shown before [3, 4] that the
particle motion run at the initial cluster
conversion in various formative fields can
be subdivided into three characteristic re-
gions corresponding to the field wvalues
lower than the 15t critical one (H;), those
between the 15t and 2nd (H ) critical fields,
and above the 20d critical field. Therefore,
the effect of the field strength on the re-
laxation curve was studied. For initial clus-
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Fig. 3. Comparison of time dependences at the
magnetic field action onto a cluster with mobile
particles (a) and those frozen in paraffin (b).

ters formed from the feed balls of
1.0£0.1 mm in diameter, the AF(¢) depend-
ences were recorded within the magnetic
field range of 0 to 160 Oe covering the
three characteristic regions. The typical
AF(t) dependences recorded during the clus-
ter conversion in constant magnetic fields
of different strength are shown in Fig. 4. It
is seen from the Figure that changes in the
magnetic field pulse amplitude results in
substantial differences between the AF(¢)
curve shapes. The AF(t) curves recorded in
fields up to 80 Oe show a monotonous time
dependence of AF. Exceeding of the above
field value results in a non-monotonous
AF(t) run. Consideration of AF(¢) depend-
ences at different constant field amplitudes
shows that a characteristic valley occurs in
the field interval between H; and H,.

Moreover, it is to note a nonzero AF
changes in low fields of the order of 30 Oe
that evidences the cluster particle motion in
fields lower than H; where no changes in
the cluster geometric parameters is ob-
served. Note that the AF(¢) change at the
conversion of a cluster of free particles in
the 30 Oe field exceeds that occurring
under the action of the 80 Oe field onto the
body of frozen particles. Thus, the tech-
nique used makes it possible to record the par-
ticle position changes in the fields lower than
the 18t critical one (Fig. 4, the section a).

The combined consideration of the de-
pendences recorded within the whole mag-
netic field range shows that the formative
field value affects substantially the relaxa-
tion curve parameters R, P, T1, and T2
(notation see Fig. 4). In Fig. 4, T2 refers to
the time interval where the AF(t) change
rate drops down to 20 Hz/s (the criterion of
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Fig. 4. Time dependences of the measuring
generator frequency at the conversion (decay)
of the clusters of magnetic particles at differ-
ent amplitudes of constant field. Field
strength (Oe): 30 (a), 60 (b), 130 (c).

the process saturation). T1 denotes the time
moment where the dependence minimum is
attained.

Fig. 5 shows the characteristic time val-
ues T1 and T2 as the functions of the for-
mative field amplitude. In the Figure, the
vertical line pairs I and II denote the re-
gions including the critical fields H; and
H,. These dependences are seen to be non-
monotonous and to have a maximum in the
interval between the 15t and 2"d critical
field values, thus evidencing a change in
the motion character of the cluster particles
within that interval.

Note that in the 160 Oe field, the time
to the T1 minimum becomes comparable to
the magnetic field increase time at switch-
ing-on thereof, while the total duration of
the cluster conversion, T2, exceeds consid-
erably the field increase one. The T2 short-
ening in strong fields (curve 2) indicates
that as the constant magnetic field ampli-
tude rises, the particle interaction forces
increase substantially, therefore, the gen-
eral motion character in the system of mag-
netic particles is established more rapidly.

To conclude, the technique developed
makes it possible to study the phenomena
associated with motion of magnetic parti-
cles in the course of a supercluster forma-
tion. The displacement of the intraparticle
domain walls contributes only negligibly to
the signal measured. The supercluster for-
mation at the pulse magnetic field switch-
ing-on is accompanied by the relaxation
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Fig. 5. Characteristic times as functions of
the formative field amplitudes.

processes. Similar relaxation occurs as the
formed supercluster is subjected to pulses
of the switched-on and switched-off mag-
netic field causing the orientation changes
of individual clusters. Slight changes in the
cluster state are observed in the fields
lower than the 1St critical one, where no
changes in the cluster geometric parameters
were observed before. The relaxation curve
characteristic shape depends on the forma-
tive field amplitude. The saturation time
(T2) of the particle redistribution process
depends non-monotonously on the field am-
plitude. The dependence maximum is local-
ized between the 15t and 279 critical field
values. The measurement of the ferromag-
netic response characteristics can be used
top study the internal rearrangement of in-
dividual clusters during the supercluster
transformations and makes it possible to
study the characteristic time intervals de-
fining the processes running therein.
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HocaigxeHHa peJjakKcallii KjlacTepa MarHiTHHX 4acCTOK
Yy Mar"HiTHOMY HOJIi

I0.1.T'opo6eys, C.B.I'opobeyd, 1.0.Menvrnuuyx, I0.A.Jlezenvruil

IIpencraBieHo ycTaTKyBaHHSA OJIs OOCJHiIKEHHS IIPOIECIiB pPO3maAy KJacTepa MarHITHUX
YaCTOK Yy CyIepKJacTep IIif mielo Mar"HiTHoro mojasd. MeToamkKa [TO3BOJISE MOCIiIKYyBaTH
mpolnecyu, AKi mos’sAs3aHi 3 mepeMileHHAM MAaTHITHMX YacTOK Ipu (pOpMyBaHHI cymepkJacTe-
pa, Ipu IIbOMY BKJIAJ y CHUTHAJ, SAKUHA BUMIDPIOETLCS, Bil 3MiIlleHHA NOMEHHHX CTiHOK y
YacTMHKAaX JAOoCTaTHbo Masuii. [ociimkeHo mpolecu pesakcaiii mpu ¢opmyBaHHI cynepkJac-
TepiB yactuHoK Ni mpu mil Mar"iTHOro mojs 3 HampysKeHicTio B inTepBasi 0—160 A. Beranosae-
HO HasBHICTH 3MiH CTaHy KJacTepa y IOJAX MEHIINX IIEePIIOro KPUTHUUYHOTO, B AKUX 3MiH
TeOMETPUYHUX XapaKTEePUCTUK KJacTepa paHillle He cIocTepirajock. BcTaHOBIIEHO, IO Xapak-
TepHUH BU pejaKcalliiiHol KpMBOI 3aJIeXKUTh BiJl aMILIiTyau (hOPMYIOUOro I0JA. SaJeKHiCTh Bif
aMILTITYyqu TOJIA Yacy BUXOAY Ha HACHUUYEHHs IIPOIECY II€PEPO3IOiy YacTOK He MOHOTOHHA.
MakcumMyM 3ajIe;KHOCTL JIEKUTh MiK TEePIIUM Ta APYTUM KPUTUYHUMU IHOJIAMU.
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