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Dipolar-interaction-induced fractal pattern formation in magnetic multilayers
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Models concerning particle diffusion and aggregation have been proposed for decades, and the aggregations
with long-range dipolar interaction are simulated and analyzed numerically. In this paper, fractal clusters
composed of particles diffusing with dipolar interaction are observed, and a model taking both magnetic force
and diffusion activation energy into account is presented. The computer-simulation results generate clusters
similar to those observed. And the measured sizes and dimensions of the experimental results are close to that
of simulation. Further investigations on the magnetic energy and cluster size reveal that the dipolar interaction
and thermal disruption play significant roles in the aggregation of nanosize magnetic particles and the inter-
action energy is the main driving force of the formation of the ordered structure.
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[. INTRODUCTION puter simulations are performed to interpret the experimental
phenomenon. In this model, particles are set to diffuse on the
The aggregation process of initially dispersed particles tdilm plane where the activation energy of diffusion as well as
form a fractal pattern has been of great interest during thenagnetic interaction influences the aggregation process.
last few decades. With the development of computer modelssimulation results confirm that long-range magnetic interac-
many theoretical works have focused on investigating theion and the lattice binding to particle diffusion are decisive
geometric and statistic properties of fractal clusters. In addiin determining the shape of fractal patterns.
tion, the aggregation processes of naturally formed clusters
or artificially induced aggregations are studied with a com-
puter. There are two basic models of fractal aggregation: one Il. EXPERIMENTS
is particle-cluster aggregation PCA, for instance, the
diffusion-limited aggregatiofDLA) model of Witten and The Fe/Tb multilayers were prepared by depositing alter-
Sander[1]; the other is cluster—cluster aggregati@@CA) natively pure Fe(99.999% and Tb (99.99% on freshly
[2,3]. However, since most of these models only consideredleaved NaCl single crystals in a vacuum chamber with a
a simple short-range interparticle interaction, they failed invacuum of 5< 10° Pa. The deposition rates were 0.03 nm/s
describing the aggregation with long-range interparticlefor Fe and 0.09 nm/s for Th. The total thicknesses of the
forces widely existing in nature. films were 70—80 nm. The first layer on the substrate was
To investigate the aggregation process with dipolar interterbium and the surface layer was iron.
action, computer models have been set up to extend the ag- After deposition, a metallurgical microscope was used to
gregation models in order to include dipolar interparticle in-investigate the surface morphologies. Self-supporting films
teractiond4]. The process is a contest of dipolar interaction,were prepared by first dissolving the NaCl substrate with
which favors an ordered structure, and thermal diffusion thatleionized water and collecting it on copper grids for trans-
induces chaotic aggregates. Two kinds of models concerninguission electron microscop@EM) observation and x-ray
the dipolar-interaction-related aggregation are proposed: onenergy diffraction spectruEDS) analysis. The periodici-
is CCA, and the other is PCA. Both kinds of models give theties and crystalline structures of the films were analyzed by
results of more ordered structures than random aggregatior:ray diffraction (XRD).
Besides, the fractal dimensid@y tends to shrink as the result Both XRD and TEM analysis show that the multilayers
of dipolar interactior5]. were composed of Fe and Tb phases, and no intermetallic
On the other hand, experiments of dipolar interactioncompounds or oxides formed. The microscope observation
were performed in various CCA systems, most of which conindicated that patterns were on the film surface. Immediately
cerns the spatial configuration of magnetic microspheres iafter the deposition, the films were identically even, com-
fluid systems. Particle association in magnetic fluids was obposed of numerous nanocrystals in the TEM observation, and
served directly[6,7], and the observed pattern results agreeno special patterns were observed by a microscope. After 60
well with the theoretical simulatiof¥]. Yet in no experiment days kept at room temperature, the morphologies of the mul-
has the PCA process with dipolar interactions been observetilayers had changed a lot. Dendritelike patterns clearly ob-
although computer models and systematic theoretical analyserved under a microscope, protruded out of the film surface.
sis were done years agb,8]. Since the top layer of the multilayer is composed of iron, the
In this work, we investigate the particle aggregation withpatterns should be composed of Fe particles. EDS analysis
dipolar interaction in Fe/Tb multilayers. The observed pat-confirms that the particles had more Fe concentration than
terns show some features that have been predicted by eatlyat of the film area where no special pattern existed. Some
PCA models. An adjusted PCA model is presented and comsf the particles may be iron oxide indeed, yet both iron and
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iron oxide are ferromagnetic, so we treat the particle ferro-
magnetically in the simulation model. :
The photographs taken by microscope are analyzed by an
image analyzing computer with an output form of a 1024 |
X 1024 pixel matrix. When analyzing the fractal patterns ob- |
served in the multilayers, we use the radius-gyration method #
[9] to calculate the fractal dimensidd; of the pattern. The
value D¢ is determined from a log-log plot of the radius of
gyrationRy(N) as a function of the number of particles in g_\fr
the clusterN, by using the equatiof9]

125 pm 200 pm

1 N (=N R)? 1/2
R,(N)= _z R2_ 1=t ~NDs (1) FIG. 1. Fractal patterns observed on Fe/Tb multilaygas.
9 N&p N? ' [Tb(4.7 nm/Fe(1.4nm],; (sample A and (b) [Tb(2.1nm/

Fe(4.3 nm],5 (sample B.
To investigate the origin of the patterns, an adjusted PCA
model with dipolar interaction is established and computeparticles can diffuse with none or neglectable hindrance. In
simulations are conducted. By means of simulation, we depyr case, iron particles diffuse on the film surface, affected
duce that the aggregation of magnetic particles with dipolapy E, ..., the diffusion activation energy exerted by the lat-

interaction induced the particle aggregation. tice match between particle and the underlying layer. Since
the substrate of the walking particle is a terbium layer, it is
Ill. SIMULATION MODEL AND RESULTS assumed that the diffusing is homogeneous. Using the energy

change as a calibration of diffusion probability, we calculate

The simulation is a two-dimensioné2D) off-lattice [10] he total interaction energy between the walker and each at-

. . - t
lor;]e,t;]/v h_'l_chh hlatstithe Wn'i?tr:)rrallggi'gg L?:;ég?oh?s %&Ogoez;;(t:tached particle before and after a possible walk of one lattice
rﬁegni.n inethails r(;eoéjel ,i e., one lattice unit is set to bepe ua&mit; the change in energy due to the movemeniais

9 PEn . D€ equa, Enew— (Eoigt Ejatice) - If AE<0, the movement is ac-
to the diameter of the particle. Thus for simulations of )

: . . S . cepted and performed. KE>0, the movement is accepted
different-size particles, the lattice is actually not the same iNith the probabilit
length. Particles of diameterand magnetic moment=uu P y
are set to diffuse and aggregate in the lattice, witheing
the magnetic-moment strength of a particle ana unit vec-
tor oriented along its direction. The long-range magnetic in-

teraction between two particlésandj separated by the dis- Where the dimensionless parametfy characterizes the
tancer;;=r;—r; (r is the vector on simulation planés dipole—dipole interaction plus the diffusion of iron particles

relative to the disruptive thermal energy:

p=exp(—AEKyy, (4)

Ujj=u’Ejj, 2
LI VLT

whereE;; is the dipolar energy Kgg=— T~ 36 T
B B

®)

Eij={uj- U= 3(u- 1y (uj-rip/réd(agrp)®. (3 _ _ _

The parameters in Ed5) are set according to experiment.
Aggregation is started from a particle, referred to as theThe average particle diametdr(also assuming the simula-
“seed,” placed at the origin of coordinates, bearing a ran-tion lattice constantis set to be about 1.4 nifthe thickness
domly oriented 2D vectouy. The following particles are of the Fe layersfor [Tb(4.7 nm/Fe(1.4 nm],; (sample A
released from a randomly chosen position on a circle of raand 4.3 nm for[ Th(2.1 nm/Fe(4.3nm],5 (sample B, re-
dius Rqpo; Centered on the seed. Each released particle is aspectively. The magnetization of iron particles is set to be
signed a randomly oriented vectoy. The particle then be- 1.71x10° A/m [12]. The activation energy of lattice diffu-
comes the walker, which would walk randomly in any sion E e is Set to be 0.5 eV per atom.
direction with a step of one lattice constant until it either After each step of walk, the walker experiences a
contacts the cluster or moves away from the origin a distancenagnetic-moment relaxation, i.e., it reorients in the direction
greater tharR;, . In the latter case, the walker is removed andof the total field on its position. If the walker attaches the
a new walker is released from the circle with radRug;. TO  cluster, i.e., the distance between walker and a certain fixed
reduce possible heterogeneous growth of the clysié}, particle is smaller than the diametgérthe walker is reset to
Rshot IS set to be twice the largest distance of the particlethat point in its trajectory where it first contacts the fixed
from the origin, andRy;, is set to beR;, plus five lattice particle. Then, the walker is relaxed and becomes part of the
constants. cluster. The next step is the releasing of a new walker.

As other models concerning magnetic materials show, the We simulated the clusters witth=1.4 nm for sample A
random diffusion of walker is affected by the interactionsand d=4.3nm for sample B, respectively. Figure 1 shows
exerted by the particles already attached to the cly&kr the photos taken by microscope and Fig. 2 shows the simu-
However, it is quite different from fluid systems, where thelation results.
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@ ®) sumed to b0, 0) and(1000, O, respectively. From Ed4),
the dipolar energy,; of these two particles is
cog 6,— 6,)— 3 cosh, cosb,
For= (100ad)* ' ©
and the calculated magnetic interactidg; is
cog 6,— 6,)— 3 cosh, cosb,
_ .2
83,333 diameters 44 444 diameters
(125 um) (200 pum) In our calculation,Uy, is estimated to be no larger than 5

x10721J, or 0.03 eV.

FIG. 2. Computer simulated clusters. The lengths noted in pa- |y contrast, the lattice limitation enerdfyyce is given by
rentheses represent the calculated actual lenghtotal 60 000
d ﬂ>3
— 1 8
dato

particles,d=1.4 nm (sample A and (b) total 30000 particlesd
=4.3nm(sample B. Elattice™ Eo

The particle number used in simulation is set in such and the calculated,... is about 2<10° eV, compared to
way that the generated cluster has close size to the expefirhich the dipolar interaction is negligible. Thus for distant
mental results. In total, 60 000 and 30 000 particles take pagarticles, the diffusion is mainly controlled by lattice bind-
in simulations for samples A and B, respectively. Comparingng.
the simulations with the experiment results, the similarity of  Nevertheless, if two particles are to be attached, e.g., the
morphologies is obvious. In Fig. 1, the fractal aggregates argistance of them is about two lattice constants, the calculated
assumed to consist of many small single domain patrticles, ;; is about 5¢10° 3], or 3x1CfeV, i.e., eight orders
similar case of which was observed by Liu and Djig]. In  |arger than the above remote case. Yet the lattice limitation
Figs. 1 and 2, we measure the fractal dimensions of botlg, .. is still 2 10*eV. In this case, the dipolar interaction
microscopic photos and simulated clusters by the radiusis the most decisive. In experiments concerning hydrophobic
gyration method. The measured dimension of sample A isnagnetic nonoparticles deposited on a water subphase in a
1.38+0.04 and the dimension of a corresponding simulated angmuir trough, it was also found that small particles are
cluster is 1.38 0.02, while the two values of sample B are organized in more compact aggregates than larger [dr8s
1.44+0.06 and 1.46:0.03, respectively. Both shapes and  Our model shows that the magnetic interaction is strong
dimensions agree well between the simulated patterns arfdr near particles and is omitable for remote particles. In
the microscopic photographs. In Figal, the observed frac- other words, the short-distant array of particles is strongly
tal is uneven in shape, because the particles are actually raffected by magnetic interaction.
leased in some neighboring sites, while they are released
from far enough in simulation, shown in Fig(&2, and the
heterogeneous growth is avoidggl.

B. Fractal structure relating to particle size

The two fractal patterns in the experiment are different in
their shapes and dimensions, and this distinctness may be
IV. DISCUSSION traced to the particle sizes. The simulations give confirming
results. Equation$5) and (8) both have the itend, which
means that not only the dipolar force but the thermal disrup-
It has been observed in liquid environments that magnetition and lattice binding are related to particle diameter. To
particles aggregate in the driving of interaction force undeiinvestigate the influence of particle size on the fractal struc-
zero-field condition$6,7]. Similarly, the dipolar particles ac- ture, several simulations are conducted with different particle
cumulate themselves by inner compellation. From the simueliameterd, each have 2500 particles, as shown in Figs. 3 and
lation, it can be seen that the magnetic interaction and tha.
lattice binding are important in deciding the spatial configu- Figure 5 shows the dimensions and coverage of these
ration of magnetic particles. We now show how these twadfractals. The dimension of every generated cluster is smaller
kinds of energy affect the diffusion process. The followingthan 1.715, which is the dimension of standard D[0].
calculations are carried out using the parameters of samplehe shrinkage in dimension results from the magnetic inter-
A, whose particles have diametdr=1.4nm, i.e., the indi- action between particles, as observed in other experiments
vidual Fe layer thickness, and the simulation lattice has th¢14,15. Although all the simulations generate clusters com-
length of 2000 constants. posed of particles, the real meaning of particles is not the
First we consider the interaction of two particles separatedame for differentd: one lattice constant, or one particle
by a large distance, one is the seed and the other walks nediameter, in reality represents different lengths for different
the lattice edge. The angles between magnetic-moment dsimulations. We can see that the dimensi@y)( has the
rections of the two particles and theaxis aref, and 6,, same variant tendency as the coverdgeof particles. If
respectively. For convenience, their coordination are asparticle diameters are larger than 1.0 nm, widencreases,

A. Range-limited dipolar interaction
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(a) (b)

150 diameters 150 diameters

(c) (d

150 diameters 150 diameters 25 diameters 25 diameters

FIG. 3. Typical dipolar aggregates of 2500 particle, generated FIG. 4. Close-up view of the inner regions around the seed of
for several values ofd. (8 d=0.5nm, D;=1.44+0.03, (b) d the clusters shown in Fig. 3. The dipoles attached to each particle
=1.0nm,D;=1.38+0.02,(c) d=2.0 nm,D;=1.42+-0.02, and(d) have been drawn in order to compare their arrangement. The central
d=5.0nm,D;=1.48+0.03. gray circle in each graph denotes the se@i.d=0.5nm, (b) d

=1.0nm, (c) d=2.0nm, andd) d=5.0 nm.

D; andc increase. In fact, the same length in the simulation | h diool _ |

lattice plane for differentd may represent distinct lengths. ria;gc?/s; ar?grezggég.i\geét N sy?telm Ipotar etnzrglyz/ lihony

Because the magnetic dipolar interaction becomes stronger ev when —>-0Nm particies aggregated. Furtnet,
e total energy of dipolar interaction for a standard DLA

when the distance between particles is smaller, and th tion is al lculated f . h b
strengthened interaction favors a more ordered strufiiie aggregation 1s also calculated for comparison as shown by
the dotted curves in Fig. 6 in which the magnetic moments

the magnetic force is stronger in the simulations with small . .
d. In addition, the magnified aggregatioffig. 4 near the are randomly assigned to each particle. One can see from

seed show a more chaotic arrangement for particles with'9: 6 that the magnetic-energy-favor diffusion and relax-
larger diameters. For theé=1.0 nm cluster, the particles are athn of particles significantly reduce' the system energy,
mostly arranged in single chains with highly oriented dipolarWhIIe the s_tandard DLA energy quctuatu(_)e.g._, the enlarged
directions; in contrast, for thd=5.0 nm cluster, many par- curve of dipolar energy in DLA shown in Fig) Is almost

ticles are set in a disordered way; even some neighbor pawgziceg't?gleecgrg?:r;esd tioethethdépgliggqegfyoclgfnegni'rn mﬁg;
ticles have opposite orientations. Another noting feature i P y P y P 9y

that whend is 0.5 nm, the dipolar clusters have larger dimen- ittle change indeed.
sions and coverage than those wigen1.0 nm. Thus factors

other than dipolar interaction exert influence on the arrange- 1.52 " T y y —7
ment of magnetic particles. -+ O~ coverage
1.48} —8— dimension s
C. System energy relaxation during the aggregation c s
The total interaction energy of all particle pairs is re- § 1.44} 15 S
corded during the simulation in order to investigate the sys- g 3
tem energy transition. As Fig. 6 shows, every aggregationis o §
an energy reducing process, in which the energy relaxes in a 1401 {4
rapid linear decay, accompanied with tiny fluctuations due to
thermal noise. One should note that the dipolar interaction 136}
energies have orders of difference among simulations with 0 1 > 3 2 5o

different particle size due to different interaction distances as
discussed before, yet the tendencies are the same. For a par-
ticle diameter of 0.5 nm, the dipolar interaction energy of the FIG. 5. Dimensions and coverage of the clusters shown in
system is the strongest, i.e., abetu?.0x 10* eV when 2500 Fig. 3.

particle diameter (nm)
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1 4 Y
-20000 F 4 -2500}F
-40000 | 4{ -5000f
-60000 p 4 -7500p 4
(a)
-80000 L A v -10000
0 1000 2000 3000

3000 FIG. 6. Change of total dipolar energy during
aggregation, of the simulation proces® d
=0.5nm, (b) d=1.0nm,(c) d=2.0 nm, and(d)
d=5.0nm. The solid lines are the energy change
for the model of dipolar interaction, and the dot-
ted lines are the dipolar energy change for the
standard DLA model.

dipolar interaction energy (eV)

-300F

-600

-900

(d

-1200 L v v -80 " v v
0 1000 2000 3000 0 1000 2000 3000

Number of aggregated particles

For a more quantitative insight of the thermal disruption,
the relationship betweel 4 and the particle diametet is
investigated with the simulated results. From E8), K4
~T can be interpreted as some kind of dimensionless tem- 1
perature, related to the intensity of the interaction and pre-
senting the thermal disturban®7,8. In Fig. 6, the slope of
the energy reduction curv&g=AE/A(particle), represents
the change of total dipolar interaction energy in unit time of
particle aggregatiorK 44 and S values are shown in Table |
as the function of particle diameter. Since both are functions
of particle diameterSKyq is calculated to be unrelated to
particle diameter and it represents the relative strength of the
dipolar interaction to thermal disruption, as shown in Fig. 8.
This curve has a similar tendency as Fig. 5, which shows the
dimensions and coverage of the clusters. Figure 8 clearly
demonstrates that=1.0 nm particles are the least diffusive. -300
In addition, the well-aligned clusters in Fig(b} also con- —— e
firm this. And other-size particles are more mutable by ther- 0 500 1000 1500 2000 2500
mal activation, even at the same temperature.

From the three sections of discussion, it is concluded that
ordered assemblies of dipolar magnetic particles are gov-
erned by the influence of competing mechanisms, i.e., the FIG. 7. Dipolar energy change for the standard DLA, in which
interplay of dipolar interaction and thermal moti¢8,17..  the magnetic-moment directions are randomly assigned to each par-
The result of such a competition is clearly shown in ourticle. Also, in an enlarged scale, the curve is shown in Fig),6
simulation and also that the reducing of dipolar interactionwhere the particle size is 0.5 nm.

300 b

150 [ -

\

-150 ¢ b

dipolar interaction energy (eV)
o
[

Number of aggregated particles
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TABLE I. K4y andSvalues as the function of particle diameter, v T T T T
based on the simulations shown in Fig.is deduced from the 689000 |- T
slope of system dipolar energy reduction curve in Fig. 7. /

Particle diameter S
(nm) (eVlparticle Kad SKyd 688000 F 7
0.5 28.35451 24204 686 293 -
p=d
1.0 3.54077 193637 685 624 %
2.0 0.444 49 1.549%10° 688558 687000 N
5.0 0.028 46 2.420 4610 688 864
686000 | .
energy is the main driving force of the formation of the or-
dered structure in dipolar interaction systems. For nanosize

magnetic particles, the dipolar interaction is significantly 0 — P . 5
stronger for smaller ones, while thermal motion also in-

creases with reducing size. Yet when other factors are con-
cerned, for instance, lattice binding energy as shown in this
work, the former two competing mechanisms have a differ- F|G. 8. Relative strength of dipolar interaction to thermal dis-
ent changing rate and each favors a specific size range; thusption, S K44 vs particle diameterS is the slope of the energy
a least diffusive state is likely to exist for a certain size of curve shown in Fig. 6. The values are also listed in Table I.
particle.

particle diameter (nm)

the smallest, due to strong dipolar interaction and lattice

V. SUMMARY binding. The energy change during the aggregation shows
Fractal patterns are observed on Fe/Tb multilayers anHjat the magn_etic interaction energy Is the.mai-n drivi_ng force
confirmed to be the clusters of ferromagnetic particle aggreg.)'c the formation of the or(_jered structure in d|polar Interac-
gation. To the film structure, a modified model is presentei!on systems. The.comp_etmg mgchamsms of d|polgr mterac-
including the dipolar interaction between particles and lattic ion and thermal disruption are likely to chz_:mg_e their relative
binding. Computer simulations with the new model gener—Strength by other factors such as lattice binding.
ated clusters that have similar shapes and close fractal di-
mensions to those_o_bserved. Calculafuons_ shqw that _the_mag- ACKNOWLEDGMENTS
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