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Abstract. We study two models of multi-scale structures and demotestraw their magnetic
and conduction properties depend on the structure. (a) id ae8work structure with power-law
inhomogeneous connectivity, representing a generaligegérlattice” of magnetic nano-particles,
we simulate the magnetization reversal driven by the eatemagnetic field. The hysteresis curves
depend on the network connectivity and clustering. (b) IrDag2aph with a given distribution
of voids, representing the assembled structure of comtyictano-particle films on substrate we
simulate the conduction processes with single-electromeling between nodes driven by the
voltage difference across the network. We show how the im@at current—voltage characteristics
emerge above the threshold voltage in different random egdlar nano-particle arrays.

INTRODUCTION

Systems of nano-size objects (quantum dots, nano-paiticie-molecules) assembled
into large-scale structures and functional devices amddmnano-network4o stress
their structural irregularity, which is caused by the nnalr assembly processes. Robust
multiscale structures often emerge in the self-assemldggases [1]. On the other
hand, the assembled large-scale structures of nano-slgesses a range of physical
properties that can not be found at the level of an individiaao-object and in the bulk
material. The properties of nano-network are thus interg$dr new nano-technologies.
Here we discuss single-electron tunneling through the peamticle films [2] under the
conditions of Coulomb blockade between nano-particles§yB]ch is interesting for the
microelectronics [4]. Another example is the magnetic mgnio models of complex
semiconductor nanostructure with an effective exchangeantion [5].

In the network theory the topology of the underlying netwonlay considerably
affect the dynamic processes (spin dynamics, diffusia@ttedn tunnelings) taking part
on the network [6-8], by involving different time scales asttier collective dynamic
phenomena. The objectives of the numerical modeling of straictures and processes,
which is the subject of our work, is to reveal the structusgraimics interdependences
and to determine the range of parameters where the proazssés optimized.

In this report we present two multi-scale structures anthaeproperties of the driven
dynamic processes on them. In particular, we study a soaderfetwork, that can be
regarded as a model of generalized “superlattice” of magmetnostructures with an
effective exchange interaction [5], and a planar graph @igfiven distribution of voids,
representing the assembled nano-particle films on a stdb$®a8]. Here we highlight
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only two striking features of the physical processes ondmeswork structures:

- Hysteresis loop properties in the spin-reversal dynanmcthe scale-free network
which is driven by the external magnetic field;

 Current—\oltage characteristics in the single-electtomeling conduction on the
planar graph which is driven by the voltage difference axths network.

In the following we first briefly describe the structures ahéit characteristics that are
relevant for the respective processes and show the nurhesgdts for the hysteresis
and current—voltage curves. More detailed study can bedfguthe Refs. [1, 6, 8-12].

SPIN REVERSAL ON SCALE-FREE STRUCTURES

We grow the clustered scale-free graph by the algorithnodhtced in Ref. [13]. An
example is shown in Fig. 1, left. The relevant topologicagarties are the power-law
inhomogeneity of the connectivity (number of links attached to a nogewhich varies
as a power of node rani ~ ri_y, with y = 0.68. Similarly, the inhomogeneity of the

number of triangles attached to a natie~ r(l. Each node of the graph represents a
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FIGURE 1. Model of the clustered scale-free structure of nano-gegiey 3D rendering (left) and
simulated hysteresis loops for different clustering parrM, from [1], (right).

nano-particle with spirs = +£1. We assumeanti-ferromagneticexchange interaction
along the network links, the geometry of which is exactlyegivby the network’s
adjacency matrigcij

H=-YhS=-33% GjS§—hex) S (1)

i, > T

The system is driven by the external fidigy, starting form large negative value and
slow increase by integer values till a large positive valu@ugh the hysteresis loop
(shown in Fig. 1, right). During the field ramps avalanchethefreversed spins occur,
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in analogy to the classical domain-wall motion in disordeneagnets. However, the
concept of the domain walls is entirely lost in the networkdeis. Similarly, avalanches
exhibit a distribution with characteristic oscillationiglated to the size of giant cluster
and following-up subclusters on the graph [1]. Conseqyetfié hysteresis curve shows
the critical jump of the magnetization at the coercive fididwhich appears tocrease
with the size of the giant cluster. By increasing the averag®ber of links per node,
parameteM, the graph’s giant cluster and at the same time the numbdenfentary
triangles attached to a node increase, leading to incregetfustration However, the
coercive field increases witf, in full contrast with the classical memory materials.

CONDUCTING NANO-PARTICLE FILMS

The model nano-patrticle films on a substrate is grown by therdahm of cell aggrega-
tion, introduced in Ref. [10]. Alternatively, we use the @ngal data [8] of nano-particle
positions on substrate and make a network by connecting pairano-particles at dis-
tances smaller thantanneling radius r An example of such structure is shown in Fig.
2, left. The characteristic features are planar geometdyrashependent connectivity.
Driven by the voltage difference the conduction wsihgle-electron tunnelinthrough
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FIGURE 2. Conducting network NNET of nano-particles on substrate\i&h links representing
possible tunnelings (left) and simulate®) curves for NNET, SFL, and triangular topologies (right).

these networks is enabled by the Coulomb blockade effeagasmall nanopatrticle
capacitanc€. The electrostatic energy of the array is given by:

1
E=5QMIQ+Q V4 QuoH V= MIC, 0 ; 2

where{Q;} i=1,2,---N are nanoparticle charges; capacitancesh* (1 =+, —, gate
potentials. The network structure, given by its adjasenarimelementg\;j, contributes
through the capacitance matrbd; = §; (szA-k-i—z,,Ci“) — CAjj. Tunneling of a
single electron along a junctian— j between two nanoparticles induces the energy
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changeAE;j, which is feltin a large area. The t_unne.llng rﬁt.g_ —_WW aIsQ
depends on nature of the processes at each junction, whves tifie quantum tunneling
resistarR. In our numerical implementation [9R appears as a parameter which scales
the current. For the network shown in Fig. 2, left, the sirtedd (V) curve is given on

4
Fig. 2, right, exhibiting a large nonlinearityV/) ~ <V\‘/—TVT) ,{ =3.9[8]. The exponent

{ depends on the topology of the sample via the collectivectsffef manyconducting
pathsopening between the electrodes. For comparison, we alsotslecsimulated (V)
curves for the regular triangular array with charge disgrdéh the exponentin a good
agreement with measured= 2.3 [14], and for our model network with a scale-free
distribution of loops (SFL) wheré ~ 3, demonstrating the topology effects.

CONCLUSION

Using two examples of the network models of the nano-parasisemblies (scale-free
structure of magnetic nano-particles and conducting n@artele arrays on substrates)
we have demonstrated that the topology of nano-particlenalsles can boost their
emergent physical properties. The quantitative dynarosibgy interdependence can
be studied systematically within the graph theory and nicaksimulations of the
physical processes on networks. Our numerical implemientateave ample space for
the process and topology adjustments, more details ara giveview Refs. [1, 12].
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