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Introduction

The miniaturization of electronic devices led torgmasing interest in the study of
magnetic properties of nanostructures.

For a long time micro-miniaturization of magnetieraents and devices were
significantly lagged behind the miniaturizationsefmiconductor devices.
However, in recent years there have been relevaaess in this area. The features
of the structure of magnetic materials can affeetrhagnetic properties of these
materials and lead to technological progress.

The research in this field is aimed to predictriregnetic properties of possible
new compounds. This is very important for the nesddsectronics, requesting
magnetic materials with a wide range of magnetupprties:

e.g., materials with the maximum permeability (@@cjular hysteresis loop), and
materials with low losses in the reversal, matength high initial permeability,
materials with constant permeability over a widegaof magnetic fields (slope of

the hysteresis loop).
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Introduction

* Permanent nanomagnets with a size below 10nratafres center of intensive
research because of their possible application#tr@high-density magnetic-storage
devices. The main physical limitation of such aéhtemlogy originates from the
superparamagnetic behavior of very small nanopeastias the magnetization
direction reversal induced by thermal fluctuatiemsmcompatible with long-time
recording.

* Some recent works in this area are already degalith new practical designs for
hard discs based on a new technologies. One ocactisely design alloys that
guarantee an acceptable thermal stability of tmengeent magnetization in very
small volumes, enabling scale reduction of the nrgrbds in the recording media.



Introduction

« A great number of studies have been conductetd@®fetromagnetic
nanorings driven by its potential application faagnetic random access
memory. In contrast to the circular magnetic digleve the transition from
the vortex state to the single-domain state canrdeglow a threshold
value of its radius owing to the high exchange gyneif the vortex core, in
the magnetic nanoring the vortex state can beystatdined on a similar
size scale because of the absence of vortex core.

 Based on the stable vortex state, the magnetiormanis expected to be a
suitable data storage element or logic elemerapplications of magnetic
electronic devices. The previous results have shbatithe magnetic
transition of nanorings occurs via the onion staiteé the vortex state,
depending on their sizes (thickness, diameter adthyy geometric shapes,
and magnetic parameters.



Introduction

Applications to Nanomedicine

Preliminary tests with magnetic nanoparticles ceamtify and bind to
certain cells, which were functionalized, seemdnofem the possibility of
using magnetic nanoparticles, carriers of chematpaitic agents in the
fight against cancer.

The presence of magnetic nanoparticles withinuh®ot cells allows a
significant increase in sensitivity of diagnoseestis such as magnetic
resonance tomography, which enable the identiGoadf tumors or tumor
metastases with much smaller than the millimeter.

Another possibility is to use these particles tstasy the cells. Using
magnetic fields to promote agitation of the magnpérticles contained
within the cells, induce an increase in temperatfithe medium leading to
cell death thermal

http://pt.wikipedia.org/wiki/Wiki



Introduction

 From an industrial and fundamental point of viévis then essential to
gualitatively and quantitatively study the relasbip between the ordered
state and the size of the nanostructures. In thetga years, the structure
and chemical ordering of nanostructures have mailyvaumerous
experimental and theoretical studies.

 The growing interest is directed towards the méagmeoperties of
materials with a nanostructure, such as nanosdtaledilms, nanoparticles,
nanorods, nanotube and nanowires, due to thelfactrtuch attraction is
directed to their applications in nanotechnology.

 The main physically interesting phenomena is thaitative change of
properties of magnetic materials, when their deereases to a nanometer
scale.



Theoretical simulational approach

We present the results of the Monte Carlo simoifestiof magnetic _
nanostructures, which are based on the plane gtascivith the square unit
cell at low temperatures.

The spin configurations, thermal equilibrium maiigegion, magnetic
susceptibility and the specific heat are inveseigdor the nanotubes of
different diameters, using armchair or zigzag edges

The dipolar interaction, Heisenberg model intecacand also their
combination are considered for both ferromagnetat antiferromagnetic
cases.

It turns out that the magnetic properties of taaatubes strongly depend
on the form of the rolling up (armchair or zigzag).



Theoretical simulational approach

The long-range dipolar interaction is often igribne theoretical studies of
magnetic properties in bulk materials in view sfuery small magnitude
compared to the exchange interaction. For nanosatalerials the dipolar
interaction should be carefully treated as it mampete with short-range
exchange energy due to its long-range charactepasition dependence.

The effect of dipolar interaction component stidgnganifests itself for the
small radius nanotubes, while for the larger radiarisotubes the
Heisenberg interaction is always dominating. Intttermodynamic part,
we have found that the specific heat is always lemfdr the nanotubes
with smaller radii.



Method of calculations

* The Metropolis Monte Carlo algorithm enables em@®btain the macro-state

equilibrium for a physical system at the given tenapure T, starting from
some randomly chosen initial micro-state and theaged by performing a
very large number of random transformations ofrthero-states, until we

arrive at the equilibrium macro-state.

* Monte Carlo (MC) methods refer, in a very gemsense, to any simulation of
an arbitrary system which uses a computer algoréhlpticitly dependent on

a series of random numbers.

* MC is particularly important in statistical phgs, where systems have a large
number of degrees of freedom and quantities ofaestesuch as thermal
averages, cannot be computed exactly. In a sysidmmvanydegrees of
freedom, for example, the thermal average of somaatity associated with
each microstate of the system in equilibrium atgeraturer.

K. Binder (Ed.), Monte Carlo Methods in Statisti€dlysics, Spriger, New York,1979



Method of calculations

* In the Metropolis algorithm the first conformation is randomly generated.
* At each point in the construction of the chain of conformations a move is attempted to the current conformation.

* If the difference between the energy of the resulting conformation and the energy of the current conformation,

AFE, is negative (ie. the energy of the resulting conformation is smaller than the energy of the current

conformation), then the resulting conformation is accepted and it becomes the new conformation in the chain.

*If AFE is positive, however, a (pseudo)random number between 0 and 1, 0<R<1, is generated and the resulting

conformation is only accepted if e SET S R If BT < R then the resulting conformation is refused.

N.A. Metropolis, A.-W. Rosenbluth, M.N. Rosenbluth, A.H. Teller, E. Teller, J. Chem. Phys. 21 (1953) 1087



Method of calculations

In the present work we investigate the possible influence of the natsotube
diameter and the type of the edge on the magnetic properties of nanbagaespn
the plane structure with the square unit cell. In Fig. 1

The rolling up corresponding to the armchair nanotubes is indicated byctioe ve
(m,0) while the rolling up corresponding to the zigzag nanotubes is indlmatbd

vector (m,m).

After rolling, any nanotube is defined by the pair of integer paesign,,m,),
which describe its circumference vector on the initial planejshat

L=ma+ ma where are unit cell's vectors (later we usegk a lattice
constant, which we set to unigs1).

(m.0)

(m,m

Figure 1. Two-dimensional square unit cell lattice.
The indicated vectors are used for rolling
up the armchair and zigzag nanotubes.

E. Konstantinova / Journal of Magnetism and Magnbktaterials 320 (2008) 2721



Method of calculations
We have investigated the spin configurations,

the thermal equilibrium magnetization, Structure n Racius )

the susceptibility and the specific heat for

these structures. (4.0) 0.6362

(5,0 0.7958

— (6,0) 0.9549

(7,0) 1.1141

(8,0) 1.2732

(12,0) 1.9099

(4.4) 0.9003

(5.5) 1.1254

(6,6) 1.3505

(7,7) 1.5756

(8.8) 1.8006

Figure2. Some typical examples of the structures (12,12) 27010
with different edges. The geometries

correspond to the armchair (8,0) and
zigzag (8,8) nanotubes.

Table 1. The radii of the nanotubes expressed
in the units ofa (unit cell’s size).



Method of calculations

In our simulations we used a Hamiltonian model given by

L 31S®)(eOS)- S S
1=y sy oy say RO S0

i <j i

The first sum represents the ferromagnetic (or antiferromagnetic) exchange with a coupling constant.J ,
the second sum stands for the coupling of the spins to an external magnetic field B,

the last sum is the dipolar interaction term,

where the coupling @ describes the strength of the dipole-dipole interaction.

The S‘; are three-dimensional magnetic moments of unit length,

e, are unit vectors pointed from lattice site i to the lattice site j

1, are the distances between these lattice sites.

The correlation between constant values was chosen as % =0.001, in according to

R. Wieser, U. Nowak, K.D. Usadel, Phys. Re@9B2004) 064401.



Method of calculations

* For the numerical analysis of the magnetic nanotubes we have used the Monte Carlo simulations with the

Metropolis algorithm.

* We start from some randomly chosen initial micro-state and then proceed by performing a very large number of

random transformations of the micro-states, until we arrive at the equilibrium macro-state.

* In our case we start simulations with an initial configuration in which all spins have parallel directions. Then the
direction of one (randomly chosen) of these spins is randomly changed. In this way we arrive at the new micro and
macro-states and evaluate the change of the overall energy AE compared to the previous configuration. If AE <0,

the temporary direction of the spin becomes permanent. If AE > 0, the temporary direction becomes permanent

with the probability exp(-AE/k,T).



Method of calculations

* We repeat this procedure n=70000 multiplied by the factor equal to the number of sites (spins), because the
preliminary calculations show that the equilibrium state configuration is really achieved for 7/0¢ Monte Carlo steps
per spin and therefore this number of steps is adequate for our calculations.

* 1In the case of dipolar interaction the spin at the site i was allowed to interact with all others spins of the

nanotube.

* The external magnetic field was directed along the axis z.

* The simulations for magnetization and magnetic susceptibility were performed B=-20, -18, ..., 0, ..., 18, 20
(the energy and the applied magnetic field were expressed in units of J, the temperature is expressed in units of
J/'ky, where J is the magnitude of the coupling constant and ky is Boltzmann’s constant).

* In all these cases the value for the temperature was chosen to be 7=0.2 (in order to study the low-temperature

thermodynamics all simulations have been performed for temperatures essentially smaller than the critical

temperature).



Method of calculations

* We obtain the susceptibility y according to the formula

y=N" L(<mzz > — <mz >2 ) \

where N is the number of spins in the system
and (mz > is the mean magnetization in the z direction per spin.

* The specific heat C is obtained from the energy fluctuations relation

=N ()= EY)

where <E ) is energy per spin. For calculating the specific heat

we used B=0and 7=2.0, 1.9 1.8 1.7, ..., 0.5.



Results

» Let us start the description of the results from spin orientatrdifferent types of
interactions and different values of external magnetic field.

 The simulations have been performed for the longitudinal external mafatti
with the twenty different values & between20 and+20.

 We start from the B=0 case. In the absence of the extezlthldonsidering only
the dipolar interaction, we find that the directions of the spins depetite form
of the edge (Fig.3,4).

Figure4. The spins distribution for the dipolar

_ _ _ _ _ interaction without external magnetic field. The
Figure3. The spin configurations for the dipolar illustrative diagram shows the spins in the three
interaction without external magnetic field. layers for the (6,6) nanotube.

The illustrative diagram shows the spins in the

three layers for the (6,0) nanotube.



Results

» For Heisenberg interaction, the geometric distribution of the sgiréstions for
the ferromagnetic case is qualitatively the same for all megmenotubes (Fig.5).

* For the Heisenberg-type interaction in the antiferromagnetic vaseout the
external field the neighbor spins have the opposite directions. Fonarraad
zigzag type we meet different spin distribution (Fig.6).
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Figure 6. These Iillustrative diagrams represent the result of
numerical simulation for the spins distribution for the stmberg

Figure 5. These diagrams interaction in the antiferromagnetic case.

represent the result for the spin
distributions for the Heisenberg _ _ _
interaction in the ferromagnetic * When the dipolar and the Heisenberg interactions are

case. The example given here introduced simultaneously, the spin configurations are very

corresponds to the three layers imilar to th for th f t neiahbori

for the (6,0) structure. similar to the ones for the case of nearest neighboring
interactions, as we can see in Figures 5 and 6.



Magnetization

Results

* Now we are in a position to discuss the effect of external magined. In
general, the effect of external field is to orient the spins atlusdield. Of course, this
tendency is getting stronger when the external field becomes marsiuete
independent on the geometric type of the nanotube.

* For the pure dipolar interaction, the dependences of magnetization apitined
magnetic field have very similar characters for all typegeaimetric structures under
consideration, as it is shown in Figure 7. One can observe cerfaeieddes between
different nanotubes only for the large values of the applied fieldsg¢b théB=10).
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Figure 7. The plots of magnetization versus applied

- field for the dipolar interaction. (4.0) and (12.0) cases
have armchair edge while (4.4) and (12.12) represent
| zigzag edge. In this and next figures the value of the
, applied magnetic field is in the units of
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Magnetization

05+

Results

* The effect of applied external magnetic field wdfedent for the Heisenberg interaction case
between ferromagnetic and antiferromagnetic cases.

* In the antiferromagnetic version for the armchadige we meet an essentially stronger dependence on
the radii of the tubes (Fig.8), in order to achidévwe same level of spin orientation, one has to use
stronger magnetic field for the thinner tubes.ilfzag case practically does not take place depe&sden
between magnetization and the radius of the naedftigy. 9).

* In the ferromagnetic case, with the Heisenbetgraction, the plots of magnetization versus applie
magnetic field are very similar for all radii ofegmanotubes and they do not depend of the edgs type

(Fig.10.
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Results

* Finally, let us consider the nanotubes where the dipolar and therels)-type interactions
are introduced simultaneously.

* The plots for the antiferromagnetic case and for the armchairufaamate in Fig.11. This
combination of the two interactions shows stronger dependence on the rateisutfe. For
the nanotubes with small diameters we notice that spins orientafldmg field very weakly
even for the large values of the external field, such that the nieagrat remains small even
for the maximal field intensity.

* For the zigzag-type nanotubes the plots of magnetizations versus applygetic fields are
presented in Fig.12 and look rather similar to the pure HeisenberdHtagever, for the
smallest radius (4,4) tube is an increased influence of the diptdaaction.
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Figure 11. Magnetization / applied field for the dipolarFigure12. Magnetization / applied field for the dipolar and
and Heisenberg interactions (antiferromagnetic, arnmphai Heisenberg interactions (antiferromagnetic , zigzag

20




Results

In Fig.13 we show the similar plots for the structures where ffaatiand the Heisenberg
interactions coexist. The dependence of magnetization versus appted flee
ferromagnetic case has the same character as in the Hegsattbraction. Some influence of
the dipolar interactions one can see only for nanotube (4,0).

05—

Figure 13. The plots of
magnetization versus applied field
for the sum of the dipolar and the
" Heisenberg interactions in the
ferromagnetic case for armchair and
zigzag nanotubes.
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Results

The plots of magnetic susceptibility versus applied field areepted in Figure 14 and 15 for
the dipolar interaction cases. The nanotubes for armchair or zigzagyaddece different
forms of these plots. One can observe definite similarity betweeplots produced for the
zigzag edge and different diameters of the tube.
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Figure 14. Magnetic susceptibility versus applied fieldFigure 15. Magnetic susceptibility versus applied field
for the dipolar interaction for armchair type for the dipolar interaction in the zigzag type structures.



Results

 For the Heisenberg interaction (antiferromagnetic case) thegflotagnetic susceptibility
versus applied field are presented in Figs.16-17. These plots denwastager dependence on
the radius for the armchair edge (Fig.16). The plot looks wider famntadier radius tubes.

« Atthe same time, for the zigzag edge (Fig.17) it is difficukkstablish such dependence.

* Inthe ferromagnetic case, with the Heisenberg mteractloneam tne same form of the

plots for all the structures (Fig. 18)
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Results

* For the coexisting dipolar and Heisenberg-type interactions, in tlieresthagnetic case
(Fig.19) the dependence from the radii of the nanotubes is simila t;e in the
Heisenberg-type interaction case. The plot is wider for smaitkus of the tube.

* In the ferromagnetic case for both armchair and zigzag edges etewder plots compared

to the pure Heisenberg-type interaction (Fig.20), only the (4.0) nanotudsetbe plot which
Is different from the other ones.
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Figure 20. Magnetic susceptibility versus applied field for

the sum of the dipolar and Heisenberg interactiorise

ferromagnetic case for armchair and zigzag nanstube
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Figure 19. Magnetic susceptibility versus applied field for
the combination of the dipolar and Heisenberg atgons
in the antiferromagnetic case for zigzag nanotubes.



Results

Thermal equilibrium results obtained by Monte Carlo simulations peisito obtain the
specific heat versus temperature.
 For all types of interactions the nanotubes with the smalleusddive smaller value of
specific heat.
. In Fig.21 one can notice that the temperature corresponding to the rhep@uidic heat
depends on whether the number of spins in the layer is even or odd.
 Inthe Heisenberg interactions (Fig.22) the specific heat ilesrfiar the tubes with
smaller radii (the ferromagnetic plots are marked by *).
 For the nanotubes of the same radius, the maximal values of thfecdpesat correspond
to slightly smaller temperatures in the antiferromagnetic casgared to the ferromagnetic
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Results

The plots of specific heat versus temperature for the coegisdipolar and
Heisenberg interactions are presented in Figure 23. Tisen® visible difference
between antiferromagnetic and ferromagnetic tubes welsédme radii.

150

o _______ 6.6) Figure 23. The plots of specific heat
ool __am i versus temperature obtained for the

) combination of the dipolar and
Heisenberg interactions in the
antiferromagnetic (and ferromagnetic)
case for zigzag nanotubes.




Results

*Errors of the calculations strongly depend onrtheber n. In our case, for the
value n = 16, the errors are very small and they cannot infteghe qualitative
conclusions concerning the dependence on the gegnmeparticular on the
diameter of the tube and on the rolling-up ruleichtwe obtain through the MC
simulations.

*In fact, the analysis performed for the selectadatubes has shown that the
degree of the error compared to the value obtamé#te calculations does not
exceed the value of 0.01.

*This aspect of the theory is well known and haanlbdiscussed, for instance, in

J.F. Fernandez, J.J. Alonso, Phys. Rev¥6§2007) 014403.

R. Wieser, U. Nowak, K.D. Usadel, Phys. Ré@. (2004) 064401.
G.M.Wysin, A.R. Pereira, I.A. Marques, S.A. LeoR&l, Coura, Phys. Rev/B
(2005) 076533.



Conclusions

The magnetic and thermodynamic properties of tim®tdbes based on the
square form of the unit cell manifest strong degee on the on their geometry
on the form the rolling rule and on the diametea ofanotube.

This dependence concerns the spin distribution neiagsusceptibility,
magnetization and specific heat. In particular,dpecific heat is always smaller
for the nanotubes with smaller radii.

We expect to continue investigation of magnetiqpraies of the different forms
of the nanostructures in the near future.
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