J Mater Sci (2010) 45:6455-6460
DOI 10.1007/s10853-010-4731-x

Influence of the shapes on the magnetic and electrical transport
properties of La,;3Ca;;sMnQO3; nanoparticles

J. C. Riaino-Rojas * E. Restrepo-Parra -
G. Orozco-Hernandez - J. A. Urrea-Serna -
J. Restrepo

Received: 30 November 2009/ Accepted: 21 June 2010/ Published online: 2 July 2010

© Springer Science+Business Media, LLC 2010

Abstract In this work, the role of the geometrical shape,
using the Minkowski’s metrics, upon the temperature
dependence of the magnetic and electrical transport prop-
erties of Lay;;Ca;;3MnO; nanoparticles was carried out.
We considered a set of small particles with different shapes
containing approximately the same amount of Mn ions
(~6500) and distributed as a simple cubic structure in
agreement with the manganites perovskite structure. The
model is based on the standard Monte Carlo-Metropolis
method and the classical Heisenberg Hamiltonian involv-
ing nearest magnetic neighbors interactions. Results deal-
ing with the dependence of the Curie temperature for
nanoparticles is lower than material in bulk. Moreover,
magnetization and magnetic susceptibility as a function of
the metric for some field cooled values. As the field cooled
increased the transition temperature 7¢ increased. On the
other hand, low temperature coercive force and resistivity
with the shape of the nanoparticles, having different metric
parameters, are present and discussed.
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Introduction

As is well established the behavior of magnetic particles in
the submicron range is strongly dependent on size and
shape. In particular, this last feature has been important as
far as new advances in sample preparation methods and
suitable synthesis routes can lead to different geometric
confinements for which different physical properties can be
found. On this respect it is worth to mention the current
progress in the so-called patterned systems employing the
top—down approach where nanostructures with different
geometric shapes have been successfully developed [1].
Patterned nanomagnets are being already used for instance
in the development of magnetoresistive random access
memories (MRAMs) and ultrahigh density patterned
recording media where proper choices of size and shape are
crucial in capturing unique magnetoelectronic properties
[2-4].

The influence of shape on the magnetic properties of
nanomagnets namely: elliptical [5, 6], triangular [7], square
[8-11], circular [12, 13], nanorings [14] and diamond-
shaped [15], among others, have been investigated. How-
ever, most of such studies stress on (i) flat nanomagnets
having bidimensional features and (ii) soft magnetic
behavior, such permalloys, in which magnetocrystalline
anisotropy is much weaker compared to exchange interac-
tion and magnetostatic energy. Contrary to this we report in
this work on the shape effect, quantified through the Min-
kowski’s metrics, upon the magnetic and electron transport
properties of Lay;Ca;3sMnO; manganites nanoparticles
with a rather magnetically hard behavior, i.e. magnetostatic
energy is negligible compared to exchange interaction and
magnetocrystalline anisotropy. Manganites have been sys-
tematically investigated in the form of bulk, thin films and
nanoparticles, due to their unique properties and potential
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technological applications [16—18] and only some few
reports dealing with geometrical features in manganites
nanoparticles have been carried out [19].

In this work, we address the effect of geometry on the
magnetic, hysteretic and electrical transport properties, of
ferromagnetic (FM) La,/;Ca;,3sMnO5 nanoparticles. We use
the Monte Carlo method implemented with a single-spin
movement Metropolis algorithm, in the framework of a
three-dimensional classical Heisenberg model, including
nearest magnetic neighbors superexchange interactions,
magnetocrystalline anisotropy and a Zeeman term for sim-
ulation of the hysteresis loops. Electronic transport proper-
ties are investigated using the Kronig—Penney model.

Model description

The manganite La,;3Ca;;3MnO5 is ferromagnetic below
260 K, which is the highest critical temperature of this
material [20]. It has a perovskite type structure where Mn
magnetic ions are arranged following a simple cubic
crystalline structure [21]. It is characterized for having
three types of Mn magnetic ions corresponding to Mn*"
(S = 3/2), which are bonded to Ca®" ions, Mn’ "¢ and
Mn>*¢¢’ (S = 2) that are related to La>". In our simulation
an array of Mn ions with orbital ordering as proposed by
Hotta et al. [22] was used. We have carefully chosen
several nanoparticles having approximately the same
amount of atoms (~ 6500 Mn ions) but having different
geometrical shapes depending on the metrics.

Free boundary conditions were implemented and the
model employed was based on a three-dimensional classical
Heisenberg Hamiltonian including terms of exchange cou-
pling between nearest magnetic neighbors, single ion site

Fig. 1 Different nanoparticle
shapes corresponding to
different metrics values. Surface
anisotropy unit vectors are
shown
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surface anisotropy, cubic magnetocrystalline anisotropy for
core ions, and a Zeeman term accounting for the interaction
of the spins with a uniform external applied magnetic field
[23]. Magnetic ions Mn>*¢, Mn>*°¢ and Mn**** are rep-
resented by classical Heisenberg spins with different mag-
nitudes according to their corresponding electronic
configurations. The Hamiltonian employed reads as follows:

H=-> 085~ Ks > (Si-a) — Ks(Si - )
i i

—hY Sih (1)

Here Ky and K stand for the anisotropy constants of the core
and the surface ions, respectively. In this work we use the
value Ky ~ 1.2484 meV/nm> [24], that is considered in the
(100) crystallographic plane direction as was reported in a
previous work [19]. For the surface anisotropy constant we
have assumed Kp/Kg = 1. The unit vector a indicates the
easy axis (100) direction for only core ions. On the other hand
unit vectors 71 on the surface, calculated at each ith-Mn
position, for single ion site surface anisotropy, were
computed according to [19, 25]:

Nz = g (L_ij - 3:)/‘g ([z’} - Eii) (2)

where the sum 1 1uns over the jth nearest magnetic neighbors
with position d; around each ith-Mn ion. Figure 1 presents
nanoparticles shape including the surface unit vectors 7,
obtained with Eq. 2. These vectors reflex the influence of
the surface anisotropy on the Hamiltonian.

Three types of bonds were considered: Mn>*°€-O-
Mn>tee, Mn>T°2_0—Mn**® and Mn>**€—O-Mn***® with
superexchange parameters J, J, and J3, respectively [18].
Numerical values for these parameters were set to
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J1 =4.65meV, J, =3/ =77 meV and J; = 1.35
meV [18], which were fitted to reproduce the Curie tem-
perature (~ 260 K) for this system under bulk conditions.

This Hamiltonian is based on the adiabatic approxima-
tion that stands that electrons and ions can be treated
separately with a small perturbation from the lattice [26].
Then, the electron—phonon interaction is neglected.
Although many authors have been considered this inter-
action, other authors as Okamoto et al. [27] that carried out
electron—electron and electron-lattice interaction studies in
manganites, concluded that the characteristic energy of the
orbital interaction is much higher than that of the lattice
vibration.

On the other hand, a single-spin movement Metropolis—
Monte Carlo algorithm was used for obtaining the equi-
librium thermodynamic properties, namely magnetization,
energy, specific heat and magnetic susceptibility. Around
2 x 10* Monte Carlo steps per spin (mcs) were considered
in computing canonical averages and around 10* mcs were
discarded for equilibration.

In order to generate the different shapes, the Minkow-
ski’s metrics, giving the non-Euclidean distance between
two points, was employed [28]:

n 1m
dp(x,y) = {Z |x; —yj|p} 3)

where d,(x,y) is the distance between points x and y, n is
the size of (x, y) vectors, j runs over all vector elements and
p is the metrics parameter (if 0 < p<1 it is named seudo-
metric). Figure 1 shows the shapes used in this work. They
were obtained varying the p parameter as 0.5, 0.8, 1, 1.5, 2,
3, 5, 8 and 10. The following important geometrical fea-
tures are observed:

(a) if 0 < p<l1, the nanoparticle edges are hyperbolic,

(b) if p = 1, the nanoparticle has octahedrical shape,

(c) if p =12, the nanoparticle has spherical shape
(Euclidean metrics) and

(d) if p tends to infinity, the nanoparticle tends to a cubic
shape.

Magnetic and hysteretic properties were simulated
according to the model proposed by Riafio-Rojas et. al.
[19], and resistivity was determined on the basis of the
Kronig—Penney model reported by Vandewalle et al. [29].

Results and discussion

Figure 2 shows the temperature dependence of both the
magnetization per site and magnetic susceptibility at zero
magnetic field cooled, for nanoparticles built at different
metrics values and therefore different shapes. The magnetic
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Fig. 2 Temperature dependence of a magnetization and b magnetic
susceptibility at zero magnetic field cooled, for the different p metric
values included in this work. Results corresponding to bulk manganite
are also included for comparison. Critical temperatures are estimated
from the position at the maximum of susceptibility

properties are considered along the (111) direction as easy
axis for the core magnetization, whereas for surface spins,
direction is determined by the single ion surface anisotropy
vectors according to Eq. 2. Results corresponding to the
bulk manganite, considering periodic boundary conditions,
are also included for comparison. Critical temperatures,
indicated by arrows and estimated from the location of the
maximum of the magnetic susceptibility, reveal clearly a
reduction of T of about 40 K relative to the bulk T¢ =
260K as expected. Such reduction is ascribed to the
breaking of symmetry at the surface of the nanoparticles
giving rise to a smaller average coordination number and
consequently a smaller density of magnetic bonds respect
to the bulk [23]. Results seem also to reveal insensitivity, at
least for the system size considered, of the critical
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Fig. 3 Hysteresis loops for manganite nanoparticles for different
metrics values and at 7 = 100 K below Curie temperature

temperature for the nanoparticles and the geometries con-
sidered. This result agrees with that obtained by Riafio-
Rojas et al. [19]. As is observed, susceptibility curves do
not exhibit blocking and/or freezing process, because the
former is normal caused by nanoparticles system interact-
ing between them and the second is normally due to spin-
glass transitions produced by frustrated magnetic interac-
tions that are no present here [30, 31].

Figure 3 shows hysteresis loops for some selected p
parameters (p = 0.5, 1.0 and 10), obtained at 100 K.
Hence, magnetization reversal takes place as a whole for p
values greater than 1, resembling accordingly with the
Stoner—Wohlfarth model. Contrary to this, for smaller
metrics values, the magnetization reversal occurs in a more
gradual fashion. This fact suggests differences in the
internal magnetic structure depending on the metrics.
Derived from the hysteresis loops, coercive force exhibits
variations depending on the p parameter which are closely
linked to the surface to volume ratio (N/Nv), as can be
observed in Fig. 4. In this figure three different regimes can
be identified. First, for O<p <1, Ny/Ny decreases as p
increases. The nanoparticle edges are highly bent and their
lengths are greater but the enclosed volume is lower as
shown in Fig. 1. At p = 1 the nanoparticle edges are
straight lines and the N¢/Ny ratio reaches a minimum value.
In the second regime, for p > 1 the edges become curved
again (in the opposite way to that observed for low p
values) and the volume enclosed is higher than in the first
case. Finally, as p — oo the nanoparticle tends to a cubic
shape and N/Ny — 6/6L. These geometric characteristics
are correlated with coercivity force as can be observed by
comparing Fig. 4a and b from which an inverse rela-
tionship between them can be stated. In addition, results
reveal a closely direct relationship of the coercive force
with N/Ny (being N, the number of core ions) for p

@ Springer

() 045

o
0,40
—~ 0,35
S
©
8 0,30 -
i ) o
z o—
= 0,25- /
1 )] /°
0,20 - /°
/0
0,15 °
T T T T T T T T T
0 2 4 6 8 10
p(adim.)
Minkowski Metric
(b) 1.0
4 o\o
0.9 - o
Sl | N
.8 * )
X
o 1 o
© 0.7
ic o——— 9 °
p |
>
'S 06
(0]
2 |
O 05
10
0.4 T T T T T T T T T T
0 2 4 6 8 10
p (adim.)

Fig. 4 Metrics dependence of a Ny/Ny and b coercive force

values above 1, according to the magnetization reversal
model proposed by Stoner and Wohlfarth [32, 33]. This
fact occurs because as Ny/Ny increases, the magnetic
bonds density decreases due to the increasing proportion
of broken bonds at the surface. Therefore, a lower applied
magnetic field is in order to induce magnetization reversal
[34].

Regarding electronic transport properties, resistivity as a
function of temperature for several shapes generated by
using the Minkowski metrics was also obtained. Figure 5a
shows the resistivity as a function of temperature for dif-
ferent p values at zero field cooled whereas Fig. 5b shows
the case at a fixed metrics and for different external applied
field values. Movement of the electrons is considered
perpendicular to the external applied field direction that
was along the (111) direction that is the easy axis of these
manganites. On the other hand, as reported by other
authors, a bump is observed in p close to T¢ [35]. In this
figure two regions can be identified. First, an insulating
behavior above T¢ in the paramagnetic regime at the right
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Fig. 5 a Zero field temperature dependence of the resistivity for
different p values. b Temperature dependence of the resistivity at
p = 1 for different values of the external applied field

side of the plot is found. Upon further decreasing the
temperature a metallic state is obtained. Second, near T¢ a
fairly sharp transition in the resistivity occurs, leading to a
metallic behavior in the ferromagnetic regime at the left
side of the curve. On both sides of T, the resistivity p
decreases exponentially [27] and the p dependence of the
resistivity is evident. For lower p values, the maximum in
resistivity is higher, because of the increase in the surface
anisotropy and the scattering of conduction electrons is
grater according to the Hund coupling [36]. Nevertheless,
for p - oo the curves do not have strong variation,
because of the nanoparticles shapes are almost the same.
Other important result shown in Fig. 5b is the influence of
magnetic field on the resistivity [37]. A decrease in the
resistivity caused by the external applied field is observed.
This effect has been called magnetoresistance (MR).
Magnetic fields affect drastically the electron transport
properties of manganites and relatively small fields of a

few Teslas induce important changes in the resistivity.
These features have been also reported by Vandewalle
[27]. This behavior is possible due to the fact than an
external magnetic field helps spins to be oriented in its
direction, favoring the Hund coupling. The phenomenology
behind this behavior has been subject of study in other
researches and it continues to be a matter of discussion and
debate. In the literature, there are some experimental
reports about magnetic properties of LCMO nanoparticles,
presenting magnetization, AC susceptibility and hysteresis
loops. Normally these results give information about a
system of nanoparticles that some times are considered as
powder with nanosize grains [38]. Although some general
features are similar to those presenting here, the interaction
between nanoparticles affect the magnetic properties.

Conclusions

The influence of the geometrical shape, in the framework
of the Minkowski metrics on the magnetic, hysteretic and
electrical transport properties of ferromagnetic manganite
nanoparticles of approximately the same size was carried
out. Results revealed clearly the specific way as magnetic
properties become modified in a system of a rather well-
defined size depending on the shape of the nanoparticles.
Well-differentiated regimes depending on the metrics value
were also identified. Regarding the critical properties, the
Curie temperature seems to be independent on the shape of
the nanoparticles having approximately the same amount
of Mn ions, whereas the coercive force does exhibit a
strong dependence with the metrics and the surface to
volume ratio. In particular, magnetization reversal mech-
anisms resulted to be dependent on the metrics as well as
the resistivity p — oo.
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