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Magnetocaloric effect in dipolar chains of magnetic nanoparticles with collinear anisotropy axes
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We study the magnetocaloric effect (MCE) in parallel one-dimensional chains of dipole-dipole interacting
magnetic nanoparticles with collinear magnetic anisotropy axes. By means of a Monte Carlo method we
simulate the magnetic field dependence of the MCE for a field applied perpendicular to the anisotropy axes,
finding the coexistence of direct and inverse MCE being both of reversible character. The inverse MCE-
temperature range is quite small and progressively shifts to lower temperatures with increasing applied field
until it disappears, thus we have mainly focused our study on the direct MCE-temperature range. We show the
existence of a particular magnetic field value being proportional to the anisotropy field of the particles, H*
~2.5H,, which optimizes the magnetic entropy change and refrigerant capacity of the collinear aligned

ensemble of nanoparticles.
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I. INTRODUCTION

The fast nanotechnological miniaturization that is taking
place nowadays requires the development of efficient cooling
techniques able to work in such reduced dimensions.! Mag-
netic refrigeration (MR) using nanoscaled devices or materi-
als constitute a promising choice to fulfill this requirement.
MR is a friendly and green-saving environmental technology
more efficient than conventional vapor-gas refrigerant
technology.? Also, the unusual properties of nanosized mate-
rials compared to the bulk and their easier manipulating and
assembling into different geometries make them attractive
candidates for MR at the nanoscale.> MR is based on the
magnetocaloric effect (MCE), the adiabatic temperature
variation in a magnetic material under the application or re-
moval of an external magnetic field.* The usual magnitude
employed to evaluate the MCE is the variation in the mag-
netic entropy, ASy;, with the temperature. It can be calculated
through the Maxwell’s relation’

"l om )

Both the magnetization M and the magnetic field H have to
be treated as vectors to take into account the MCE originated
from the rotation of the magnetic moment. To preserve the
scalar form of Eq. (1), we will consider only the uniform
magnetic field H and M will stand for the projection of the
magnetization along the field direction.

From Eq. (1), we see that in order to have large MCE
values for a given field (9M/dT) should be large and for
practical uses it is important to be able to tune these larger
values in the appropriated temperature interval. In systems of
magnetic nanoparticles, the shape of the thermomagnetic
M(T) curves and hence the magnitude of (dM/dT) and its
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temperature position depends on a wide variety of factors
of both internal (magnetic anisotropy and saturation
magnetization)® and external origin (interparticle distances
and magnetic field strength),” providing a rich scenario to
obtain desired ASy; values. With an appropriate choice of the
magnetic material,® spatial arrangement® and strength of the
applied magnetic field,’ it would be possible to tune the op-
timal magnetic properties of the system in order to reach a
desired magnetocaloric response.

In this work we study the MCE in a nanoparticle system
with enhanced magnetic anisotropy. The role played by the
magnetic anisotropy on the MCE is getting a growing atten-
tion lately based on its importance for tailoring the magne-
tocaloric response of the system, as it has been recently re-
ported for an ordered array of noninteracting oriented
uniaxial magnetic objects under the effect of an external field
H, perpendicularly applied respect to their easy-
magnetization uniaxial anisotropy axes.'® In this work we
aim to go further by including also the magnetic dipolar
interaction energy within the energies governing the mag-
netic behavior of the system. We have used a Monte Carlo
(MC) technique to study the perpendicular-field dependence
of the MCE in one-dimensional (1D) chains of dipolarly in-
teracting monodisperse nanoparticles with collinear easy-
anisotropy axes. This arrangement results in an enhanced
anisotropy since the dipolar interaction favors the parallel
alignment of the magnetic moments along the chains, adding
to the nanoparticles’ anisotropy energy. We have simulated
zero-field-cooling (ZFC) and field-cooling (FC) magnetiza-
tion curves as a function of the temperature for different
magnetic field values perpendicularly applied to the aligned
anisotropy axes, in order to study the MCE and evaluate its
field dependence. We have found the coexistence of both
direct and inverse MCE, in agreement with what is observed
for the noninteracting case.!? Furthermore, we show that
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FIG. 1. (Color online) Schematic representation of the simulated
system formed by an ordered array of 5X 5 chains, each one with
ten magnetic nanoparticles having their uniaxial anisotropy easy
axes parallel aligned along the chains.

both direct and inverse MCE are of reversible character, very
feasible attribute for MCE-based implementations, although
the inverse MCE-temperature range is small and for this rea-
son we have mainly focused our analysis on the direct MCE-
temperature range. By analyzing the (dM/JT) factor we have
obtained that it reaches its maximum value at a particular
field H*=2.5H, (being H, the anisotropy field of the par-
ticles), which stands for the field value that optimizes ASy;.
To complete the MCE study we have also computed the re-
frigerant capacity (RC), i.e., the amount of heat able to be
transferred between cold and hot sinks and that gives a more
complete characterization of the MCE. Interestingly, we have
found that it is also optimized at H*~2.5H,, which also
supports the existence of a particular field optimizing the
MCE.

II. COMPUTATIONAL DETAILS

We have used a MC method®*!# to simulate the magnetic
response of a system of magnetic nanoparticles spatially dis-
tributed in parallel 1D chains. The particles are supposed
spherical and all of them equal in their characteristics, being
well defined by its diameter d, uniaxial magnetic anisotropy
constant K, and saturation magnetization, Mg. It is assumed
monodomain particles with inner coherent rotation of the
atomic magnetic moments. The magnetic moment of the i
particle, which is proportional to its volume V,, is defined as
|@;|=MgV,. As illustrated in the Fig. 1, a well-ordered array
of 5X5 chains is spatially distributed in a square net, every
one composed of ten nanoparticles with their respective
uniaxial anisotropy easy axes being parallel aligned along
the chain length. The relative positions of the nanoparticles
are (x*0.067,y%0.200,z%0.200), respectively.

The energies that characterize the nanoparticle system are
Zeeman (Ey), anisotropy (E,), and magnetic dipolar interac-
tion (Ep). The coupling of a particle i to an external mag-
netic field H is written as
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Eg) == H (2)
and for the uniaxial anisotropy we have
. RS
EQ:—KV(%) : 3)
|

where 7; lies along the direction of the anisotropy easy axis.
The magnetic dipolar energy between two particles 7,j lo-
cated at 7;, 7}, respectively, is given by
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where r;; is the interdistance between particles i, ;.

The temperature dependence of those energies is com-
puted to simulate the magnetic response of the system
through the ZFC and FC thermomagnetic processes. The en-
ergy treatment is the same as followed in Refs. 6-9 and 14
but transferred to the current particular arrangement. We use
the Metropolis algorithm applied to the individual movement
of the magnetic moment of the nanoparticles: in every MC
step (MC steps account for the simulation time), we select a
particle at random and generate a new orientation of its mag-
netic moment. This new position is evaluated with probabil-
ity min[1,exp(—~AE/kgT)], where kg is the Boltzmann con-
stant. The time is then incremented by N~! so that in every
MC step N attempts to change the configuration is made (N
is equal to 250 for our particular system).

For the simulation procedure all the variables have been
treated in normalized units, in such a way that the obtained
results are general and easily translated into any other kind of
particles characterized as above (monodisperse, spherical,
and having uniaxial anisotropy). The normalized temperature
is introduced as t=kg7/2KV while the applied magnetic field
H is treated in terms of the normalized parameter h=H/H 4,
related to the anisotropy field H,=2K/Mg, and magnetiza-
tion is normalized by the saturation value as m=M/Mg.
However, in order to provide the reader a more intuitive idea
about the discussed terms and results, ASy; and RC values
have been expressed in unnormalized units. The characteris-
tics of the particles used are d=3.5 nm, My
=541 emu/cm?’, and K=4.1X10° erg/cm3 (similar to those
of Ni nanoparticles).!! The sample concentration is 5.8% vol-
ume fraction for this system.

The magnetic response of magnetic nanoparticle systems
is highly time dependent, which is related to irreversible pro-
cesses. Therefore it must be considered when studying mag-
netocaloric properties (for implementing a MCE-based re-
frigerating cycle the system must be reversible). To account
for the time dependence of our system we have simulated the
evolution of the magnetization with temperature through
ZFC/FC processes, whose features are particularly adequate
to differentiate reversibility in temperature, which is indi-
cated by the overlapping of the two curves. To characterize
the field dependence of the reversible MCE in our system,
we have simulated ZFC/FC processes for different values of
H. Both for the ZFC/FC curves the temperature variation
ratio was Ar=0.00245 every 2000 MC steps and the results
were obtained by averaging over 200 different configura-
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FIG. 2. (Color online) ZFC (full symbols) and FC (open sym-
bols) m(r) curves for different values of h. Inset shows z,,,, as a
function of A.

tions. We show in Fig. 2 simulated ZFC/FC m(r) curves for
normalized magnetic field values in the range 0.25=h
=3.00.

The general trend of the ZFC/FC curves shown in Fig. 2
presents similarity with random anisotropy systems exhibit-
ing superparamagnetism,'”> with the overlapping of the
ZFC/FC curves at high temperatures, and the existence of a
maximum (z,,,) that progressively shifts its position toward
lower values with increasing 4.° However, remarkable differ-
ences with respect to the usual superparamagnetic behavior
are observed illustrating a different physical origin. The
maximum of the curves takes place for fields much larger
than H,, contrary to the expected disappearance of the peak
for fields larger than H, when ¢, stands for the superpara-
magnetic blocking temperature.'? This behavior is similar to
that observed in randomly distributed particle systems at
strong interacting conditions,” although we believe that in
this particular case it might be related to other phenomena as
a magnetic phase transition.'* The ZFC/FC curves also coin-
cide at low temperatures, contrary to the usual superpara-
magnetic behavior observed in random anisotropy systems in
which the splitting between the ZFC and FC curves signals
the blocked state of the particles. Meanwhile, the decrease in
the FC curve below t,,,, with decreasing ¢ instead of keeping
growing as in superparamagnetic systems, points to an anti-
ferromagneticlike arrangement of the system. These peculiar
features arise from the particular orientation of the applied
magnetic field with respect to the anisotropy axes of the
nanoparticles. In usual superparamagnetic systems, the split-
ting between the ZFC and FC reflects the existence of local
energy minima in the direction of the applied magnetic field.
These minima originate by the magnetic anisotropy and rep-
resent stable energy wells that stand for different shapes of
the m(z) curves depending on the thermal history of the sys-
tem. For particles with uniaxial anisotropy the most stable
anisotropy well is the one that corresponds to parallel orien-
tation of the magnetic moments with respect to the magnetic
field, whereas the antiparallel case is less stable. It is this
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FIG. 3. (Color online) ZFC (full symbols) and FC (open sym-
bols) m(t) curves for the same values of &, both (a) for the collinear-
easy-axes case and (b) for the random-easy-axes case.

existence of the anisotropy wells what causes the irrevers-
ibility reflected in the divergence between the ZFC and FC
curves: the different temperature trends followed in each pro-
cess lead to different occupancies of the magnetic moments
on the two energy wells and so to different thermomagneti-
zation curves (until the thermal energy is large enough to
overcome the anisotropy energy barrier between the
minima). However, in our particular choose of the magnetic
field direction perpendicularly applied to the easy-
magnetization axes of the particles, none of the anisotropy
wells is favored. Therefore, no irreversibility is generated
and this is reflected in the coincidence of both the ZFC and
FC curves. The decrease in the FC curve with decreasing ¢
below t,,,, is also originated by the particular situation of the
magnetic field applied perpendicular to the anisotropy axes
and agrees quite well with the experimental behavior ob-
served in systems having well-defined anisotropy easy axes
under a perpendicularly applied magnetic field.'"> With the
purpose to prove the above reasoning about the interplay
between the orientation of the applied magnetic field with
respect to the anisotropy easy axes as the origin of the fea-
tures observed, we have simulated the same processes as in
Fig. 2 but instead of collinear anisotropy axes case, by con-
sidering a random distribution of the easy axes for the array
of nanoparticles. The ZFC and FC curves for some selected
values of the applied field (2=0.50, 1.00, and 1.50, i.e.,
smaller, equal, and larger than the anisotropy field) are
shown in Fig. 3 for giving a representative example of the
arguments discussed above.

The noticeable differences between the collinear-easy-
axes and the random-easy-axes cases represented in Figs.
3(a) and 3(b), respectively, clearly provide evidence support-
ing our arguments given above: the coincidence between the
ZFC and FC curves corresponding to the collinear anisotropy
case disappears when the uniaxial easy axes of nanoparticles
are randomly distributed in which case the usual features of
superparamagnetic systems are recovered. For a detailed
study of the subjacent physical phenomena and the meaning
of the maxima of the curves in the collinear anisotropy case
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as related to a possible magnetic phase transition, see Ref.
14.

In connection with MCE, some features draw our atten-
tion. First, the coincidence of the ZFC and FC m(¢) curves in
the whole temperature range, above and below 7,,,,, proves
the coexistence of both reversible normal (negative dm/dt
slope, above t,,,,) and inverse MCE (positive dm/dt slope,
below 1,,,). Therefore, we have demonstrated that the irre-
versible inverse MCE found in a randomly distributed inter-
acting nanoparticle system at low temperatures® may be
tuned into reversible character by controlling the magnetic
anisotropy of the system. As we argued above, it is this spe-
cific orientation of the magnetic field, being perpendicularly
applied with respect to the anisotropy easy axes, what ac-
counts for the existence of reversible inverse MCE. Second,
the slope of the curves for t>1,,,, seems to rise with increas-
ing fields in the considered ranges, what would account for
larger MCE higher than the H, limit for the disordered case.®
For a complete characterization of the reversibility range and
magnetic field dependence we have extended the simulations
to fields up to 5.0 H,. Inset in Fig. 2 shows the evolution of
tnax @s a function of h. It is observed that it progressively
diminishes with increasing 4, until it disappears for h>2.5,
further than the H, limit for the superparamagnetic case.'?

The temperature range accounting for the inverse MCE is
short and of smaller slope than the direct MCE range. So,
from now on we will focus our attention on the normal
MCE-temperature range, in order to compare the results with
those obtained in the random case. It remains as an interest-
ing task for a future work about the study of how to extend
the temperature operativeness of the inverse reversible MCE.

III. MAGNETOCALORIC PROPERTIES

In order to characterize the direct MCE in this peculiar
system we have first analyzed by separate the value of
(dm/dt) as a function of h, with the purpose to check the
possible existence of an optimizing magnetic field similar to
that found in a randomly distributed particle system.” The
results (—dm/dr) vs h in the t>1,,,, range where the system
is reversible (and therefore in equilibrium) are plotted in
Fig. 4.

It can be observed that the isofield curves exhibit a maxi-
mum, (—dm/dr),,.. that progressively shifts to lower tem-
perature values with increasing field, attaining an absolute
maximum value at 7— 0 for #*~2.5. For temperatures above
the maximum the curves monotonically decrease, in a similar
way as it was previously found in the random anisotropy
case. However, although the general shape of the curves is
similar to that observed in disordered systems the specific
features completely differ. First, the value #(—dm/dt),,,, di-
minishes with increasing h, opposite to the disordered case.’
Second, the absolute maximum takes place at an applied
magnetic field value larger than the anisotropy field, H,, of
the particles, whereas for the disordered case it occurs at a
field h<<1.

In Fig. 5 we represent both, (-dm/dt),, and
t(=3m/ Jt),pay vs h in detail. Two differentiated regimes are
observed, at the transition marked by the particular field A*
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FIG. 4. (Color online) (=dm/dt) vs h in the direct MCE revers-
ible temperature range.

=2.5. The (=dm/ dt),,q, value grows with increasing field un-
til it attains an absolute maximum at the particular value of
h*=2.5, after which it decreases. This result is especially
important for practical MCE implementation since it evi-
dences the existence of a magnetic field value that optimizes
the energy costs. The existence of a particular value of the
magnetic field separating two ranges of behavior in both
magnitudes had already been previously reported for disor-
dered systems,” although at a much smaller value, around 0.3
H,. This different behavior is important from the applied
point of view since it allows setting the optimal magnetic
field to larger fields. The temperature position of the maxima,
t(=dm/ 9t) ,qy rapidly decreases with increasing applied mag-
netic field 4, following the opposite trend that in the random
anisotropy case, where it rises with h.% For h*>2.5, it re-
mains constant at the minimum temperature considered in
the simulations. Finally, it is important to mention that the
overall (—dm/dr) values are considerably reduced in com-
parison with the random case. In this system (—dm/dt),,qy
=~ (.5 while in the random case (—=dm/ dt),,, = 1.5, what in-

0.7 06
064 ™ 6 :
«—\E e 05
057 \l /ol N I
] /o'/ ° E
< 041 ; \- 04
g : z
(g 0.3 / O = (g
34 8 X
= ’ o Lo3 T
024 , °

\ 0.2
014
o L

H—H—81—1—1
0.0 ; : : : 0.1
0 1 2 3 4 5

h=HH,

FIG. 5. Maximum (—dm/ dt) values and its temperature position,
for the considered range of & values.
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FIG. 6. (Color online) —ASy; hyperplane in the direct MCE re-
versible temperature range for different values of H.

dicates a better a priori adequacy of the random case for
MCE-based implementations. As the MCE in magnetic
nanoparticle systems depends much on the particle
characteristics,? it constitutes the subject of a future work to
evaluate the MCE in this spatial arrangement with other
kinds of nanoparticles.

As it was previously mentioned in Sec. II, although the
results here presented are applicable to any particle system
with the assumed characteristics, we express the magnetoca-
loric parameters in unnormalized units to facilitate the inter-
pretation to the reader. The nanoparticle characteristics used
for the MCE simulations have been already described in Sec.
IT and to translate the results obtained from the previous
sections into unnormalized units, it must be only necessary
take into account that M=mMg, H=hH,, and T=12KV/kg.
Figure 6 shows the ASy; values for the same cases as illus-
trated in Fig. 5 but using unnormalized magnitudes.

The overall shape of the ASy; hyperplane displayed in Fig.
6 exhibits two different tendencies depending on the tem-
perature range. For high temperatures, ASy; monotonically
increases with H, although the growing ratio diminishes
above intermediate fields (for intermediate fields we mean
values of the order of the A" obtained in Fig. 7). At low
temperatures the curves exhibit a peak, as expected from the
results discussed in Figs. 3 and 4.

For a real MCE-based implementation, as much important
as having high values of ASy it matters the temperature
range at which those values are attained. For a complete
characterization of the MCE it is usually also computed the
RC as we mentioned earlier. The RC is a parameter that takes
into account the shape of the ASy; curves, computing the
amount of heat that the material is able to transfer in a ther-
modynamic cycle for a given field change AH between the
working temperatures of cold and heat sinks, T,,;; and T},
respectively. It can then be evaluated as

Thut

Teota

The temperatures 7., and T}, are usually evaluated as
the temperatures at half maximum of the ASy(7) curve.
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FIG. 7. (Color online) RC as a function of &, normalized (a) by
the WTR and (b) by the WTR X h.

However, in our system the curves are very flat and would
account for a wide temperature range not very representative
of the obtained values. Therefore, instead of evaluating the
RC for different working temperature ranges (WTR=T),,
—T..q) We normalized it as RC/WTR, in order to evaluate its
potentiality as a heat transfer. The results for the WTR values
of 6.7, 13.3, and 20.0 K are displayed in Fig. 7.

In Fig. 7(a), it can be observed that RC remains practi-
cally unchanged for the different WTR considered values.
The overall shape continuously increases until 2=3.0, fol-
lowed by a further decrease. For the nanoparticles here con-
sidered, this value stands for a magnetic field H
=4.542 kOe. It is very important for real applications to op-
timize the energy necessary to implement a MR cycle, which
is the energy necessary to generate the magnetic field. There-
fore we have also analyzed the previous value normalized by
the magnetic field, being plotted in Fig. 7(b). It is obtained a
maximum at the particular value of 7=2.5, the same value
that maximizes dm/dt. For the particles we consider here,
H,=1.514 kOe, and therefore the field that optimizes RC is
H=3.785 kOe.

Finally, we compare the present results with some MCE
studies recently reported in other nanosized systems. Al-
though the results obtained were expressed in volumetric
units to give an useful estimation from the applied point of
view,* it is commonly found in the literature the use of mass
units J kg=! K~!, therefore we also express the results in
these same units for comparison. To translate the values to
this scale it is only necessary to know the volume density
and in our case we take the Ni bulk density, p=8.9 g/cm?.
The largest values obtained, in the low-temperature limit and
for a field change of 3.8 kOe, correspond in mass units to
AS=0.105 J/kg K and RC=2.0 J/kg. The maximum ASy,
is about one order the magnitude larger than the ones found
in ferrite nanoparticles’ and only one order of magnitude
smaller than the large cryogenic MCE recently reported in
the low-temperature limit for magnetic nanocapsules if nor-
malized by the magnetic field: in our system ASy
=0.27 J/kg K T while for magnetic nanocapsules as TbAl,,
graphite-coated Gd, and GdAl, (Refs. 1517, respectively),
ASy=3.04, 8.13, and 2.90 J/kg K T. In general, both the
ASy and RC values are around two orders of magnitude
smaller than the reported for the best bulk magnetocaloric
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materials® when normalizing with the magnetic field.

Good candidates to exhibit such novel phenomena de-
scribed in this work, particularly the reversible character of
the inverse MCE, are, in general, systems with a well defined
and collinear anisotropy easy axis. Those characteristics may
be found in a wide variety of systems, ranging from the
ferromagnetic nanowires reported in Ref. 10 to large arrays
of nanostructured ferromagnets as those reported in Ref. 18.
Using magnetic nanoparticles, the most promising candidates
at the moment are FePt systems, whose large anisotropy al-
lows a quite good (although not complete yet) alignment of
the anisotropy easy axes (see, for example, Refs. 19 and 20).

IV. CONCLUSIONS

We have used a MC technique to study the MCE in par-
allel chains of dipolarly interacting magnetic nanoparticles
with collinear anisotropy axes. The magnetostatic dipolar in-
teraction energy favors the parallel alignment of the mag-
netic moments of the nanoparticles along the chains, which
results in an enhancement of the anisotropy. This anisotropic
system exhibits a magnetic response under the perpendicular
application of a magnetic field H respect to the anisotropy
easy axis quite similar to superparamagnetism, with a similar
overall shape of the curves and exhibiting a maximum of
magnetization that shifts to lower temperatures with increas-
ing H, although also presents different features suggesting
different physical origin. We have found the coexistence of
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direct (above the maximum) and inverse (below the maxi-
mum) MCE both of reversible character, although the inverse
MCE-temperature range is small and disappears with in-
creasing the field, therefore it must be extended to become of
practical use. Therefore we focused our analysis mainly in
the direct MCE-temperature range. The detailed analysis of
the (—dm/dr) factor in this range reveals the existence of a
maximizing field H*~2.5H,, which optimizes AS\; and ac-
counts so for an optimal MCE. We have also evaluated the
RC and found that it is practically temperature independent
up to 20K and it is also optimized at the same field H*
~2.5H,, which reinforces the adequacy of using this par-
ticular field to optimize the MCE for such nanostructured
magnetic nanoparticle systems.
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