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Nanocomposite consisting of Gd2 O3 nanoparticles embedded in periodical porous silica matrix was investigated
with respect to its magnetocaloric properties. Series of field (up to 5 T) dependence of magnetization data were
recorded in temperature range 2-52 K. The data were subsequently processed employing Maxwell relation in order
to calculate magnetic entropy change (ASns) of the system. Examined nanocomposite exhibited reasonably high
value of ASy =~ 29 J/(kg K) at maximal field change 5 T at the temperature of 2 K which suggests that this
material could be feasible for cryomagnetic refrigeration applications.
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1. Introduction

Gadolinium based nanoparticles are known as useful
material for diagnostics tumor using magnetic resonance
imaging (MRI) method. These materials exhibit strong
paramagnetic behaviour and high value of r; relaxivity
(1/T = r) of 4.8 s mM~! at 7.05 T [1]. Besides of
their suitable biomedical applications, there is another
potential area of such nanoparticle systems applications.

Debye in 1926 [2| and Giauque in 1927 [3]| indepen-
dently pointed out that ultralow temperatures could
be reached through the reversible temperature change
of paramagnetic salts with the alternation of magnetic
field. This phenomenon is known as magnetocaloric ef-
fect (MCE) and it was discovered by Warburg in 1881.
The first experiment on magnetic refrigeration was per-
formed by Giauque and MacDougall in 1933 [4]. With
the use of this technology, the temperatures below 1 K
were successfully achieved. Many years later the low-
temperature MCE was reported in a variety of paramag-
netic salts [5]. Unfortunately, low thermal conductivity
of this material is detrimental for adiabatic demagneti-
zation applications. Since nanoparticles are characteris-
tic of high surface to volume ratio (in comparison with
bulk materials), there is an assumption that such struc-
tures would transfer the heat with considerably higher
efficiency. However, nanoparticles have long been de-
monstrated to reduce the thermal conductivity of cry-
stals by scattering phonons [6, 7]. It has been found
that the thermal conductivity in nanocomposites is go-
verned by the interface density and that thermal boun-
dary resistance plays a critical role in determining the
effective thermal conductivity [8]. On the other hand, se-
veral works confirming that embedding of nanostructures
into matrix material could result in feasible effects with
respect to thermal conductivity of the composite have
been published, too. Evans et al. [9] reported that the

*corresponding author; e-mail: adriana.zelenakova@upjs.sk

thermal conductivity of nanofluids and nanocomposites
can be significantly enhanced by the aggregation of na-
noparticles into clusters. Zhang and Minnich [10] showed
that it is possible to affect thermal conductivity of nano-
composite by tailoring nanoparticles’ size distribution to
scatter broader or narrower thermal phonon spectrum.

According to simulations carried out by Quiao and
He [11], for nanocomposite with randomly dispersed na-
noparticles, thermal conductivity of matrix material can
be enhanced by embedding nanoparticles exhibiting high
thermal conductivity. However, the effectiveness of such
strategy diminishes as the interfacial thermal resistance
between the nanoparticle and matrix material increases.
The same study also revealed that the enhancement of
thermal conductivity can be affected by the alignment of
nanoparticles with respect to the temperature gradient.
Further, different nanoparticles have been successfully
used to improve thermal conductivity of polymers. For
instance, high density polyethylene filled with 7 vol.%
nanometer size expanded graphite has double thermal
conductivity in comparison with microcomposites at the
same volume content [12]. Droval et al. [13] multiplied
the thermal conductivity by the factor of six introducing
boron-nitride nanoparticles into polymer matrix.

Apparently, heat transfer in nanocomposites is com-
plex phenomenon, where tailoring one contribution often
affects another one in a negative way. Thus, properly
designed nanocomposite which would combine feasible
features like high value of magnetic entropy change al-
ong with good thermal stability and conductivity could
exhibit suitable properties with respect to magnetocalo-
ric applications. Due to this, we decided to prepare nano-
composite consisting of GdyO3 nanoparticles embedded
in periodical porous silica matrix and to study its MCE
properties.

2. Experimental

Investigated Gd2O3@Si0O, nanocomposite was prepa-
red by nanocasting of Gd2O3 nanoparticles in periodic
nanoporous silica matrix. The structure of composite has
been previously studied and published elsewhere [14, 15].
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Commercial MPMS 5XL (Quantum Design) device
was utilized to perform magnetic measurements of the
Gds03@SiOs nanocomposite. The dependences of mag-
netization on field magnitude (up to 5 T) were recorded
in temperature range 2-52 K with the step of 1 K. The
powder sample with the mass of m = 3 mg was encapsu-
lated into a gelatin capsule and inserted into the plastic
sample holder. The signals of diamagnetic contributions
of gelatin capsule and plastic sample holder were measu-
red and subtracted from experimental data.

3. Results and discussion

Figure 1 obtained by transmission electron microscopy
(TEM) shows structure of the examined sample. Blank
matrix (without Gd based nanoparticles) with perfectly
periodic hexagonal channels is clearly visible in the left
part. After incorporation of Gd based nanoparticles in-
side of periodic matrix, the Gd; O3 nanoparticles are visi-
ble as black spots and additionally the perfectly ordered
porous matrix is slightly disturbed, right part. Nanopar-
ticles with average size up to 7 nm can be identified from
TEM micrographs.

Fig. 1.

Transmission electron microscope (TEM) ima-
ges of Gd203@SiO,2 nanocomposite: (left part) blank
SBA15 hexagonal matrix with size of the pores up to
7 nm; (right part) Gd2Os nanoparticles embedded in
SBA15 matrix.

Figure 2 presents the isothermal M (uoH) data of in-
vestigated material. Apparently, the curves obtained at
lowest temperatures resemble “S” shape and with increa-
sing temperature are becoming almost linear. This beha-
vior is expected for paramagnetic or superparamagnetic
materials. This set of data was used for magnetic entropy
change (ASy) calculations in order to reveal magneto-
caloric properties of the material.

The Maxwell relation [16]:

(g\;)mfl N <8i5H>T (1)

expresses how change in magnetization induces magnetic
entropy change, and vice versa. In the case of isothermal-
isobaric process after integration we get [5]:

oM
AS :/(> duoH. (2)
M T ) o 0

For the discrete measurements there is a suitable approx-
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Fig. 2. Isothermal magnetization data of
Gd203@Si0O2 nanocomposite up to applied field
of 5 T obtained at temperature range 2-52 K with the
step 1 K.

imation of Eq. (1) [17]:

Thi1+ T,

(MnJrl - Mn),uoH
Z Tn+l -, AIU‘OHa (3)
where M,, and M, are the magnetization values me-
asured in magnetic field pgH at temperatures 7, and
T, 41, respectively.
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Fig. 3. Magnetic entropy change vs. temperature de-
pendences of Gd203@Si0O2 nanocomposite for the app-
lied field variations from 65 mT to almost 5 T. For the
sake of transparency, only each 10th of 150 curves is
displayed.

Figure 3 shows the temperature dependence of magne-
tic entropy change at different magnetic field variations
(up to 5 T) calculated from experimental data displayed
in Fig. 2. At higher temperature region, slight increase of
ASj; with decrease of the temperature can be observed.
However, approaching to lowest temperatures, |ASy;| so-
ars reaching the maximal value of 29 J/(kg K) at 2 K for
field variation 5 T, which is the behavior typical of para-
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magnetic salts. As it can be seen, no significant peak
is present in |ASy(T)| dependences, which confirms the
absence of magnetic phase transition in whole examined
temperature range 2-52 K. We would like to note that
the existence of local maxima in |ASy (T)| at 12-15 K
and 27-30 K is caused by numeric approximation du-
ring experimental data processing and it has no physical
origin. Despite of extended research devoted to Gd,Os3
nanoparticle systems with respect to their MRI proper-
ties [1], studies dealing with magnetocaloric effect in such
systems are not available. Table I presents magnetic en-
tropy change maxima reported by other authors for se-
lected Gd based compounds and nanoparticle systems.

TABLE I

The comparison of |ASys| of various Gd based systems.
[ ASM]| [Tpear|[Apo H

[J/kgK]| [K] [T] Ref.

Gd203@SiO2 (nanocomposite)| 29 2 5  |this work
Gds(SizGes) (bulk) 19 |276| 5 (18]
Gd (bulk) 10 [205] 5 [18]
Gd3Fe5012 (bulk) 25 | 35 | 3 [19]
GdsFesO12 (50 nm particles) 1.6 2 3 [19]
Gd3zFe5012 (35 nm particles) 3.5 2 3 [19]
GdAly/Al>0O3 (nanocapsules) 31 5 7 [17]

From selected systems, only GdAly/AlO3 nanocapsu-
les exhibit higher |ASy|, however at significantly pro-
moted field change of 7 T. Moreover, if we consider that
the mass of non-magnetic silica matrix of the composite
reduces the values of |AS)/| originating from signal of
Gds O3 nanoparticles, the results of this study suggest
that Gd203@SiO5 nanocomposites could be promising
material for low temperature refrigeration technology.

3. Conclusions

We studied magnetocaloric properties of Gd2O3@SiO4
nanocomposite prepared by nanocasting of Gd2O3 nano-
particles in periodic nanoporous silica matrix with hexa-
gonal symmetry. Isothermal magnetization curves recor-
ded in temperature range 2-52 K pointed to paramag-
netic behavior of the material. This was confirmed by
the behavior of magnetic entropy change vs. tempera-
ture curves calculated for field variations up to 5 T. Re-
asonable large value of |[ASy| = 29 J/(kg K) was found
at 1.8 K for maximal field change of 5 T in the investiga-
ted composite, which suggests that this material could be
feasible for low temperature refrigeration applications.

Acknowledgments

This work was supported by the Slovak Research and
Development Agency under the contracts APVV-0073-
14, APVV-0520-15, and APVV-0115-15, and by the
VEGA projects (No. 1/0377/16, No. 1/0745/17). Aut-
hors would like to thank V. Girman for realization of
TEM experiments. Authors (O.K. and A.B.) would
like to thank VVGS-PF-2016-72646 project and Visegrad
Fund under contract No. 51501516 for financial support.

References

[1] S. Santra, S.D. Jativa, C. Kaittanis, G. Normand,
J. Grimm, J.M. Perez, ACS Nano 8, 7281 (2012).

[2] P. Debye, Ann. Phys. 386, 1154 (1926).

[3] W.F. Giauque, J. Am. Chem. Soc. 49, 1864 (1927).

[4] W.F. Giauque, I.P.D. McDougall, Phys. Rev. 43,
768 (1933).

[5] V.K. Pecharsky, K.A. Gschneidner, Jr.,
Magn. Mater. 200, 44 (1999).

[6] R. Yang, G. Chen, Phys. Rev. B 69, 195316 (2004).

[7] M.S. Jeng, R. Yang, D. Dong, G. Chen, J. Heat
Transf. 130, 042410 (2008).

[8] A. Minnich, G. Chen, Appl. Phys. Lett. 91, 073105
(2007).

[9] W. Evans, R. Prasher, J. Fish, P. Meakin, P. Phelan,
P. Keblinski, Int. J. Heat Mass Transf. 51, 1431
(2008).

[10] H. Zhang, A. Minnich, Sci. Rep. 5, 8995 (2015).
[11] R. Quiao, P. He, Mol. Simulat. 33, 677 (2007).

[12] C.M. Ye, B.Q. Shentu, Z.X. Weng, J. Appl. Polym.
Sci. 101, 3806 (2006).

[13] G. Droval, J.F. Feller, P. Salagnac, P. Glouannec, Po-
lym. Adv. Technol. 17, 732 (2006).

[14] A. Zelenakova, P. Hrubovcak, O. Kapusta, V. Ze-
lenak, V.Franco, Appl. Phys. Lett. 109, 122412
(2016).

[15] A. Zelenakova, O. Kapusta, V. Zelenak, Acta Phys.
Pol. A 126, 218 (2014).

[16] H.B. Callen,
1981.

[17] S. Ma, W.F. Li, D. Li, D.K. Xiong, N.K. Sun,
D.Y. Geng, W. Liu, Z.D. Zhang, Phys. Rev. B 76,
144404 (2007).

[18] V.K. Pecharsky, K.A. Gschneidner, Jr.,
Lett. 78, 4494 (1997).

[19] M.H. Phan, M.B. Morales, C.N. Chinnasamy, B. La-
tha, V.G. Harris, H. Srikanth, J. Phys. D Appl.
Phys. 42, 115007 (2009).

J. Magn.

Thermodynamics, Wiley, New York

Phys. Rev.


http://dx.doi.org/10.1021/nn302393e
http://dx.doi.org/10.1002/andp.19263862517
http://dx.doi.org/10.1021/ja01407a003
http://dx.doi.org/10.1103/PhysRev.43.768
http://dx.doi.org/10.1103/PhysRev.43.768
http://dx.doi.org/10.1016/S0304-8853(99)00397-2
http://dx.doi.org/10.1016/S0304-8853(99)00397-2
http://dx.doi.org/10.1103/PhysRevB.69.195316
http://dx.doi.org/10.1115/1.2818765
http://dx.doi.org/10.1115/1.2818765
http://dx.doi.org/10.1063/1.2771040
http://dx.doi.org/10.1063/1.2771040
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.10.017
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.10.017
http://dx.doi.org/10.1038/srep08995
http://dx.doi.org/10.1080/08927020701286511
http://dx.doi.org/10.1002/app.24044
http://dx.doi.org/10.1002/app.24044
http://dx.doi.org/10.1002/pat.777
http://dx.doi.org/10.1002/pat.777
http://dx.doi.org/10.1063/1.4963267
http://dx.doi.org/10.1063/1.4963267
http://dx.doi.org/10.12693/APhysPolA.126.218
http://dx.doi.org/10.12693/APhysPolA.126.218
http://dx.doi.org/10.1103/PhysRevB.76.144404
http://dx.doi.org/10.1103/PhysRevB.76.144404
http://dx.doi.org/10.1103/PhysRevLett.78.4494
http://dx.doi.org/10.1103/PhysRevLett.78.4494
http://dx.doi.org/10.1088/0022-3727/42/11/115007
http://dx.doi.org/10.1088/0022-3727/42/11/115007

