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Table-like magnetocaloric effect and enhanced refrigerant capacity
in EugGa,sGezo-EuO composite materials
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A large reversible magnetocaloric effect (MCE) and enhanced refrigerant capacity (RC) were
observed in multiphase composite materials composed of type-I clathrate EugGa;sGeso and EuO.
EugGa,6Gesp undergoes two successive ferromagnetic transitions at 10K and 35K, and EuO
exhibits a ferromagnetic transition at 75 K. A large RC of 794 J/kg for a field change of 5T over a
temperature interval of 70K was achieved in the EugGa;sGeso—EuO composite with a 40%-60%
weight ratio. This is the largest value ever achieved among existing magnetocaloric materials for
magnetic refrigeration in the temperature range 10 K-100K. Adjusting the EugGa,4Ges, to EuO
ratio is shown to produce composites with table-like MCE, desirable for ideal Ericsson-cycle
magnetic refrigeration. The excellent magnetocaloric properties of these EugGa;sGe;o—EuO
composites make them attractive for active magnetic refrigeration in the liquid nitrogen
temperature range. © 2011 American Institute of Physics. [doi:10.1063/1.3654157]

Magnetic refrigeration is an environmentally friendly
technology that uses a magnetic field to change the magnetic
entropy of a material (i.e., the magnetocaloric effect, MCE),
thus allowing the material to serve as a refrigerant.” This
technology yields a much higher cooling efficiency (about
20%-30%) than conventional gas compression techniques.2
Producing a magnetocaloric material that possesses a large
magnetic entropy change (AS,,) over a wide temperature
range, i.e., a large refrigerant capacity (RC),* is of interest
for magnetic refrigeration applications. For ideal Ericsson-
cycle based magnetic refrigeration, a magnetocaloric mate-
rial should possess a constant AS,, in the refrigeration
temperature range (known as “table-like” MCE).®’ In this
context, magnetocaloric materials that undergo multiple suc-
cessive magnetic phase transitions seem to meet these crite-
ria as the presence of magnetic multiphases broadens the
ASy(T) curves and consequently enhances the RC 277 How-
ever, the multiphase magnetocaloric materials reported in
the literature are found to exhibit either a relatively small
AS,; (Refs. 3 and 8) or non-uniform AS,(T) curves.>*'° For
instance, the broadening of ASj, over the temperature range
20 K-300K has been observed in multiphase LuFe,0,4; how-
ever, the magnitude of AS), of this material is ~1J/kg K for
a field change of 6 T.® This underscores the need for develop-
ing magnetocaloric materials that fulfill the above criteria.

EugGa,4Ges( semiconductors with the clathrate hydrate
crystal structure are widely known for their interesting physi-
cal properties,'" including thermoelectric properties.'* Our
recent work on large and reversible MCE in these materials
indicates they may also be of interest for thermomagnetic
cooling applications."*™ In particular, a giant magnetic
entropy change at T ~ 13K was observed in the
EugGa;Gesq type-VIII clathrate (—AS,;=11.4J/kg K for
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t,AH=13T)," in addition to a relatively large RC for the
EugGa,6Ge;zq type-1 clathrate.'*'> The EugGa,6Ge;q type-1
clathrate undergoes two successive magnetic transitions, one
at 10K and the other at 35K. These clathrates also exhibit
negligible thermal and field hysteresis losses, as they belong
to the class of materials with a second-order magnetic transi-
tion (SOMT). These results allow for the possibility of using
EugGa,¢Gejs clathrates as host matrices to fabricate compos-
ite materials with desirable magnetocaloric properties for
active magnetic refrigeration (AMR).

We report on the large table-like MCE and enhanced RC
in EugGa,;sGesp type I clathrate—EuO composites that
undergo multiple successive magnetic transitions at 10K,
35K, and 75K. It is shown that the presence of magnetic
multiphases and the combination of EugGa;sGe;o and EuO
in the right proportion are important for producing composite
materials with enhanced RC and table-like MCE.

High-quality polycrystalline type-I EugGa;¢Gesy was
synthesized by melting a stoichiometric mixture of the high
purity elements inside a BN crucible by an induction
furnace, in a nitrogen atmosphere, at 1000°C for 10 min
followed by water quenching.'> EuO (Ames Laboratories,
99.9%) was used as received. Powdered specimens of the
EugGa,6Ge3p-EuO composites were made by repetitive
grinding and mixing of the two compositions in the desired
ratios by weight. Approximately 50 mg of the composites
with clathrate-to-EuO ratios of 20%-80%, 40%-60%, 50%-
50%, 60%-40%, 65%-35%, 70%-30%, and 80%-20% were
placed in plastic ampoules for magnetic measurements. The
magnetic measurements were performed using a commercial
Physical Property Measurement System from Quantum
Design in the temperature range of 5 to 300K for applied
fields up to 7T. The AS),; of the specimens was calculated
from the family of M-H isotherms using the Maxwell rela-
tion ASy,= ,uoj(aM/aT)HdH, where M is the magnetization,
H is the magnetic field, and T is the temperature.13 The RC
was calculated as RC=[—ASylmax X OTrwur, Where

© 2011 American Institute of Physics
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FIG. 1. (Color online) Temperature dependence of —AS,, at 2T for the
EugGa;6Geso type-VIII clathrate, the EugGa;sGeso type-I clathrate, and
EuO.

OT gy 1s the full width at half maximum (FWHM) of the
ASy(T) curve.'

Figure 1 shows the temperature dependence of — ASy,
for u,AH=2T for type-VIII EugGa;sGe;, and type-I
EugGa,4Ge;p clathrates, and EuO. As shown in the figure,
the three compounds exhibit peaks at their Curie tempera-
tures. The —AS,; and RC values are 8 J/kg K and 60 J/kg for
the type-VIII clathrate, 4.5 J/kg K and 80 J/kg for the type-I
clathrate, and 8.5J/kg K and 120J/kg for EuO. The —AS,,
and RC values for the EuO reported here are similar to those
reported previously by Ahn e al.,'® who showed that EuO is
one of the best candidate materials for magnetic refrigeration
around 70K. The type-I clathrate undergoes a secondary
magnetic transition at 10K in addition to the ferromagnetic
transition at 35K, resulting in a broadened AS,,(T) curve at
low temperatures and consequently an enhanced RC.'* This
explains why the type-I clathrate possesses a larger RC as
compared with the type-VIII clathrate, even though the mag-
nitude of AS,; of the former is about half smaller than that of
the latter. The focus in this paper is therefore on exploring
the MCE and RC in the type-I clathrate—EuO composites.

Figure 2(a) shows the temperature dependence of —ASy,
for different applied field changes up to 6 T for the 40%-60%
type-I-EuO composite. Figure 2(b) shows the temperature
dependence of —AS,, for the field change of yu,AH=6T for
the 40%-60% and 70%-30% composites. As shown in
Figure 2, a proper combination of EugGa;¢Ge;, and EuO not
only broadens the AS,/(T) curves but also retains the large
values of —AS), in the composite specimens (for example,
—ASy ~ 13J/kg K for u,AH=6T for the 40%-60% com-
posite). For active magnetic refrigeration, it is necessary to
have a uniform distribution of AS/(T). This has been
achieved in the present composite specimens at sufficiently
high magnetic fields. In addition, tuning the EugGa;¢Gesq to
EuO ratio can produce composites that possess table-like
ASy(T) curves (Figure 2(b)) desirable for an ideal Ericsson-
cycle magnetic refrigeration.

Figure 3(a) shows the variation in the RC and the
0Trwyy curves as a function of weight percent of
EugGa;¢Gesg and EuO for u,AH =5T. The RC values of the
composite specimens are greater than that of EugGa;¢Geso.
The larger RC values of the composites result from the
increase of both AS,, and 0Trwuy. This arises from the
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FIG. 2. (Color online) Temperature dependence of —AS,, at different fields
up to 6 T (a) for the 40%-60% EugGa,sGesq type-I clathrate-EuO composite
and (b) for the 40%-60% and 70%-30% composites.
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FIG. 3. (Color online) (a) RC and 0Ty for EugGa,sGesp-EuO compo-
sites as a function of the weight percent of the constituents; (b) RC values of
the 40%-60% EugGa;Ge;o-EuO composite and other magnetocaloric candi-
date materials, including Tb3;Co and TbCoAl (Ref. 17), GdCo,B, (Ref. 18),
GdPd,Si (Ref. 19), TbCoC, (Ref. 20), ErCo, and ErCo;¢Sip; (Ref. 21),
DyCLlAl (Ref 22), DyAlZ (Ref 23), El'()_ﬁsTb()j‘sAlz and Ero_stb0_75A12
(Ref. 24), ErCo, oFeq; (Ref. 25), GaNi, (Ref. 26), HosSiy (Ref. 27), and
ErgMnBi, (Ref. 28).
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relative contributions to the RC from ASy; and 6Ty, as
the RC is the product of both. It should be noted that while
O0T rwyn increases, ASy, decreases in the composites relative
to EuO. For the clathrate-based composites containing less
than 35 wt.% EuO, the increase in 0T rywzy, is less than the
decrease in ASy,. As a result, RC is smaller in these compo-
sites as compared with that of EuO. For the clathrate-based
composites containing large amounts of EuO (above
35 wt.%), the increase in 0Ty, is greater than the decrease
in AS,, thus resulting in a larger RC in the composites rela-
tive to that of EuO. Among the five composite specimens we
investigated, the 40%-60% composite shows the largest RC
(~794J/kg for u,AH=5T). This RC value is greater than
that of EuO (~665 J/kg) for the same field change of 5T. It
is also worth noting that while the RC of the 65%-35% com-
posite is almost equal to that of EuO, the table-like MCE
(i.e., the relatively constant ASj, with temperature) observed
for this composite over a wide temperature range
(20K-80K) makes it a better choice for Ericsson-cycle
based magnetic refrigeration.

Figure 3(b) shows a detailed comparison of the RC
between the 40%-60% composite with other magnetocaloric
candidate materials for active magnetic refrigeration in the
temperature range of 10 K-100 K. The type-I clathrate—EuO
composite shows the largest RC in this group of magneto-
caloric materials while possessing nearly zero thermal and
field hysteresis losses due to the fact that it is SOMT. These
magnetocaloric properties make it one of the best candidate
materials for active magnetic refrigeration around 70 K.

In summary, a large reversible MCE and enhanced RC
in type-I EugGa;sGe;p clathrate—EuO composites were
observed. The presence of multiple successive magnetic
phase transitions and the appropriate ratio of EugGa;Ges to
EuO are important factors in producing composite materials
with enhanced RC and/or table-like MCE. These magneto-
caloric properties demonstrate that these composites have
potential for active magnetic refrigeration applications in the
liquid nitrogen temperature range.

This work is supported by the Department of Army
through Grant No. W91 1NF-08-1-0276.

Appl. Phys. Lett. 99, 162513 (2011)

'M. H. Phan and S. C. Yu, J. Magn. Magn. Mater. 308, 325 (2007).

%E. Briick, J. Phys. D, Appl. Phys. 38, R381 (2005).

3S. Gorsse, B. Chevalier, and G. Orveillon, Appl. Phys. Lett. 92, 122501
(2008).

“M. H. Phan, S. Chandra, N. S. Bingham, H. Srikanth, C. L. Zhang, S. W.
Cheong, T. D. Hoang, and H. D. Chinh, Appl. Phys. Lett. 97, 242506
(2010).

SR, Caballero-Flores, V. Franco, A. Conde, K. E. Knipling, and M. A. Will-
ard, Appl. Phys. Lett. 98, 102505 (2011).

®A. Smaili and R. Chahine, J. Appl. Phys. 81, 824 (1997).

1. G. de Oliveira, P. J. von Ranke, and E. P. Nobrega, J. Magn. Magn.
Mater. 261, 112 (2003).

SM. H. Phan, J. Gass, N. A. Frey, H. Srikanth, M. Angst, B. C. Sales, and
D. Mandrus, Sol. Stat. Comun. 150, 341 (2010).

°M. Yue, J. Zhang, H. Zeng, H. Chen, and X. B. Liu, J. Appl. Phys. 99,
08Q104 (2006).

19Q. Zhang, B. Li, X. G. Zhao, and Z. D. Zhang, J. Appl. Phys. 105, 053902
(2009).

G, s. Nolas, G. A. Slack, S. B. Schujman, in Semiconductors and Semime-
tals, Vol. 69, ed. T. M. Tritt (Academic Press, New York, 2001), p. 255.
12G. S. Nolas, J. L. Cohn, G. A. Slack, and B. Schujman, Appl. Phys. Lett.

73, 178 (1998).

M. H. Phan, G. T. Woods, A. Chaturvedi, S. Stefanoski, G. S. Nolas, and
H. Srikanth, Appl. Phys. Lett. 93, 252505 (2008).

“M. H. Phan, V. Franco, A. Chaturvedi, S. Stefanoski, H. Kirby, G. S.
Nolas, and H. Srikanth, J. Appl. Phys. 107, 09A910 (2010).

M. H. Phan, V. Franco, A. Chaturvedi, S. Stefanoski, G. S. Nolas, and H.
Srikanth, Phys. Rev. B 84, 054436 (2011).

oK, Ahn, A. O. Pecharsky, K. A. Gschneidner, and V. K. Pecharsky, J.
Appl. Phys. 97, 063901 (2004).

'7B. Li, J. Du, W. J. Ren, W. J. Hu, Q. Zhang, D. Li, and Z. D. Zhang, Appl.
Phys. Lett. 92, 242504 (2008).

'8L. Li, K. Nishimura, and H. Yamane, Appl. Phys. Lett. 94, 102509 (2009).

19R. Rawat and L. Das, J. Phys.: Condens. Matter 13, L57 (2001).

2°B. Li, W. J. Hu, X. G. Liu, F. Yang, W. J. Ren, X. G. Zhao, and Z. D.
Zhang, Appl. Phys. Lett. 92, 242508 (2008).

2IN. H. Duc, D. T. Kim Anh, and P. E. Brommer, Physica B 319, 1 (2002).

22Q. Y. Dong, B. G. Shen, J. Chen, J. Shen, and J. R. Sun, J. Appl. Phys.
105, 113902 (2009).

V. K. Pecharsky and K. A. Gschneidner, Jr., J. Appl. Phys. 70, 3299
(1997).

24M. M. Khan, K. A. Gschneidner, Jr., and V. K. Pecharsky, J. Appl. Phys.
107, 09A904 (2010).

25X, B. Liu and Z. Altounian, J. Appl. Phys. 103, 07B304 (2008).

*°E. J. R. Plaza, V. S. R. De Sousa, P. J. Von Ranke, A. M. Gomes,
D. L. Rocco, J. V. Leitao, and M. S. Reis, J. Appl. Phys. 105, 013903
(2009).

?IN. K. Singh, D. Paudyal, V. K. Pecharsky, and K. A. Gschneider, J. Appl.
Phys. 107, 09A921 (2010).

28F, Wang, J. Zhang, F. Y. Yuan, Y. Cao, C. J. Gao, Y. M. Hao, J. Shen, J.
R. Sun, and B. G. Shen, J. Appl. Phys. 107, 09A918 (2010).

Downloaded 21 Oct 2011 to 131.247.212.110. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1016/j.jmmm.2006.07.025
http://dx.doi.org/10.1063/1.2884326
http://dx.doi.org/10.1063/1.3526380
http://dx.doi.org/10.1063/1.3560445
http://dx.doi.org/10.1063/1.364166
http://dx.doi.org/10.1016/S0304-8853(02)01447-6
http://dx.doi.org/10.1016/S0304-8853(02)01447-6
http://dx.doi.org/10.1016/j.ssc.2009.11.030
http://dx.doi.org/10.1063/1.2158971
http://dx.doi.org/10.1063/1.3075627
http://dx.doi.org/10.1063/1.121747
http://dx.doi.org/10.1063/1.3055833
http://dx.doi.org/10.1063/1.3349409
http://dx.doi.org/10.1103/PhysRevB.84.054436
http://dx.doi.org/10.1063/1.1841463
http://dx.doi.org/10.1063/1.1841463
http://dx.doi.org/10.1063/1.2939220
http://dx.doi.org/10.1063/1.2939220
http://dx.doi.org/10.1063/1.3095660
http://dx.doi.org/10.1088/0953-8984/13/3/102
http://dx.doi.org/10.1063/1.2948900
http://dx.doi.org/10.1016/S0921-4526(02)01099-2
http://dx.doi.org/10.1063/1.3122598
http://dx.doi.org/10.1063/1.3335590
http://dx.doi.org/10.1063/1.2829758
http://dx.doi.org/10.1063/1.3054178
http://dx.doi.org/10.1063/1.3365515
http://dx.doi.org/10.1063/1.3365515
http://dx.doi.org/10.1063/1.3359812

