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a b s t r a c t

Magnetocaloric effects (MCE) at multiple magnetic phase transition temperatures in PrMn1.4Fe0.6Ge2

were investigated by heat capacity and magnetization measurements. PrMn1.4Fe0.6Ge2 is of a re-entrant
ccepted 7 December 2010
vailable online 14 December 2010

eywords:
agnetocaloric

ferromagnet and performs multiple magnetic phase transitions in the temperature range from 5 to 340 K.
A large magnetic entropy change (−�SM) 8.2 J/kg K and adiabatic temperature change (�Tad) 4.8 K are
observed for a field change of 0–1.5 T around 25.5 K, associated with the field-induced first order mag-
netic phase transition (FOMT) from the antiferromagnetic to the ferromagnetic state with an additional
Pr magnetic contribution. These results suggest that a re-entrant ferromagnet is probably promising can-
didate as working material in the hydrogen and nature gas liquefaction temperature range magnetic
irst order phase transition

eat capacity refrigeration technology.

. Introduction

Cooling technology based on the magnetocaloric effect is con-
idered extremely beneficial for the future in helping to address the
wo key issues of energy shortages and global warming. As such, it is
ighly desirable to explore new materials which offer prospects for
giant magnetocaloric effect (GMCE) especially under low applying
eld. The GMCE is generally associated with a first-order magnetic
ransition (FOMT) because of the large difference in magnetiza-
ion between two adjacent magnetic phases. Thus, Pecharsky and
schneidner discovered a GMCE in Gd5Ge2Si2 originating from a
rst-order field induced structural and magnetic transition in this
ompound at 276 K [1] (see also [2,3]) with other GMCE ferromag-
etic materials such as MnFeP0.45As0.55 [4], MnAs [5], and La(FeSi)13
6], subsequently having been discovered. These materials display
GMCE due to the first-order magnetic disorder-to-order transi-

ion from the paramagnetic to the ferromagnetic state near room
emperature. There are also studies of other properties which are
mportant for fundamental mechanism understanding and prac-
ice application [7–9], and there are also studies of paramagnetic
alts, garnets, and molecular clusters which can be utilized for low
emperature cooling purposes [10].
Ternary rare-earth (R) compounds of the type RT2X2, where
= transition metal, X = Si, Ge, exhibit a large variety of structural
nd physical properties and have been studied extensively over
he years. The interesting phenomenon of re-entrant ferromag-
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netism has been found in several of these RT2X2 compounds by
controlling the interplay between the R–T and T–T exchange inter-
actions through elemental substitution [11–13]. While there are
several reports on MCE in RT2X2 [14,15], few reports [16] exist in
the literature on an MCE associated with re-entrant ferromagnetic
transitions. This may be due to the fact that most re-entrant phase
transitions are order-to-order phase transitions between antifer-
romagnetic (AFM) and ferromagnetic (FM) states, and these kinds
of transitions are not expected to show a very high MCE. The
magnetic structures and properties of PrMn2−xFexGe2 have been
studied recently over the entire Mn and Fe concentration ranges
e.g. [13] We have investigated the magnetic phase transitions and
determined magnetic phase diagrams in last paper [11], in this
paper, interest is focussed on the magnetocaloric properties of the
re-entrant ferromagnet PrMn1.4Fe0.6Ge2. It has been found that a
first-order temperature-induced and field-induced order (AFmc)
to order (Fmc + F(Pr)) magnetic phase transition around 25.5 K can
induce giant MCE with low magnetic and thermal hysteresis. At the
same time, the MCE in the whole experimental temperature range
from 5 to 340 K has been observed in this re-entrant ferromagnet.

2. Experimental

The polycrystalline PrMn1.4Fe0.6Ge2 compound was prepared by arc melting
the high purity elements on a water-cooled Cu hearth under purified argon gas.

The microstructure characterisation and results was reported in Refs. [11,13]. The
magnetization and heat capacity were measured under applied magnetic field of
0–5.0 T over the temperature range 5–300 K. The experiments were carried out on a
physical properties measurement system (PPMS–Quantum Design). The isothermal
entropy change, corresponding to a magnetic field change �H starting from zero
field, was derived from the magnetization data by means of the following expression

ghts reserved.
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Fig. 1. Magnetic behaviours of PrMn1.4Fe0.6Ge2, M–T and 1/�–T curves.

hich can be obtained from the Maxwell relation:

SM(T, H) =
∫ H

0

(
∂M

∂T

)
H

∂H (1)

. Results and discussion

The temperature dependences of the PrMn1.4Fe0.6Ge2 magne-
ization on cooling and heating from 5 to 340 K in magnetic fields
.1 T are presented in Fig. 1, the 1/�–T curve is presented as well. As
hown in Fig. 1, the M–T and 1/�–T curves of PrMn1.4Fe0.6Ge2 reveal
he presence of four magnetic transitions, similar to the case of
mMn2Ge2 [17–19]. Based on the magnetic structures of PrMn2Ge2
20,21] and the similarity in magnetic behaviour of PrMn1.4Fe0.6Ge2
o that of SmMn2Ge2, it can be seen that with decreasing tem-
erature from 340 K, PrMn1.4Fe0.6Ge2 exhibits a transition from
aramagnetism (PM) to an ab-plane antiferromagnetic state (AFl)
13] at Néel temperature, T intra

N ≈ 333 K. Around Curie temperature,
inter
C ≈ 168 K, this AFl structure gives way to a canted ferromag-
etic structure Fmc-type. With further decrease in temperature,
canted antiferromagnetic structure (AFmc) state occurs around

N ≈ 157 K and, finally, there is a transition to an Fmc state plus
n additional Pr-sublattice magnetic contribution (Fmc + F(Pr)) at
Pr
C ≈ 25.5 K. Both PrMn1.4Fe0.6Ge2 and SmMn2Ge2 exhibit sim-
lar magnetic behaviour [13] even though the values of the
oom temperature a-parameters differ by ∼1% (a = 0.4088 nm and
∼ 0.4045 nm [19] respectively). This common magnetic behaviour
or disparate values of the a-parameter may be related to elec-
ronic effects as suggested in the case of NdMn1.6Fe0.4Ge2 for which
he ferromagnetic to antiferromagnetic transition takes place at
larger dMn–Mn distance than in the pure NdMn2Ge2 compound

12].

Fig. 2. Magnetization curves (a) at 2 K intervals between 20 a
pounds 509 (2011) L119–L123

It is well known that in RMn2Ge2 compounds, even slight vari-
ations in the unit cell parameters due to external factors, such
as pressure, field, temperature or chemical substitution, are suffi-
cient to modify the interlayer Mn–Mn spacing, leading to multiple
magnetic phase transitions (e.g. Refs. [16,19]). Such transitions are
likely to be accompanied by an anomaly in the thermal expan-
sion (magneto-volume effect) and can therefore be controlled
by application of pressure or field. It has been reported that
the width of the lower temperature antiferromagnetic phase in
SmMn2Ge2 can be extended by applied hydrostatic pressure [16].
The sharp transition of AFmc to Fmc + F(Pr) at low field implies
the unexpected large magnetocaloric effect as outlined in the fol-
lowing analysis. All these also imply that the type of transitions
are likely to be 1st order [11] and to exist thermal and mag-
netic hysteresis, but as our previous reported [11], the thermal
hysteresis at TPr

C � 25.5 K was about 4.5 K and magnetic hystere-
sis is small as shown in Fig. 2(a) of our previous reports Ref.
[11].

Fig. 2(a) shows the magnetization curves between 20 K and
60 K measured at 2 K intervals and the M–H verves over the range
120–200 K (5 K intervals) shown in Fig. 2(b). It is clear that above
TPr

C ≈ 25.5 K and below T inter
N ≈ 157 K, while the magnetization

increases slowly with magnetic field in the low-field range and
before increasing sharply at a critical field, the magnetization is
not saturated at 5 T between 25.5 K and 157 K. The step in the mag-
netization curves indicates a field-induced AFM to FM or FM to
AFM phase transition, which implies the first order nature of those
transitions. It has been reported [22] that the order of a magnetic
transition is related to the sign of the Landau coefficient factors.
A transition is expected to be first order when the factor is nega-
tive, whereas it will be second-order for a positive value. The Arrott
plots of H/M versus M2 at 2 K intervals between 20 K and 60 K and at
selected temperatures between 120 K and 200 K are shown in Ref.
[11]. It has been determined that the magnetic transitions from AFl
to Fmc above 168 K, from Fmc to AFmc below 157 K, and from AFmc
to Fmc + F(Pr) below 25.5 K are first order transitions in applied
magnetic field.

The temperature dependence of the isothermal magnetic
entropy change −�SM (T, H) calculated from Eq. (1) for different
magnetic-field changes around the three first order magnetic phase
transition temperatures – 25.5 K, 157 K, and 168 K – are presented
in Fig. 3(a) and (b). The values of −�Smax

M at 25.5 K are 8.2 and
11.8 J kg−1 K−1 for magnetic-field changes from 0 to 1.5 and 5 T,
respectively. These values are larger than those reported for Gd

(5.1 J kg−1 K−1 for 2 T) and comparable with Gd5(Si2Ge2) [2]. The
giant MCE value−�Smax

M = 8.2 J kg−1 K−1 obtained for the relatively
small field change from 0 to 1.5 T is very beneficial for applications.
The maxima of −�Smax

M at 25.5 K for the different magnetic-field

nd 60 K and (b) at 5 K intervals between 120 and 200 K.
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ig. 3. Temperature dependence of the isothermal magnetic entropy change −�S
inter
N and T inter

C .

hanges correspond to the temperature and field induced first order
Fmc to Fmc phase transition.

The curves of −�SM versus T shown in Fig. 3(b), provide valu-
ble information about the nature of the two other magnetic
rdering transitions in PrMn1.4Fe0.6Ge2. Around T inter

N ≈ 157 K,
�SM is negative (inverse MCE) corresponding to the magnetic

ransition from the Fmc to the AFmc state, but it changes to
ositive values with increasing temperature around TC ≈ 168 K,
orresponding to the magnetic transition from the AFl to the
mc state (Fig. 1). An inverse MCE has been often observed
n systems displaying first-order magnetic transitions and the
rigin is the same for all of them. Due to the presence of

ixed exchange interactions, the applied magnetic field leads

o a further spin-disordered state near the transition tempera-
ure, increasing the configurationally entropy [9]. As shown in
ig. 3(b), the −�Smax

M peak position moves to the low temperature

ig. 4. (a) Heat capacity Cp of PrMn1.4Fe0.6Ge2 measured under the fields of H = 0, 1.5 T, and
nd 5 T. Comparison of isothermal magnetic entropy change −�SM (obtained from magn
round 25.5 K under field from 0 T to 1.5 T and from 0 to 5 T, and (d) at temperature from
) around three 1st order magnetic phase transition temperatures: (a) TPr
C ; and (b)

side with increasing magnetic field. This behaviour, which is
commonly observed in field-induced first order phase transition
materials [23,24], is due to the large shift of transition critical field
to high field with decreasing temperature around T inter

N for the Fmc
to AFmc transition.

In order to confirm the observed large MCE in this com-
pound, we performed the heat capacity measurements in the
fields of H = 0, 1.5 T, and 5 T (Fig. 4(a)). Obvious thermal anomalies
at temperature ranges 15 K to 55 K, 120 K to 160 K corre-
sponds to the magnetic transitions. The effect of magnetic
field on the heat capacity of PrMn1.4Fe0.6Ge2 is quite pro-
nounced. These are more clearly seen in Cp/T–T curves (Fig. 4(b)).

From the second law of thermodynamics, we know that the
entropy (at constant pressure) of a system is related to the
heat capacity as (�S/�T)Hi = Cp(T)Hi/T. The isothermal magnetic
entropy change �SHC can be calculated from the heat capacity

5 T; (b) Specific heat Cp/T–T curves of PrMn1.4Fe0.6Ge2 under the fields of H = 0, 1.5 T,
etization data) with −�SHC (obtained from heat capacity data) (c) at temperature
120 K to 200 K under field from 1.5 T to 5 T.
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Table 1
Maximum −�SM (J/kg K) and �Tad (K) values as well as RCP (J/kg) under 1.5 T, transition temperature Tm and transition types around 20 K for PrMn1.4Fe0.6Ge2 and various
giant MCE materials.

Material −�SM �Tad RCP (J/kg) Ttt (K) Transition order Reference

PrMn1.4Fe0.6Ge2 8.2 4.8 110 25.5 AFM-FM, 1st Present
HoCuSi ∼11 /∼ 77 8.3 AFM-FM, 1st [25]
GdCo2B2 ∼7.8 4.1 96 25 AFM-FM, 1st [26]
HoMnO3 1.1 ∼1.9 /∼ 5.5 AFM-PM, 1st/2nd [27]
ErRu2Si2 7.8 4.2 ∼80 5.5 AFM-FM, 1st [15]
Ho5Pd2 6 /∼ ∼110 28 AFM-FM, 1st [15]
TbCoC2 6.8 /∼ ∼82 28 PM-FM, 2nd [28]
ErCo2 ∼7 4.2 56 32 PM-FM, 1st [29]
Gd3Fe5O12 ∼2 /∼ /∼ 35 AFM-FM, 2nd [30]
La(Fe0.88Si0.12)13 ∼12 5.5 ∼110 197 PM-FM, 1st [6]
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MnFePAs ∼9 ∼5 ∼100
Gd5Si2Ge2 ∼9 ∼5 90
Manganites 5.3 2.5 53
Pure Gd ∼4 4.7 120

ata by

SHC (T, H) =
∫ T

0

(Cp(T)Hi − Cp(T)H0)
∂T

T
(2)

As shown in Fig. 4(c) and (d), the entropy change �SHC exhibits a
imilar behaviour to �SM (obtained from the Maxwell relation) by
round three first order magnetic phase transitions, implying that
he two techniques yield consistent results in this system. Accord-
ng to thermodynamics, the adiabatic temperature change (�Tad)
t an arbitrary temperature T can be expressed as:

Tad = −�SHC (T, Hi) × T

Cp(T, H0)
(3)

here Cp(T, H0) is the heat capacity at temperature T and under
eld H0 = 0 T. Based on the formula (3), the �Tad at temperature
ange from 5 K to 60 K are presented in Fig. 5. The maximum �Tad
t temperature ∼25.5 K are about 4.8 K and 7.7 K for magnetic field
hanges of 0–1.5 and 0–5 T, respectively.

We have noticed the difference between entropy changes
−�SM) obtained from Maxwell equations and entropy changes
−�SHC) from Cp measurement especially when the temperature
> 30 K as shown in Fig. 3(c), which may due to two different
easurements, since the isothermal magnetic measurement only

icked up the magnetic moments, so the −�SM obtained from

axwell equations is pure magnetic entropy change. However, the

eat capacity measurements picked up three parts of contributions
electrons, photons or lattice, and magnetic), normally the electrons
ontribution is smaller, and lattice and magnetic are the mainly
ontributions to the −�SHC, the magnetic contribution is picked

ig. 5. Temperature dependence of adiabatic temperature rise �Tad in
rMn1.4Fe0.6Ge2 generated by a magnetic field change of 1.5 T and 5 T at
emperature around 25.5 K.
305 PM-FM, 1st [4]
278 PM-FM, 1st [1,2]
260 PM-FM, 1st/2nd [31]
294 PM-FM, 2nd [1,2]

up by magnetic measurement, e.g. the −�SM, therefore, the above
mentioned difference mainly due to the magnetic field induced
lattice changes contributed to entropy changes.

The −�SM spans in a temperature range, the full width of half
maximum (�T) approaches to ∼10 and ∼20 K in the magnetic field
changes from 0 to 1.5 T and to 5 T, respectively. The relative cooling
power (RCP), evaluated by RCP = −�Smax

M × ıT , reaches to ∼110
and ∼240 J/kg from 0 to 1.5 T and to 5 T, respectively. For com-
parison, the maximum −�Smax

M and �Tad (K) values as well as
RCP under field from 0 to 1.5 T, the transition temperature Tm

and transition types around 20 K and near room temperatures
for PrMn1.4Fe0.6Ge2 and various recent discovered best giant MCE
(GMCE) materials as shown in Table 1. These values are compa-
rable with and some value even larger than best known GMCE
materials near room temperature and around 20 K. Moreover, our
observations indicate that systems which exhibit re-entrant mag-
netism also offer a route for GMCE, and the rare earth elements
(Pr) add magnetic contribution accompany with the phase tran-
sition may uncover a new mechanism of GMCE, for which some
confirmation works are on progressing through neutron diffraction
experiments. In addition, this study provides significant oppor-
tunities for exploring new GMCE materials, such as the present
layered ThCr2Si2-type structure, by controlling magnetic transi-
tions in re-entrant magnetism through varying external factors,
such as pressure, field, temperature, and chemical substitution, to
vary the unit-cell parameters and to modify the interlayer Mn–Mn
spacing.

4. Summary

To summarize, the unexpected exhibition of a low filed large
MCE at around 25.5 K is associated with the field-induced FOMT
from the AFmc to the Fmc + F(Pr) state, and both conventional and
inverse magnetocaloric effects have been observed in polycrys-
talline PrMn1.4Fe0.6Ge2. The MCE values are comparable to those
reported for the best-known MCE materials. In particular, the MCE
value −�Smax= 8.2 J kg−1 K−1, obtained for a small field change from
0 to 1.5 T, is very beneficial for applications. This suggests that
PrMn1.4Fe0.6Ge2 may be a promising candidate to be applied in
magnetic refrigeration in the low temperature hydrogen or nature
gas liquefaction range.
Acknowledgements

The authors thank Dr. T. Silver for her help and useful discus-
sions. This work is supported by the Australian Research Council
through a Discovery project (project ID: DP0879070).



nd Com

R

[

[

[

[

[

[

[

[
[
[

[

[

[

[
[

[
[
[

[
92 (2008) 242508.

[29] N.K. Singh, K.G. Suresh, A.K. Nigam, S.K. Malik, A.A. Coelho, S. Gama, J. Magn.
Magn. Mater. 317 (2007) 68.

[30] M.H. Phan, M.B. Morales, C.N. Chinnasamy, B. Latha, V.G. Harris, H. Srikanth, J.
R. Zeng et al. / Journal of Alloys a

eferences

[1] (a) V.K. Pecharsky, K.A. Gschneidner Jr., Phys. Rev. Lett. 78 (1997) 4494;
(b) V.K. Pecharsky, K.A. Gschneidner Jr., Appl. Phys. Lett. 70 (1997)
3299.

[2] K.A. Gschneidner Jr., V.K. Pecharsky, A.O. Tsokol, Rep. Prog. Phys. 68 (2005)
1479.

[3] A.M. Tishin, Y.I. Spichkin, The Magnetocaloric Effect and Its Applications, Insti-
tute of Physics, Bristol, 2003.

[4] O. Tegus, E. Brück, K.H.J. Buschow, F.R. de Boer, Nature 415 (2002) 150.
[5] H. Wada, Y. Tanabe, Appl. Phys. Lett. 79 (2001) 3302.
[6] F.X. Hu, B.G. Shen, J.R. Sun, Z.H. Cheng, G.H. Rao, X.X. Zhang, Appl. Phys. Lett. 78

(2001) 3675.
[7] V. Provenzano, A.J. Shapiro, R.D. Shull, Nature 429 (2004) 853.
[8] (a) X.X. Zhang, H.L. Wei, Z.Q. Zhang, L.Y. Zhang, Phys. Rev. Lett. 87 (2001)

157203;
(b) V. Franco, K.R. Pirota, V.M. Prida, A.M.J.C. Neto, A. Conde, M. Knobel, B.
Hernando, M. Vazquez, Phys. Rev. B 77 (2008) 104434.

[9] T. Krenke, E. Duman, M. Acet, E.F. Wassermann, X. Moya, L. Manosa, A. Planes,
Nat. Mater. 4 (2005) 450.

10] M. Manoli, R.D.L. Johnstone, S. Parsons, M. Murrie, M. Affronte, M. Evangelisti,
E.K. Brechin, Angew. Chem. Int. Ed. 46 (2007) 4456.

11] R. Zeng, J.L. Wang, L. Lu, W.X. Li, S.J. Campbell, S.X. Dou, J. Alloys Compd. 505
(2010) L38–L42.

12] G. Venturini, R. Welter, E. Ressouche, B. Malaman, J. Magn. Magn. Mater. 150
(1995) 197.

13] (a) J.L. Wang, S.J. Campbell, J.M. Cadogan, O. Tegus, A.J. Studer, M. Hofmann, J.
Phys.: Condens. Matter 18 (2006) 189;

(b) I. Dincer, A. Elmali, Y. Elerman, H. Ehrenberg, H. Fuess, G. Andre, J. Alloy
Compd. 416 (2006) 22.

14] (a) H. Wada, Y. Tanabe, K. Hagiwara, M. Shiga, J. Magn. Magn. Mater. 218 (2000)
203–210;
O. Tegus, N.P. Duong, W. Dagula, L. Zhang, E. Bruck, K.H.J. Buschow, F.R. de Boer,
J. Appl. Phys. 91 (2002) 8529.

[

pounds 509 (2011) L119–L123 L123

15] T. Samanta, I. Das, S. Banerjee, Appl. Phys. Lett. 91 (2007) 152506, and 91 (2007)
082511.

16] (a) K. Koyama, S. Miura, H. Okada, T. Shigeoka, S. Fujieda, A. Fujita, K. Fukamichi,
K. Watanabe, J. Alloys Compd. 408–412 (2006) 118;
P. Kumar, K.G. Suresh, A.K. Nigam, A. Magnus, A.A. Coelho, S. Gama, Phys. Rev.
B 77 (2008) 224427.

17] H. Fujii, T. Okamoto, T. Shigeoka, N. Iwata, Solid State Commun. 53 (1985) 715.
18] M. Duraj, R. Duraj, A. Szytula, J. Magn. Magn. Mater. 82 (1989) 319.
19] G.J. Tomka, C. Ritter, P.C. Riedi, Cz. Kapusta, W. Kocemba, Phys. Rev. B 58 (1998)

6330.
20] I. Nowik, Y. Levi, I. Felner, E.R. Bauminger, J. Magn. Magn. Mater. 147 (1995)

373.
21] R. Welter, G. Venturini, E. Ressouche, B. Malaman, J. Alloys Compd. 218 (1995)

204.
22] (a) J. Inoue, M. Shimizu, J. Phys. F: Met. Phys. 12 (1982) 1811;

(b) N.H. Duc, D.T.K. Anh, P.E. Brommer, Physica B 319 (2002) 1.
23] H. Yamada, T. Goto, Phys. Rev. B 68 (2003) 184417.
24] S.M. Yusuf, M.D. Mukadam, P. Raj, A. Sathyamoorthy, S.K. Malik, Physica B 359

(2005) 1009.
25] J. Chen, B.G. Shen, Q.Y. Dong, F.X. Hu, J.R. Sun, Appl. Phys. Lett. 96 (2010) 152501.
26] A.W. Li, K. Nishimura, H. Yamane, Appl. Phys. Lett. 74 (2009) 102509.
27] A. Midya, P. Mandal, S. Das, S. Banerrjee, L.S.S. Chandra, V. Ganesan, S.R. Barman,

Appl. Phys. Lett. 96 (2009) 115007.
28] B. Li, W.J. Hu, X.G. Liu, F. Yang, W.J. Ren, X.G. Zhao, Z.D. Zhang, Appl. Phys. Lett.
Phys. D: Appl. Phys. 42 (2010) 152501.
31] J.C. Debnath, R. Zeng, J.H. Kim, S.X. Dou, J. Appl. Phys. 107 (2010) 09A916.


	Large magnetocaloric effect in re-entrant ferromagnet PrMn1.4Fe0.6Ge2
	Introduction
	Experimental
	Results and discussion
	Summary
	Acknowledgements
	References


