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Magnetocaloric effects (MCE) at multiple magnetic phase transition temperatures in PrMn; 4FeqsGe,
were investigated by heat capacity and magnetization measurements. PrMn; 4FeosGe; is of a re-entrant
ferromagnet and performs multiple magnetic phase transitions in the temperature range from 5 to 340 K.
A large magnetic entropy change (—ASy) 8.2]J/kgK and adiabatic temperature change (AT,y) 4.8K are

observed for a field change of 0-1.5T around 25.5 K, associated with the field-induced first order mag-
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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

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Cooling technology based on the magnetocaloric effect is con-
sidered extremely beneficial for the future in helping to address the
two key issues of energy shortages and global warming. As such, itis
highly desirable to explore new materials which offer prospects for
agiant magnetocaloric effect (GMCE) especially under low applying
field. The GMCE is generally associated with a first-order magnetic
transition (FOMT) because of the large difference in magnetiza-
tion between two adjacent magnetic phases. Thus, Pecharsky and
Gschneidner discovered a GMCE in GdsGe,Si, originating from a
first-order field induced structural and magnetic transition in this
compound at 276 K [1] (see also [2,3]) with other GMCE ferromag-
netic materials such as MnFePg 45As0.55 [4], MnAs [5], and La(FeSi);3
[6], subsequently having been discovered. These materials display
a GMCE due to the first-order magnetic disorder-to-order transi-
tion from the paramagnetic to the ferromagnetic state near room
temperature. There are also studies of other properties which are
important for fundamental mechanism understanding and prac-
tice application [7-9], and there are also studies of paramagnetic
salts, garnets, and molecular clusters which can be utilized for low
temperature cooling purposes [10].

Ternary rare-earth (R) compounds of the type RT»X,, where
T=transition metal, X =Si, Ge, exhibit a large variety of structural
and physical properties and have been studied extensively over
the years. The interesting phenomenon of re-entrant ferromag-
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netism has been found in several of these RT,X, 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 RT,X; [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 PrMn,_,FeyGe, 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 PrMn; 4Feg gGe;. It has been found that a
first-order temperature-induced and field-induced order (AFmc)
to order (Fmc + F(Pr)) magnetic phase transition around 25.5K 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 PrMn; 4FeosGe; 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
0-5.0T 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 AH starting from zero
field, was derived from the magnetization data by means of the following expression
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Fig. 1. Magnetic behaviours of PrMn; 4FeqsGe,, M-T and 1/x-T curves.

which can be obtained from the Maxwell relation:

H
ASM(T,H):/ (‘;—Ig) oH (1)
0 H

3. Results and discussion

The temperature dependences of the PrMn; 4FegsGe, magne-
tization on cooling and heating from 5 to 340K in magnetic fields
0.1Tare presented in Fig. 1, the 1/ x-T curve is presented as well. As
showninFig. 1, the M-Tand 1/ x-T curves of PrMn, 4Feg s Ge; reveal
the presence of four magnetic transitions, similar to the case of
SmMn,Ge, [17-19]. Based on the magnetic structures of PrMn, Ge,
[20,21] and the similarity in magnetic behaviour of PrMn; 4Feg gGe,
to that of SmMn,Ge,, it can be seen that with decreasing tem-
perature from 340K, PrMnq 4FegsGe, exhibits a transition from
paramagnetism (PM) to an ab-plane antiferromagnetic state (AFl)
[13] at Néel temperature, T,{l“““ ~ 333 K. Around Curie temperature,
Té“ter ~ 168K, this AFI structure gives way to a canted ferromag-
netic structure Fmc-type. With further decrease in temperature,
a canted antiferromagnetic structure (AFmc) state occurs around
Tn~ 157K and, finally, there is a transition to an Fmc state plus
an additional Pr-sublattice magnetic contribution (Fmc+F(Pr)) at
Tgr ~ 25.5K. Both PrMn; 4FegcGe, and SmMn,Ge, exhibit sim-
ilar magnetic behaviour [13] even though the values of the
room temperature a-parameters differ by ~1% (a=0.4088 nm and
a~0.4045 nm [19] respectively). This common magnetic behaviour
for disparate values of the a-parameter may be related to elec-
tronic effects as suggested in the case of NdMn; gFeg 4Ge, for which
the ferromagnetic to antiferromagnetic transition takes place at
a larger dyin-mn distance than in the pure NdMn,Ge, compound
[12].
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It is well known that in RMn,Ge; 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
SmMn,Ge; 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 Tgf ~ 25.5K was about 4.5K 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 20K and
60 K measured at 2 K intervals and the M-H verves over the range
120-200K (5K intervals) shown in Fig. 2(b). It is clear that above
Tgr ~ 25.5K and below Tli\lnter ~ 157K, 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 5T between 25.5 Kand 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 M? at 2 K intervals between 20 K and 60 K and at
selected temperatures between 120K and 200K are shown in Ref.
[11].1t has been determined that the magnetic transitions from AFI
to Fmc above 168 K, from Fmc to AFmc below 157 K, and from AFmc
to Fmc+F(Pr) below 25.5K are first order transitions in applied
magnetic field.

The temperature dependence of the isothermal magnetic
entropy change —ASy; (T, H) calculated from Eq. (1) for different
magnetic-field changes around the three first order magnetic phase
transition temperatures — 25.5K, 157K, and 168 K - are presented
in Fig. 3(a) and (b). The values of —ASyH® at 25.5K are 8.2 and
11.8J kg~ K1 for magnetic-field changes from 0 to 1.5 and 5T,
respectively. These values are larger than those reported for Gd
(5.1Jkg=1K-1 for 2T) and comparable with Gds(Si,Ge;) [2]. The
giant MCE value —AS™* = 8.2] kg~ K~ ! obtained for the relatively
small field change from 0 to 1.5 T is very beneficial for applications.
The maxima of —ASyH®™ at 25.5K for the different magnetic-field
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Fig. 2. Magnetization curves (a) at 2 K intervals between 20 and 60K and (b) at 5K intervals between 120 and 200 K.
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Fig. 3. Temperature dependence of the isothermal magnetic entropy change —ASy (T, H) around three 1st order magnetic phase transition temperatures: (a) Tgr; and (b)

inter inter
Ty and T

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

The curves of —ASy; versus T shown in Fig. 3(b), provide valu-
able information about the nature of the two other magnetic
ordering transitions in PrMnj4FegsGe;. Around TIi\I“ter% 157K,
—AS) is negative (inverse MCE) corresponding to the magnetic
transition from the Fmc to the AFmc state, but it changes to
positive values with increasing temperature around Tc~ 168K,
corresponding to the magnetic transition from the AFI to the
Fmc state (Fig. 1). An inverse MCE has been often observed
in systems displaying first-order magnetic transitions and the
origin is the same for all of them. Due to the presence of
mixed exchange interactions, the applied magnetic field leads
to a further spin-disordered state near the transition tempera-
ture, increasing the configurationally entropy [9]. As shown in
Fig. 3(b), the — ASp** peak position moves to the low temperature

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 Tli\]rlter 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, 1.5T, and 5T (Fig. 4(a)). Obvious thermal anomalies
at temperature ranges 15K to 55K, 120K to 160K corre-
sponds to the magnetic transitions. The effect of magnetic
field on the heat capacity of PrMnj4FepgGe, is quite pro-
nounced. These are more clearly seen in C,/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 (8S/0T)y; =Cp(T)yi/T. The isothermal magnetic
entropy change ASyc can be calculated from the heat capacity
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Fig.4. (a)Heat capacity C, of PrMn, 4FeosGe, measured under the fields of H=0, 1.5T, and 5 T; (b) Specific heat C,/T-T curves of PrMn; 4Feo sGe; under the fieldsof H=0,1.5T,
and 5T. Comparison of isothermal magnetic entropy change —AS), (obtained from magnetization data) with — ASyc (obtained from heat capacity data) (c) at temperature
around 25.5 K under field from OT to 1.5T and from O to 5T, and (d) at temperature from 120K to 200K under field from 1.5Tto 5T.
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Table 1
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Maximum —ASy (J/kg K) and AT,y (K) values as well as RCP (J/kg) under 1.5T, transition temperature T, and transition types around 20K for PrMn; 4FeosGe;, and various

giant MCE materials.

Material —ASy ATy RCP (J/kg) T (K) Transition order Reference
PrMn; 4FeqsGes 8.2 4.8 110 255 AFM-FM, 1st Present
HoCusSi ~11 |~ 77 8.3 AFM-FM, 1st [25]
GdCo, B, ~7.8 4.1 96 25 AFM-FM, 1st [26]
HoMnOs3 1.1 ~1.9 |~ 5.5 AFM-PM, 1st/2nd [27]
ErRu,Si; 7.8 42 ~80 5.5 AFM-FM, 1st [15]
HosPd, 6 |~ ~110 28 AFM-FM, 1st [15]
TbCoC, 6.8 |~ ~82 28 PM-FM, 2nd [28]
ErCo, ~7 42 56 32 PM-FM, 1st [29]
GdsFes01; ~2 |~ |~ 35 AFM-FM, 2nd [30]
La(FeogsSio12)13 ~12 55 ~110 197 PM-FM, 1st [6]
MnFePAs ~9 ~5 ~100 305 PM-FM, 1st [4]
GdsSi>Ge;, ~9 ~5 90 278 PM-FM, 1st [1,2]
Manganites 53 2.5 53 260 PM-FM, 1st/2nd [31]
Pure Gd ~4 47 120 294 PM-FM, 2nd [1,2]
data by up by magnetic measurement, e.g. the — ASy, therefore, the above
T mentioned difference mainly due to the magnetic field induced
ASyc(T, H) = / (Cp(T)yi — Cp(T)HO)ﬂ 2) lattice changes contr@buted to entropy changes. '
0 T The —ASy spans in a temperature range, the full width of half

As shown in Fig. 4(c) and (d), the entropy change ASyc exhibits a
similar behaviour to ASy, (obtained from the Maxwell relation) by
around three first order magnetic phase transitions, implying that
the two techniques yield consistent results in this system. Accord-
ing to thermodynamics, the adiabatic temperature change (AT,y)
at an arbitrary temperature T can be expressed as:

T

ATgq = —ASyc(T, H;j) x m

(3)
where Cp(T, Hyp) is the heat capacity at temperature T and under
field Hy=0T. Based on the formula (3), the AT,4 at temperature
range from 5K to 60K are presented in Fig. 5. The maximum ATy
at temperature ~25.5 K are about 4.8 K and 7.7 K for magnetic field
changes of 0-1.5 and 0-5T, respectively.

We have noticed the difference between entropy changes
(—ASy) obtained from Maxwell equations and entropy changes
(—ASpyc) from C, measurement especially when the temperature
T>30K as shown in Fig. 3(c), which may due to two different
measurements, since the isothermal magnetic measurement only
picked up the magnetic moments, so the —ASy, obtained from
Maxwell equations is pure magnetic entropy change. However, the
heat capacity measurements picked up three parts of contributions
(electrons, photons or lattice, and magnetic), normally the electrons
contribution is smaller, and lattice and magnetic are the mainly
contributions to the —ASyc, the magnetic contribution is picked
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Fig. 5. Temperature dependence of adiabatic temperature rise AT, in
PrMn; 4FegsGe, generated by a magnetic field change of 1.5T and 5T at
temperature around 25.5 K.

maximum (3T) approaches to ~10 and ~20K in the magnetic field
changes from 0 to 1.5 T and to 5T, respectively. The relative cooling
power (RCP), evaluated by RCP = —ASp#* x 8T, reaches to ~110
and ~240]/kg from 0 to 1.5T and to 5T, respectively. For com-
parison, the maximum —ASH®™ and ATy (K) values as well as
RCP under field from O to 1.5T, the transition temperature Ty,
and transition types around 20K and near room temperatures
for PrMn; 4FeqsGe, 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 ThCr;Si,-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 25.5K 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 PrMn; 4FegGe,. The MCE values are comparable to those
reported for the best-known MCE materials. In particular, the MCE
value —ASmax=8.2] kg=1 K1, obtained for a small field change from
0 to 1.5T, is very beneficial for applications. This suggests that
PrMn; 4FegsGe, may be a promising candidate to be applied in
magnetic refrigeration in the low temperature hydrogen or nature
gas liquefaction range.
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