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We improved the magnetocaloric potential of MnAs compounds by stoichiometry decrease in Mn
through small substitution by Fe and Cr. Isothermal magnetization measurements present hysteresis
with metamagnetic processes near the transition temperature, indicating a coexistence of magnetic
phases. Magnetic entropy change and the adiabatic temperature change were obtained from heat
capacity measurements up to 380 K at magnetic fields of 0 and 5 T. The results show high values
of the magnetocaloric properties, as the relative cooling power, even in the presence of the
hysteresis. The results can be associated to an increase in chemical pressure by Fe/Cr. © 2011
American Institute of Physics. �doi:10.1063/1.3560309�

The last decades have been characterized by enormous
concern about energy demanding devices and environmental
depletion of natural resources. One of the issues that plays a
significant role in modern society is the refrigeration mecha-
nism that is found in many industrial, commercial, and resi-
dential processes. Since the discovery that ozone depletion
was increasing due to chemicals as chlorofluorocarbon
�CFC� and hydro-CFCs, many attempts to find substitutes for
these gases were made in order to address this problem, and
the magnetic refrigeration �MR� method has been attracting
attention due to the use of a solid magnetic material, which
implies a higher energy efficiency and minimized risk to the
environment. The MR is based on the magnetocaloric effect
�MCE� in magnetic compounds and the search for more ef-
ficient materials is the core of our work.

Materials such as MnAs �Ref. 1� and Gd5Ge2Si2 �Ref. 2�
have been widely studied due to the large MCE at a first-
order magnetostructural transition and are being pursued as
active refrigerant mediums. It has also been shown that ma-
terials based on MnAs present a significant energy loss dur-
ing a temperature cycle due to their high thermal hysteresis,
and therefore, they would have limited technological
application.3 Recently, it was reported that a small substitu-
tion of Mn by Cr atoms reduces or even eliminates the ther-
mal hysteresis present in the MnAs.4 In this letter, we present
the effect of the Mn substitution by Fe and Cr atoms in small
quantities in the MnAs compound, and we found that a large
MCE is still obtained and, in addition, the new compounds
present a relative cooling power �RCP�, which is the relevant
quantity for future MR applications, that is three times
higher than in the parent compound MnAs.5 RCP was ob-
tained from heat capacity measurement, and is also higher
than other MnAs family members, calculated from different
kind of measurements �see Table I for further details�.

The Mn0.9875Cr0.0125−xFexAs �x=0.000 and 0.006� com-
pounds were prepared using the method presented in Ref. 8,
which consists in producing two mother alloys �Mn–Cr

and Mn–Fe� by arc melting. Subsequently, the appropriate
amounts of pure Mn and As were mixed with Cr and Fe from
the MnCr and MnFe alloys, respectively. The materials, in
pieces, were sealed in a quartz tube under pure argon gas and
melted in resistive tubular oven during 4 h at 1343 K. After
this procedure, the same quartz tube containing the sample
was heat treated at 1073 K for 48 h and subsequently water
quenched to ambient temperature. Powder x-ray diffraction
patterns were collected at room temperature and the structure
refinements were performed by the Rietvelt method. The re-
sults indicate that the samples are single phase and crystal-
lizes in orthorhombic MnP-type structure above the transi-
tion temperature �Tc�. Magnetization and heat capacity
measurements were performed in a Physical Property Mea-
surement System from Quantum Design, Inc.

The magnetization curves of Fig. 1�a� were used to ob-
tain the transition temperatures of the samples during
increasing/decreasing temperature runs. The values obtained
are T=313.2 /300.9 K and T=301.5 /287.8 K, for x=0.000
and 0.006, respectively, with an applied field of 0.01 T. Note
that the thermal hysteresis, �Th, has a small increase after
Fe addition: �Th=12.3 K �x=0.000� and �Th=13.7 K�x
=0.006�. Therefore, as Fe atoms amount increases, Tc goes to
lower temperatures while the hysteresis presents a small in-
crease, as observed in the pure Mn1−xFexAs system.8 This
observation suggests that Fe atoms govern the magnetic
properties of the material, although the Cr atoms keep the
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TABLE I. Calculated RCP for different MnAs materials for a field change
of 5 T.

Material
RCP�S�
�J/kg� Measurement

MnAs 520 Magnetization vs temperature, Ref. 6
MnAs 286 Heat capacity, Ref. 5
Mn0.99Cr0.01As 280 Magnetization vs field, Ref. 4
MnAs0.7Sb0.3 450 Magnetization vs temperature, Ref. 7
Mn0.9875Cr0.0125As 893 Heat capacity �present work�
Mn0.9875Cr0.0065Fe0.006As 730 Heat capacity �present work�
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hysteresis lower than in the Mn1−xFexAs material.8 It was
also observed that Tc goes to higher temperatures with ap-
plied magnetic field, as expected and reported for other
MnAs-family compounds.5,6

Isothermal magnetization data as function of the external
magnetic field are shown in Fig. 1�b�, and for temperatures
within the thermal hysteresis, M�H� presents a metamagnetic
transition, which usually found in systems with phase
coexistence/competition, in this case, paramagnetic and fer-
romagnetic phases.9,10 The thermal hysteresis and the meta-
magnetic transitions are signatures of a first-order transition
�FOT�, and this fact restricts the use of Maxwell relations to
calculate the magnetic entropy change.5,11 Below Tc, both
samples are in a pure ferromagnetic state and the magnetiza-
tion saturates around 120 emu/g. For temperatures above Tc

both samples present a field-induced first-order
metamagnetic/structural transition as observed in MnAs.12

Heat capacity �HC� results around Tc were carefully ana-
lyzed. From the slope analysis13,14 of temperature versus
time curves collected during the heat capacity measurements,
we observed significant changes in the slope of the curves
indicating the existence of latent heat at Tc, which is ex-
pected for a FOT.14,15 In Fig. 2, we show the derivative of the
temperature versus time curve recorded during the applica-
tion of the heat pulse in a HC measurement, for a tempera-
ture below Tc, �panel a�, and around Tc, �panel b�. For the
measurement when the temperature does not cross Tc, the
derivative does not present any change in the temperature/
time rate, which means that with the application of the heat
pulse, the sample increased its temperature monotonically.
On the other hand, for the measurement crossing Tc �300 K�,
there is an anomaly in the curve, better observed in its de-
rivative, which is a clear signature of the latent heat of the
transition. This kind of analysis is necessary to avoid the
underestimation of the heat capacity peak value, reported for
FOT measured through the heat-pulse method.5,14,15

The final heat capacity curves are presented in Fig. 3.
Calorimetry curves presenting multiple peaks have been re-
ported for MnAs and Mn0.994Fe0.006As, and have been related
with either avalanche effects typical of FOTs �Ref. 5� or as a
possible indication that the structural transition is decoupled
from the magnetic transition.3 A broad peak with one or more
shoulders is also observed for both compounds �insets of Fig.
3� and it is found on both measurements, with or without an
applied magnetic field. We are convinced that the former one
is the most probable explanation, since these shoulders are

FIG. 1. Magnetization measurements as a function of �a� temperature and
�b� magnetic field.

FIG. 2. Temperature vs time curves �inset� and its derivatives, during the
heat pulse measurement, for the Fe doped sample. For a temperature range
below Tc �a� and around Tc, �b�.

FIG. 3. �Color online� �a� Heat capacity measurements of
Mn0.9875Cr0.0125−xFexAs for x=0.000 and �b� x=0.006. The inset in both
figures show an enlarged plot of the curve’s peaks.
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observed at slightly different temperatures when the mea-
surement is repeated. More detailed studies are being made
in order to identify a mechanism that explains this multiple-
peaks transitions.

The magnetic entropy change was calculated from the
heat capacity data using the relation:16

�Smag�T,H� = �
TI

TF C�T,H = 5T� − C�T,H = 0�
T

dT �1�

and the final result ��Smag�, is presented in Fig. 4�a�. For
both samples, the results present a high and broad entropy
change, �Smag=38 J / �kg K�=4.9 J / �mol K� for x=0.000
and �Smag=42 J / �kg K�=5.5 J / �mol K� for x=0.006,
which means a high RCP, determined as the product of
�Smag peak value and the full width at half maximum
��TFWHM� of the �Smag�T� curve:16 RCP�S�= ��Smag�max

��TFWHM. The results found are 893 J/kg and 730 J/kg for
x=0.000 and x=0.006, respectively. These high values are
important for application in MR cycles. We believed that the
increase in the RCP is due to the effect of Fe and Cr substi-
tution that acts as a positive chemical pressure applied on the
unit cell of the compound.17 An increase in the MCE, the
�Smag, with applied pressure was also observed in other
materials,18–20 while it has not been reported the effect in the
adiabatic temperature change, �Ta, so far. In our samples,
the adiabatic temperature change was calculated for both
compounds, according to16 �Ta�T��H��T�S�HF

−T�S�HI
� and

the results are presented in Fig. 4�b�. The maximum value
found, 15 K for x=0.000, is higher than the �Ta value for
the MnAs,6 for the same magnetic field change ��H=5 T�,
and is also higher than the value found for Gd.21

In summary, we have shown that small substitution of
Mn by Cr or Fe/Cr in MnAs compounds leads to a high RCP
values, due to an increase in the �Smag compared to MnAs.
The Fe substitution in the Mn0.9875Cr0.0125−xFexAs compound
for a concentration x=0.006 causes an increase in the ther-
mal hysteresis compared to the Mn0.9875Cr0.0125As and the
decrease of the RCP value, however, high values of magnetic
entropy changes are still obtained. Metamagnetic transitions
around Tc are observed, but a nonreproducible behavior was
detected, which seems to be associated to a random mecha-
nism biased by thermal and magnetic interactions inside the
sample. The RCP values found in these compounds are
highly desirable for application in a MR cycle. The results
presented here for these class of compounds are important
for the ongoing studies of suitable magnetic materials to be
used in a future MR apparatus.

The authors would like to thank CNPq, FAPERJ, and
FAPEMIG for financial support. The authors are grateful to
L. Ghivelder for proof reading the manuscript.

1S. Gama, A. Coelho, A. de Campos, A. Carvalho, F. Gandra, P. von
Ranke, and N. de Oliveira, Phys. Rev. Lett. 93, 237202 �2004�.

2V. Pecharsky and K. Gschneidner, Phys. Rev. Lett. 78, 4494 �1997�.
3A. L. Lima Sharma, S. Gama, A. A. Coelho, and A. de Campos, Appl.
Phys. Lett. 93, 261910 �2008�.

4N. K. Sun, W. B. Cui, D. Li, D. Y. Geng, F. Yang, and Z. D. Zhang, Appl.
Phys. Lett. 92, 072504 �2008�.

5L. Tocado, E. Palacios, and R. Burriel, J. Therm Anal. Calorim. 84, 213
�2006�.

6H. Wada and Y. Tanabe, Appl. Phys. Lett. 79, 3302 �2001�.
7H. Wada, K. Taniguchi, and Y. Tanabe, Mater. Trans. 43, 73 �2002�.
8A. de Campos, D. L. Rocco, A. M. G. Carvalho, L. Caron, A. A. Coelho,
S. Gama, L. M. Da Silva, F. C. G. Gandra, A. O. Dos Santos, L. P.
Cardoso, P. J. Von Ranke, and N. A. De Oliveira, Nature Mater. 5, 802
�2006�.

9L. Tocado, E. Palacios, and R. Burriel, J. Appl. Phys. 105, 093918 �2009�.
10G. J. Liu, J. R. Sun, J. Shen, B. Gao, H. W. Zhang, F. X. Hu, and B. G.

Shen, Appl. Phys. Lett. 90, 032507 �2007�.
11M. Balli, D. Fruchart, D. Gignoux, and R. Zach, Appl. Phys. Lett. 95,

072509 �2009�.
12J. Mira, F. Rivadulla, J. Rivas, A. Fondado, T. Guidi, R. Caciuffo, F.

Carsugui, P. G. Radaelli, and J. B. Goodenough, Phys. Rev. Lett. 90,
097203 �2003�.

13PPMS, Heat Capacity Option, User‘s Manual, Quantum Design.
14J. C. Lashley, M. F. Hundley, A. Migliori, J. L. Sarrao, P. G. Pagliuso, T.

W. Darling, M. Jaime, J. C. Cooley, W. L. Hults, L. Morales, D. J. Thoma,
J. L. Smith, J. Boerio-Goates, B. F. Woodfield, G. R. Stewart, R. A. Fisher,
and N. E. Phillips, Cryogenics 43, 369 �2003�.

15V. Hardy, Y. Bréard, and C. Martin, J. Phys.: Condens. Matter 21, 075403
�2009�.

16A. Tishin and Y. Spichkin, The Magnetocaloric Effect and its Applications
�Institute of Physics, Bristol, Philadelphia, 2003�.

17A. Zieba, R. Zach, H. Fjellvag, and A. Kjekshus, J. Phys. Chem. Solids
48, 79 �1987�.

18Z. Arnold, C. Magen, L. Morellon, P. A. Algarabel, J. Kamarad, M. R.
Ibarra, V. K. Pecharsky, and K. A. Gschneidner, Jr., Phys. Rev. B 79,
144430 �2009�.

19A. K. Nayak, K. G. Suresh, A. K. Nigam, A. A. Coelho, and S. Gama, J.
Appl. Phys. 106, 053901 �2009�.

20L. Morellon, Z. Arnold, C. Magen, C. Ritter, O. Prokhnenko, Y. Sko-
rokhod, P. Algarabel, M. Ibarra, and J. Kamarad, Phys. Rev. Lett. 93,
137201 �2004�.

21V. Pecharsky and K. Gschneidner, J. Magn. Magn. Mater. 200, 44 �1999�.

FIG. 4. �Color online� �a� Magnetic entropy change and �b� adiabatic tem-
perature change for Mn0.9875Cr0.0125−xFexAs, with x=0.000 and x=0.006.

102515-3 Mejía et al. Appl. Phys. Lett. 98, 102515 �2011�

Downloaded 08 Aug 2011 to 200.20.9.77. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevLett.93.237202
http://dx.doi.org/10.1103/PhysRevLett.78.4494
http://dx.doi.org/10.1063/1.3058712
http://dx.doi.org/10.1063/1.3058712
http://dx.doi.org/10.1063/1.2884524
http://dx.doi.org/10.1063/1.2884524
http://dx.doi.org/10.1007/s10973-005-7180-z
http://dx.doi.org/10.1063/1.1419048
http://dx.doi.org/10.2320/matertrans.43.73
http://dx.doi.org/10.1038/nmat1732
http://dx.doi.org/10.1063/1.3093880
http://dx.doi.org/10.1063/1.2425033
http://dx.doi.org/10.1063/1.3194144
http://dx.doi.org/10.1103/PhysRevLett.90.097203
http://dx.doi.org/10.1016/S0011-2275(03)00092-4
http://dx.doi.org/10.1088/0953-8984/21/7/075403
http://dx.doi.org/10.1016/0022-3697(87)90144-2
http://dx.doi.org/10.1103/PhysRevB.79.144430
http://dx.doi.org/10.1063/1.3208064
http://dx.doi.org/10.1063/1.3208064
http://dx.doi.org/10.1103/PhysRevLett.93.137201
http://dx.doi.org/10.1016/S0304-8853(99)00397-2

