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The magnetocaloric effect (MCE) is the basis for magnetic
refrigeration, and can replace conventional gas compression
technology due to its superior efficiency and environment

friendliness1–3. MCE materials must exhibit a large temperature
variation in response to an adiabatic magnetic-field variation
and a large isothermal entropic effect is also expected. In this
respect, MnAs shows the colossal MCE, but the effect appears
under high pressures4. In this work, we report on the properties
of Mn1−xFexAs that exhibit the colossal effect at ambient pressure.
The MCE peak varies from 285 K to 310 K depending on the Fe
concentration. Although a large thermal hysteresis is observed,
the colossal effect at ambient pressure brings layered magnetic
regenerators with huge refrigerating power closer to practical
applications around room temperature.

The magnetocaloric effect (MCE) is important because of its
potential applications in the domestic and industrial refrigeration
markets. The effect is evaluated by two parameters, the adiabatic
temperature variation �Tad, and the isothermal entropic variation
�Siso for a material subjected to a magnetic-field variation1. A
large �Siso is important, because it is proportional to the material
refrigerating power1. The possibility of tuning the transition
temperature is also a key point to develop efficient active magnetic
regenerator refrigerators1–3.

For the materials exhibiting the conventional MCE, where the
magnetic transitions are of the second-order type, the contribution
to �Siso is only of magnetic origin1–3,5. On the other hand, when
a first-order transition occurs, the MCE is giant6–10 and �Siso

also includes a considerable contribution from the lattice through
the latent heat5,11,12. Up to now, no material exhibiting either the
conventional or the giant MCE (GMCE) shows an entropic effect
surpassing the magnetic limit posed by the relation R ln(2J + 1)
(refs 1–3), where R is the gas constant and J is the total angular
momentum of the magnetic ion.

Recently, we disclosed the colossal MCE (CMCE) in MnAs
under pressure4, which exhibits a maximum �Siso 2.6 times the
magnetic limit for MnAs. To account for such a great value for
�Siso, we proposed a model where a large contribution to the
MCE is extracted from the lattice by the field variation through
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Figure 1 The effect on magnetization from Fe substitution for Mn in MnAs.
Magnetization curves as a function of temperature for an applied magnetic field of
0.02 T (the lines are guides for the eye).

the strong magnetoelastic interaction present in MnAs4,13,14. This
lattice effect, however, is not to be mistaken as the latent heat
lattice contribution11,12 observed in the case of the GMCE. In
the case of the CMCE materials the latent heat contribution is
only a fraction of the observed entropic effect4. The colossal
effect is of prime importance for applications because of the
huge potential refrigerating power of the material. In addition,
tunable CMCE will allow the use of layered regenerators15 with
overall refrigerating powers far greater than possible with materials
exhibiting conventional or GMCE.

Other materials such as Gd5Ge2Si2 (ref. 16), MnFeP0.8Ge0.2

(L. Caron et al., to be published) and the manganite La0.8Sr0.2MnO3

(ref. 17) exhibiting similar properties (for example, strong
magnetoelastic interaction) were studied under pressure, but none
showed the CMCE. Measurements for La(Fe1−xSix)13Hy (ref. 18)
show that pressure decreases the Curie temperature, TC, and

802 nature materials VOL 5 OCTOBER 2006 www.nature.com/naturematerials

Untitled-1   1 13/9/06, 3:49:20 pm

Nature  Publishing Group ©2006



LETTERS

300

Tc ascending

Tc descending

50

40

30

20

10

250

Tr
an

si
tio

n 
te

m
pe

ra
tu

re
 (K

)

Hysteresis (K)

200

150

100
0 0.004 0.008

Fe concentration (x )
0.012 0.016

Mn1–xFexAs

Hysteresis

Figure 2 The effect on transition temperature and hysteresis from Fe
substitution for Mn in MnAs. Linear variations of the transition temperature with
increasing and decreasing temperature, and of the width of the thermal hysteresis
as a function of Fe concentration. The lines are linear fits to the experimental
data (symbols).

increases �Siso, but the MCE remains in the giant effect range.
We then focused our search on MnAs derivatives, obtained by
doping it with several atoms, with two aims. One aim was to reduce
hysteresis and the other was to obtain the same effect at lower or
at ambient pressure. We studied substitutions of Sb for As, because
these compounds exhibit the giant effect with small hysteresis, TC

is tuned by the Sb amount, and they have strong magnetoelastic
interaction9,10. Indeed, the compound MnAs0.95Sb0.05 showed the
CMCE (A. de Campos et al., to be published) with the same features
observed in MnAs, both under pressure. We stress that on these
substitutions, a low solubility of the dopants and the precipitation
of a second phase (A. de C., A. A. C., S. G. and A. I. C. Persiano,
presented in First IIR Int. Conf. On Magnetic Refrigeration at Room
Temperature Montreux, Switzerland, 27–30 September 2005) are
always observed.

We also studied substitutions in the Mn site in MnAs. We
selected Fe due to the similarities between iron and manganese
and their mutual solubility19, simplifying the doping process.
Given the small difference in the atomic radii, we expected
that the substitution of Fe for Mn should emulate the pressure
effect observed in MnAs. Indeed, TC shifts to lower temperatures
(Fig. 1), the thermal hysteresis markedly increases (Fig. 2) and the
saturation magnetization shows a sudden decrease (Fig. 3a) as x
increases in Mn1−xFexAs.

The entropic MCE was measured in the vicinity of the
transition using the isothermal magnetization curves (Fig. 3b) and
we found it to have the colossal character (where the entropy
is above the entropy magnetic limit), even at ambient pressure
(Fig. 4). It is clear that the introduction of Fe produces results
similar to an applied hydrostatic pressure in MnAs. A drastic
drop of the MCE is observed in Mn1−xFexAs for x > 0.0125
(Fig. 4), accompanied by a drop in MS as well as by a change
from ferromagnetic to antiferromagnetic-like behaviour20 (Fig. 3a,
x = 0.0175). We note that for the case of MnAs, the MCE
completely disappears as pressure increases above a critical value4.

The behaviour and values of the refrigerating power for the
Fe-doped compounds are similar to those observed for MnAs
at ambient pressure. The difference is that the refrigerating
power observed in the colossal effect is concentrated in a small
temperature interval, meaning that for this small temperature
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Figure 3 Behaviour of Mn1−xFexAs magnetization at low temperatures and
around the Curie point. a, Magnetization of Mn1−xFexAs as a function of applied
magnetic field and Fe content at 7 K, measured with increasing field. Note the onset
of antiferromagnetic-like behaviour for x > 0.015. b, Isothermal magnetization
curves around the magnetic transition for x= 0.006. The curves shown are for
increasing field and temperature.

difference between a hot and a cold reservoir it is possible to extract
a large amount of heat. This material is of particular importance
as it exhibits the CMCE in the temperature range between 285 and
310 K. The design of layered active magnetic regenerators with large
refrigerating power is favoured by the possibility of tuning TC by
the Fe concentration, in a relatively large temperature interval. It is
just necessary to consider that each layer ‘works’ in a temperature
interval centred at the peak of the CMCE.

The analysis of the Rietveld refinements confirmed the
hexagonal NiAs-type structure for the ordered phase and the
orthorhombic MnP-type structure for the paramagnetic phase.
The Fe substitution for Mn leads to a decrease of the lattice
parameters and of the unit cell volume, corroborating a
correspondence between external pressure and chemical pressure
(Fe concentration), for both phases. Values for an equivalent
pressure for each Fe content were obtained using the P versus
TC relations established by Menyuk et al.20. From these equivalent
pressures and the unit cell volume contraction we estimated the
equivalent compressibility of the doped compounds, obtaining an
average value of 2.7×10−11 Pa−1, consistent with Menyuk’s value of
4.55×10−11 Pa−1 for MnAs (ref. 20).

An important question is whether the iron doping is just
promoting a volumetric effect or if the electronic structure of the
compound is also being altered (note that the colossal effect found
in Gd5(Si1−xGex)4 (ref. 6) as a consequence of chemical pressure
has no counterpart on Gd5Ge4 under external pressure (Z. Arnold,
presented in Course Held at the Physics Institute of the State
University of Campinas—Unicamp January 2005)). In fact, low-
temperature specific heat measurements reveal the same electronic
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Figure 4 The colossal effect for Mn1−xFexAs as a function of temperature and
Fe content for a magnetic field variation of 5 T. The measurements were carried
out with increasing temperature. The symbols correspond to experimental data. The
dashed lines through the experimental points are guides to the eye. The solid lines
are the theoretical model results. The inset shows the Grüneisen parameters for the
MnAs and Mn1−xFexAs compounds. The lines in the inset are linear fits to the
experimental data.

coefficient for both MnAs and Mn1−xFexAs, indicating that there
is no alteration of the density of electronic states at the Fermi
level caused by the presence of Fe. Applying the model previously
proposed to explain the CMCE (ref. 13) in MnAs to this case
(Fig. 4), we are able to reproduce the experimental data reasonably
well. As is typical for the model, it provides a larger temperature
window for the effect than the experiment. The calculation results
show the Grüneisen parameters for Mn1−xFexAs to vary at a fairly
slower rate (0.49×10−8 Pa−1) than for MnAs (−1.74×10−8 Pa−1)
(Fig. 4, inset), besides a change of signal of this rate. This is an
indication that the presence of Fe is causing more than just the
chemical pressure. Nevertheless, TC variation for the Fe-doped
material obtained by application of external pressure is compatible
with the value for pure MnAs (1.75 × 10−7 K Pa−1 for x = 0.003,
1.69 × 10−7 K Pa−1 in average for all x and 1.64 × 10−7 K Pa−1 for
x = 0). Therefore, the correspondence between pressure and Fe
content in principle supports the idea that the main role of the
Fe atoms is to cause a linear decrease of the unit cell volume.
Nevertheless, further analysis should be carried out to clarify
this aspect.

The discovery of the series of compounds Mn1−xFexAs with
CMCE at ambient pressure and with transition temperatures
tuned by the Fe content opens up the possibility of the
construction of layered active magnetic regenerator refrigerators
with refrigerating powers unthinkable up to now. They also operate
in the temperature range from 310 K to 285 K, a very important
temperature interval for domestic and industrial applications.
This new material, together with others to be discovered with
similar properties in a wider temperature span, can reshape the
perspectives of practical applications of magnetic refrigeration
technology in our society. An important matter to be addressed in
future research of these materials is how to reduce or even eliminate
the thermal hysteresis, which is still too large to allow direct use of
this new material.

METHODS

The samples for this work were prepared using a method we developed that
avoids the long reaction-sintering heat treatments reported in the literature9,10.
First, a mother Fe–Mn alloy was arc melted under argon atmosphere. Each
compound was then prepared with all the Fe coming from the mother alloy
plus the appropriate amounts of pure Mn and As to complete the 1:1 ‘MnAs’
stoichiometry. All materials were in pieces, and the total amount of each sample
was 5 g. The materials sealed in a quartz tube under vacuum were heat treated
in a resistive furnace at 1,070 ◦C for 2 h to assure the melting and thorough
mixing of the components, and were then quenched to room temperature. The
tube containing the sample was then reheated to 800 ◦C for 48 h and
subsequently water quenched to ambient temperature.

Samples were characterized by metallographic analyses, X-ray diffraction
and magnetic measurements before the measurements to determine the MCE
were carried out. All Fe-doped samples formed a single phase, as shown by
both metallography and X-ray diffraction, and confirmed by the magnetization
as a function of temperature for a 0.02 T applied magnetic field. Transition
temperatures were determined through the minimum of the temperature
derivative of the curves M ×T for the 0.02 T applied field.

The MCE was measured using magnetic measurements obtained from a
commercial superconducting quantum interference device magnetometer and
numerically integrating the Maxwell relation (∂S/∂H)|T = (∂M/∂T)|H ,
where S is the total entropy of the material, M is its magnetization and H is the
external applied magnetic field.
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