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75.30.Sg – Magnetocaloric eﬀect, magnetic cooling
75.30.Kz – Magnetic phase boundaries (including magnetic transitions, metamagnetism,
etc.)
61.50.Ks – Crystallographic aspects of phase transformations; pressure eﬀects

Abstract – Maxwell relation and mean-ﬁeld approximation are chosen to estimate the total
entropy change and the magnetic entropy change, respectively. The experimental results are
exactly consonant with the theoretical results. Consequently, the magnetic entropy changes
make up the majority of the total entropy change, and the lattice entropy changes are small. The
giant magnetocaloric eﬀect in MnAs is clariﬁed. According to thermodynamics discussion, the
modulus of compression and the stress at TC decrease dramatically. Therefore, the magnetostructural phase transition in MnAs is a kind of soft mode.
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The magnetocaloric eﬀect (MCE) discovered by
Warburg [1] means isothermal magnetic entropy change
or adiabatic temperature change through magnetizing or
demagnetizing of magnetic solids which are similar to the
compression or expansion of gases. The hotspots of the
MCE research are focused on materials which undergo
a ﬁrst-order magnetic phase transition nowadays [2–10].
Obviously, the entropy change would be prominent in the
vicinity of phase transition. However, ﬁrst-order magnetic
phase transitions are always accompanying with the
discontinuous volume deformation even the structural
phase transition. Imaginably, the magnetic degrees of
freedom couple with that of the lattice intensely. The
total entropy change can be estimated by the experimental method according to the thermodynamics Maxwell
relations. But the magnetic, the lattice, and the electronic
parts of entropy changes are diﬃcult to distinguish.
Therefore, the meanings of this kind of MCE have gone
beyond the original conceptual category.
MnAs, a ferromagnet with saturation magnetization of
3.4 µB /Mn, is a good candidate for studying the coupling
between the magnetic and the lattice degrees of freedom.
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MnAs undergoes a ﬁrst-order phase transition from
α-MnAs (ferromagnetic hexagonal NiAs-type structure)
to β-MnAs (paramagnetic orthorhombic MnP-type structure) at approximately 313 K; at higher temperatures,
∼ 393 K, the structure reverts back to γ-MnAs (paramagnetic hexagonal structure) in a second-order phase
transition [11]. The study will focus on the ﬁrst-order
magneto-structural phase transition. The large volume
contraction due to structural transformation (α-MnAs
to β-MnAs) couples with a ﬁrst-order magnetic phase
transition, and approaches 2% [12,13]. The magnetic ﬁeld
can drive TC to a higher temperature which is a result of
metamagnetic transition.
Some interesting phenomena of MnAs and its
Sb-doped compounds are associated with the ﬁrst-order
metamagnetic transition, such as giant MCE [7], large
magneto-elastic response [12], “colossal-like” magnetoresistance [14]. The peak value of the entropy change
can reach 30 J/kgK and the adiabatic temperature
change can reach 13 K for ∆H = 5 T [7]. MnAs and its
Sb-doped compounds are regarded as attractive candidates to be used as magnetic refrigerants. The MCE
of MnAs under static pressure may be quite surprising
since the entropy change achieves 267 J/kgK (T = 281 K,
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P = 2.23 kbar, ∆H = 5 T) and it is referred to as colossal
MCE [9]. Subsequently, an entropy change of 300 J/kgK
is observed in Mn0.997 Fe0.003 As at ambient pressure [10].
It is believed that the lattice plays a key role in the
colossal-MCE problem. The giant and colossal MCE of
MnAs and MnAs1−x Sbx compounds have been investigated theoretically by von Ranke et al. [15,16] by using
the Bean-Rodbell model [17]. The results show that
lattice deformation may enhance the MCE. According
to the results of heat capacity measurement on the
La1−x Prx Fe11.5 Si1.5 compound, Liu et al. [18] give a
diﬀerent explanation of giant MCE which uncovers the
importance of phase coexistence in MCE problems. In
fact, the detail of phase transition is still unclear due to
strong magneto-elastic coupling. From both the experimental and the theoretical point of view, the true course
of a ﬁrst-order magneto-structural phase transition is
valuable and important, but this kind of work is deﬁcient.
Subsequently, the MCE of MnAs will be discussed deeply,
and the relationship between the giant MCE and soft
modes will be uncovered.
The details of sample preparation and measurement
have been described previously [7]. The paramagnetic
scattering of MnAs measured by spin-polarised neutron
scatter indicates that the magnetic moment is stable,
and the magnetic correlation is strongly ferromagnetic
and temperature independent [11,19]. Therefore, the
mean-ﬁeld approximation (MFA) is a reasonable method
used to calculate the magnetic entropy change in MnAs.
In the MFA, the magnetic entropy of the system can be
written as


2J + 1
x
sinh


2J
− xBJ (x) ,
(1)
Sm = N kB ln
x
sinh
2J
here N is the number of magnetic spins, BJ (x) is the
Brillouin function with x = gJµB (H + Hm )/kB T , g = 2.27
is the Landé g factor, µB is the Bohr magneton, J = 3/2
is the total angular momentum, kB is the Boltzmann
constant, H and Hm are the external magnetic ﬁeld and
the molecular ﬁeld, respectively. It can be assumed that
the magnetic entropy S(x) connects with the Brillouin
function BJ (x) one-to-one through the same independent variable x, since both of them can scale the order
degree of the magnetic subsystem. Therefore, S changed
with temperature, can be codetermined by eq. (1) and
temperature-dependent normalized magnetization [20].
According to thermodynamics, the physical quantities
mentioned above, can be investigated in another way.
Owing to the existence of strong magneto-elastic coupling,
Maxwell relations are written as




∂M
∂V
=−
,
(2)
∂H P,T
∂P H,T




∂S
∂V
=−
,
(3)
∂T P,H
∂P T,H

Fig. 1: The Arrott plot of MnAs between 300 K and 348 K. The
“S” shape characteristic of the Arrott plot above TC is the sign
of metamagnetic transition.
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here V is the volume and P the pressure. Based on eq. (4)
and at constant pressure, the total entropy change under
diﬀerent magnetic ﬁeld is expressed as

H2 
∂M (H, T )
dH. (5)
S(H2 , T ) − S(H1 , T ) =
∂T
H1
H
The Arrott plot is shown in ﬁg. 1. The negative slope
and inﬂexion in the Arrott plot are the signs of metamagnetic transition. The metamagnetic transition led to
giant MCE in MnAs. The total entropy changes, estimated using eq. (5), are shown in ﬁg. 2. Spontaneous
magnetization is extracted from the Arrott plot by data
above 2 T. Magnetic entropy changes are calculated by
using eq. (1) and are also shown in ﬁg. 2. The theoretical calculations are perfectly consonant with the experimental results (maximum error within 5 J/kgK), which
indicates that magnetic entropy changes are dominant.
The calculation also shows that the magnetic entropy
jump at TC in zero ﬁeld is 32.9 J/kgK which is consistent with the heat capacity measurement results very well
performed by Wada (28.5 J/kgK) [21] and Schünemann
et al. (31.6 J/kgK) [22]. From ﬁg. 2 it is easy to draw the
conclusion that the total entropy change is approximately

47002-p2

Giant magnetocaloric eﬀect and soft-mode magneto-structural phase transition in MnAs
The Gibbs free energy per unit volume can be written as


J
3
N kB TC σ 2
G = −HN µs σ −
2 J +1
1
1
+ Kω 2 + BKω 3 + P ω − T S,
2
3

Fig. 2: The total entropy change calculated by using Maxwell
relation shown in solid symbols, and the magnetic entropy
change calculated by using the MFA shown in hollow symbols
under diﬀerent magnetic ﬁeld changes. The temperature
changes from 300 to 350 K and the temperature interval is 1 K.
Solid lines are guides for the eye.

equal to the magnetic entropy change in MnAs. As this
is a complex magnetic solid, the total entropy is approximately composed of the electronic part, the magnetic part,
and the lattice part, etc. A question emerges as to where
the lattice and electronic entropy change go. In fact the
electronic entropy change is so small that it is negligible [23]. Therefore, the answer is that the lattice entropy
change is small, though its deformation is as large as
2% [12,13]. It is anomalous that such large lattice negative deformation has such small contribution to the latent
heat (the product of entropy change multiplies TC for a
ﬁrst-order phase transition). It should be noted that this is
a criterion of soft-mode displacive structural phase transition, which is often observed in ferroelectric materials [24].
The concept of soft mode proposed by Cochran means
that the instability of lattice against a particular mode
of vibration is approached as the corresponding frequency
approaches zero which may be the reason of ferroelectric
transition [25].
The case of MnAs can be discussed phenomenologically
in the frame of thermodynamics. In the vicinity of phase
transition, the stress should possess nonlinear form [20]:
F = −(1 + Bω)Kω,

(6)

ω = (V − V0 )/V0 is the volume deformation; V and V0
are the volume with and without exchange interactions,
respectively. Here V0 is volume of the paramagnetic state
in zero external ﬁelds and pressure. K is the modulus
of compression which is always positive, B is a positive
coeﬃcient. The elastic energy per unit volume can be
written as
2
1
(7)
U = Kω 2 1 + Bω .
2
3

(8)

where the ﬁrst term on the right is the ﬁeld; the second is
the exchange; the third and fourth stand for the distortion;
the ﬁfth is the pressure; and the last is the entropy. The
normalized magnetization is σ = M/N µs with µs = gJµB .
The electronic entropy changes are neglected [23]. For
a ﬁrst-order phase transition, the Gibbs free energy of
the low temperature phase (l) equals to that of high
temperature (h) at the critical point. In the conditions
of zero ﬁeld and high vacuum, H ∼
= 0, P ∼
= 0, and
= 0, σh ∼
∼
ωh = 0. Then eq. (8) can be simpliﬁed as


J
3
1
1
TC (Sh − Sl ) =
N kB TC σl2 − Kωl2 − BKωl3 .
2 J +1
2
3
(9)
According to the above discussion, the magnetic entropy
changes are dominant, then the lattice parts are small.
Therefore, the sum of the last two terms in eq. (9)
should be small. As a result, the modulus of compression
K should decrease dramatically in the vicinity of the
phase transition. Calculation based on eq. (9) shows
K < 26.7 GPa at TC , which is far smaller than the result of
ﬁrst-principle band calculation ∼ 200 GPa of MnAs [26].
Consequentially, the stress should decrease dramatically
too. The modulus of compression K and stress F will
not conclude with zero, they will arrive at a ﬁnite value
for a ﬁrst-order phase transition. These phenomena are
the typical characteristics of soft-mode structural phase
transition [24], which are in accord with the prediction
of Palumbo [27] that the anomalous change in the lattice
dynamics of MnAs at TC is strictly related to a critical
lowering in the phonon frequencies.
The lattice negative expansion is always an obstacle
to achieving large MCE if the modulus of compression
K does not obviously decrease [20]. MnAs, however,
is a unique compound though large negative lattice
deformation occurs. Its modulus of compression K and
stress F at TC decrease dramatically because of the
soft-mode magneto-structural phase transition. As a
result, the lattice entropy is almost unchanged, and the
structural phase transition makes a small contribution to
latent heat.
The total entropy changes and magnetic entropy
changes are calculated by using Maxwell relation and
MFA, respectively. It is shown that the theoretical
calculation is very well consistent with the experimental
estimation. The magnetic entropy change is undoubtedly
prominent; moreover the magnetic entropy changes are
dominant. It is easy to conclude that the lattice entropy
changes and its contribution to the latent heat at TC
are small. As a result, the modulus of compression K
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and the stress F at TC should decrease dramatically
(K < 26.7 GPa). Therefore, the magneto-structural phase
transition (hexagonal phase α-MnAs change to orthorhombic phase β-MnAs) is a soft-mode one. The giant
MCE, soft-mode magneto-structural phase transition and
their relationship are ﬁrstly clariﬁed in MnAs. It should
be pointed out that MnAs is the only compound which
has “pure” (derived from magnetic degrees of freedom)
giant MCE and the lattice eﬀect is so small that it
is negligible at present. The work gains a new insight
into the problems of MCE and soft-mode structural phase
transition which can be extended to other ferromagnetic
transitions, ferroelectric transitions and so on.
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