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Abstract
The magnetocaloric effect (MCE) in an orbital–spin-coupled spinel vanadate MnV2O4 is
investigated by magnetization measurement. MnV2O4 has ferrimagnetic ordering occurring at
TC = 57 K. The maximum magnetic entropy change reaches 14.8 and 24.0 J kg−1 K−1 for field
changes of 0–2 and 0–4 T, respectively. The maximum adiabatic temperature is about 2.9 K for
a magnetic field change of 2 T. Except for the spin entropy change, the observed giant MCE is
suggested to be related to the orbital entropy change due to the change of the orbital state of
V3+ induced by an applied magnetic field around TC.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetic materials with a large magnetocaloric effect (MCE)
at temperatures below 70 K have attracted much research
interest due to their potential environmental advantages over
gas liquefiers [1, 2]. The key problem in application of
magnetic refrigeration is to seek those materials that are
cheaper but display a larger MCE. Mostly, rare-earth materials
and their alloys show excellent magnetocaloric properties
because of their large magnetic moment [1–6]. However, rare-
earth metals are in general expensive, and therefore there is a
strong incentive to search for new inexpensive materials that
exhibit a large MCE below 70 K.

Recently, the spinel vanadium oxide, with formula AV2O4,
has been extensively studied due to its interesting physical
properties [7–19]. In this series of compounds, there is
antiferromagnetic (AFM) (ZnV2O4, MgV2O4, CdV2O4 etc)
or ferrimagnetic (MnV2O4) ordering, which are dominated by
direct t2g–t2g interaction between neighboring V3+ spins (S =
1) or by the superexchange (SE) interaction through the oxygen
2p orbital between V3+ and Mn2+ (S = 5/2) spins [15]. A
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structure phase transition into a tetragonal phase is presumably
induced by the ordering of V orbitals below the magnetic
ordering temperature. Katsufuji and co-workers [13, 15]
reported a magnetic field ‘switching’ of the crystal structure in
MnV2O4. It was demonstrated that the applied magnetic field
enhances the evolution of a ferromagnetic (FM) moment on the
V site and induces an orbital ordering (OO) and the structural
phase transition into a tetragonal phase. In other words, the
applied magnetic field can easily change the lattice structure
and the spin configuration in MnV2O4. In general, the MCE
is expected to be high across a magnetic phase transition or
structural phase transition, and this gives us the motivation to
study the MCE of MnV2O4 around TC. In this paper, the MCE
of MnV2O4 is investigated by dc magnetic measurements,
indicating that MnV2O4 is probably a promising candidate
as a working material below 70 K in magnetic refrigeration
technology.

2. Experimental details

Polycrystalline samples of MnV2O4 were prepared by the
standard solid-state synthesis method. A stoichiometric
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Figure 1. X-ray powder diffraction pattern (plus marks) and Rietveld
refinement pattern (solid line) of MnV2O4 at room temperature. The
vertical marks indicate the position of Bragg peaks, and the solid line
at the bottom corresponds to the difference between observed and
calculated intensities.

mixture of MnO and V2O3 was carefully crushed and pressed
in the form of bars. These bars were placed in a Pt crucible
which was sealed in an evacuated quartz tube (∼10−5 Torr).
The tube was heated at 950 ◦C for 40 h. The phase purity
of the sample was examined by powder x-ray diffraction
(XRD) using Cu Kα radiation at room temperature. The
magnetization measurement was performed with a Quantum
Design (QD) superconducting quantum interference device
(SQUID) system (1.9 K � T � 400 K, 0 T � H � 5 T).

3. Results and discussion

Figure 1 displays the experimental XRD and the Rietveld
analysis patterns of MnV2O4 with 2θ scanning from 20◦ to 80◦
at room temperature. All diffraction peaks can be indexed into
a face-centered cubic cell (Fd 3̄m) with the lattice parameter
a = 8.5227 Å obtained from the Rietveld analysis. The lattice
parameter is consistent with reported data [12, 15, 16].

Figure 2 shows the temperature dependence of magnetiza-
tion (M–T ) in an applied magnetic field H = 0.002 T
under zero-field cooling (ZFC), field-cooling cooling (FCC)
and field-cooling warming (FCW) modes. It indicates that
ferrimagnetic ordering occurs at TC = 57 K, defined as
the temperature of the maximum slope in the M–T curves.
Below TC there is a difference in the ZFC and FC data,
which is due to a spin-glass-like ground state developing at
low temperatures [21]. Both FCC and FCW curves show no
hysteresis, which demonstrates the second-order character of
the magnetic transition. The second transition taking place at
lower temperature (TS = 53 K) corresponds to a falling of M
with temperature decreasing in the FCW mode, which might
be related to the structural phase transition induced by the
antiferro-type ordering of the V t2g orbitals. A clear hysteresis
is a typical characteristic of the first-order transition. The
magnetic measurement is in agreement with the previously
reported results [15, 17].

In order to obtain the change in magnetic entropy, isother-
mal magnetization curves are recorded in the temperature

Figure 2. Temperature dependence of magnetization recorded in the
ZFC, FCC and FCW modes under an applied magnetic field
H = 0.002 T. TC and TS correspond to the ferrimagnetic ordering
temperature and the low temperature structural phase transition,
respectively.

range of 20–90 K in a magnetic field up to 4.5 T. The mea-
surement results are shown in figure 3(a), where the blue lines
show the magnetization curves around TC. The inset of fig-
ure 3(a) shows the field dependence of the reversible magne-
tization around TC; the bubble-like hysteresis is related to the
field-induced structural phase transition [17]. The magnetic
entropy change is given by

�Sm(T, H ) = Sm(T, H ) − Sm(T, 0) =
∫ H

0

(
∂M

∂T

)
H

dH,

(1)
and can be evaluated by the expression

|�Sm| =
∑

i

Mi − Mi+1

Ti+1 − Ti
�Hi, (2)

where Mi is the magnetization at temperature Ti .
Magnetic entropy change versus temperature curves

derived from equation (2) are shown in figure 3(b). In the
vicinity of TC, the maximum entropy change |�Smax

m | is 14.8
and 24.0 J kg−1 K−1 for fields of 2 and 4 T, respectively.
According to mean field theory, the relation between magnetic
entropy and magnetic field near the magnetic phase transition
is described as [20]

�Sm
∼= −1.07q R

(
gμB J H

kTC

)2/3

(3)

where q is the number of magnetic ions, R is the gas constant
and g is the Landé factor. The inset of figure 3(b) shows
the H 2/3 dependence of �Sm for MnV2O4. It is found that
�Sm has a good linear dependence on H 2/3 at low fields,
implying a second-order character for the magnetic transition.
However, the field H 2/3 dependence of magnetic entropy
deviates upward from linearity above 2 T, which is related to
the magnetic-field-induced structural phase transition [13, 15].
The increased magnetic entropy might originate from the
orbital change of V3+ ions, which is caused by the presence of
the antiferro-type orderings of the V t2g orbitals above 2 T. The
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Figure 3. (a) Magnetization as a function of applied field for
MnV2O4 between 20 and 90 K. The blue circle dots and lines
correspond to temperatures around TC. The inset shows the field
dependence of reversible magnetization around TC. (b) Entropy
changes in MnV2O4 extracted from magnetization measurements
with magnetic field changes from 0 to 1, 2, 3 and 4 T. The inset
shows the relation between maximum �S and H 2/3 near the
magnetic transition temperature. The straight line gives a linear fit to
data.

reason why the values of magnetic entropy tend to saturation at
high fields is not yet clear, and further investigation is needed
in the future. However, the large magnetic entropy change
(−�Sm) indicates that MnV2O4 belongs to a class of giant
MCE materials. The giant MCE related to the field-induced
magnetic transition obtained in MnV2O4 is compared with
that observed in Ho5Pb2 [22], DySb [28] and ErRu2Si2 [26]
compounds in which a field-induced AFM to FM transition
occurs. Table 1 shows the magnetocaloric parameters of some
respective giant MCE materials working at low temperatures.
It demonstrates that the observed value of −�SM for MnV2O4

is quite large in comparison with that of some giant MCE
materials, especially at low fields (H = 2 T).

It is well known that another important parameter for a
MCE material is the adiabatic temperature change �Tad. Based
on thermodynamics, the adiabatic temperature change at an
arbitrary temperature T0 can be expressed as

�T ∼= −�Sm(T0, H )
T0

Cp(T0, H )
(4)

Figure 4. Temperature dependence of the adiabatic temperature
change �Tad in MnV2O4 induced by a magnetic field change of
0–2 T.

where Cp is the specific heat. The data for heat capacity in
a field of H = 2 T were obtained from the [17]. Figure 4
shows the temperature dependence of the adiabatic temperature
change �Tad for the applied magnetic field H = 2 T. The peak
value of �Tad is about 2.9 K for a magnetic field variation of
0–2 T. The relative cooling power (RCP), evaluated by RCP =
−�Smax

M × δT , is about 46.7 and 86.1 J kg−1 for 2 T and 4 T,
respectively. The transition temperature (TM), together with
the maximum values of magnetocaloric parameters (−�SM

and �Tad) and relative cooling power (RCP) under 2 and 4 T
for MnV2O4 and various giant MCE materials are listed in
table 1 for comparison. This table shows that both �Tad and
RCP values are comparable with those of some giant MCE
materials and the maximum value of −�SM is larger than that
of the potential promising magnetic refrigerant materials at 2
and 4 T at low temperatures. Therefore, the large magnetic
entropy and adiabatic temperature change imply that the spinel
vanadium MnV2O4 is probably a promising candidate working
material below 70 K in magnetic refrigeration technology. In
addition, there are also some other advantages of MnV2O4 as
a magnetic refrigerant material: (1) the reversible MCE in low
fields (<2 T); (2) the relatively low cost of components and
fabrication using MnO powder and V2O3.

As is well known, a large MCE is usually related to two
factors: the large saturation magnetization (MS) and the rapid
change of magnetization around the magnetic phase transition.
From the isothermal magnetization curve at 20 K, the MS

value is about 65 emu g−1 (2.6 μB/f.u.). The change of
magnetization is not very sharp around TC (the temperature
interval between the PM and FM state is about 2 K obtained
from figure 2). The above two values are not comparable with
those of conventional MCE materials [22–28]. For MnV2O4,
these two factors do not seem to play the key role in the
MCE. There might exist a special character in our studied
system. We turn to the magnetic structure of the orbital–
spin-coupled system MnV2O4. In general, the evolution of
MnV2O4’s magnetism might be described as follows: the
collinear ferrimagnetic ordering (TC), where the Mn spins
and the V spins are aligned in opposite direction and the
FM coupling is within the V3+ sublattice, occurs at about
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Table 1. The transition temperature (TM), the maximum values of magnetocaloric parameters (−�SM and �Tad as well as RCP) under 2 and
4 T for MnV2O4 and various giant MCE materials.

−�SM (J kg−1 K−1)/(mJ cm−3 K−1) RCP (J kg−1) �Tad (K)

Material TM (K) 2 T 4 T 2 T 4 T 2 T Reference

MnV2O4 57 14.8 (70.2) 24.0 (113.8) 46.7 86.1 2.9 Present work
Ho5Pd2 25 ∼7 ∼15 ∼204 ∼578 — [21]
CdCr2S4 87 3.92 (16.7) 7.04 (30.0) ∼130 ∼360 2.6 [22]
MnSi ∼40 2.2 (13.0) 3.22 (19.0) 21.39 47.42 2.6 [23]
Dy50Gd7Al23Co20 26 4.33 — 173 — — [24]
ErRu2Si2 5.5 ∼11 (97.4) ∼15 (132.8) ∼55 — 5.9 [25]
Eu8Ga16Ge30 13 ∼8.5 — 87 — — [26]
DySb 11 — ∼12 (97.3) ∼34 — — [27]

Figure 5. Schematic representations of the evolution of MnV2O4s
magnetism and the magnetization dependence of temperature under
H = 0.002 T in the ZFC mode. The Mn moments are aligned
upwards (not shown in the figure). N–C FiM, C FiM and PM denote
the non-collinear ferrimagnetic, collinear ferromagnetic and
paramagnetic phases, respectively.

57 K. With decreasing temperature, through the SE interaction
between the V3+ ions, where the FM spin order favors an
AFM orbital coupling within the t2g orbitals of V3+ ions, and
with the help of the Jahn–Teller effect induced by the VO6

octahedron, an OO with tetragonal distortion occurs at TS

(one t2g electron of V3+ occupies the dxy orbital and another
t2g electron locates the dyz and dzx orbitals alternately along
the c axis). The tetragonal structural distortion stabilizes a
canting within the V spins, leading to triangular ferrimagnetic
order (non-collinear ferrimagnetic order). Simple schematic
representations are shown in figure 5. The maximum of the
magnetic entropy obtained from the experiment is around TC,
which is higher than TS. The magnetic hysteresis occurs in
the field dependence of magnetization above TS, as shown
in the inset of figure 3(a), which is related to the OO of V
ions. In other words, though the temperature of the maximum
of the magnetic entropy is higher than TS, the OO of V3+
can also been induced by applied magnetic fields due to the
strong coupling between the spin, orbital and lattice degrees
of freedom in MnV2O4 [15]. Because one electron of the V
ion occupies the superposition of the yz and zx orbitals, the
angular momentum is not totally quenched for the V orbitals,

i.e. total angular momentum J ′ = L′+S, the change of orbital
order/disorder can be reflected in the isothermal magnetization.
The calculated magnetic entropy is not only the spin entropy
coming from the ferrimagnetic to PM transition but also the
orbital entropy induced by the OO of V3+. Thus, the large
MCE of MnV2O4 is different from the conventional giant
MCE materials where the giant MCE effect is mainly from
the contribution of spin order–disorder. The entropy change of
MnV2O4 is derived from the spin entropy and orbital entropy
around TC. The contribution of orbital entropy might be an
important part of the magnetic entropy of MnV2O4. The
similar large MCE is also observed near the charge/orbital
ordering transition in manganites [2, 29, 30]. The strong
coupling between orbital and spin degrees of freedom in the t2g

states at the V site is mainly responsible for the OO induced by
the magnetic field about TS in the orbital–spin-coupled system
studied here. The large MCE suggests that the spinel vanadate
MnV2O4 is probably a promising candidate as a working
material below 70 K in magnetic refrigeration technology.
However, more detailed study is needed in vanadates as
the origin of large magnetic entropy change deserves to be
investigated further.

4. Conclusion

In summary, MnV2O4 shows a large magnetic entropy change
near TC = 57 K. A magnetic field induces a structural phase
transition, leading to large magnetic entropy changes ∼14.8
and 24.0 J kg−1 K−1 for field changes of 0–2 and 0–4 T. The
maximum �Tad is about 2.9 K for a magnetic field change of
2 T. Except for the spin entropy change, the observed giant
MCE is suggested to be related to the orbital entropy change
due to the change of the orbital state of V3+ ions with an
applied field around TC. The study of MnV2O4 may give
some indications for exploring spinel vanadates for magnetic
refrigeration technology.
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