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We have investigated the magnetic and magnetocaloric properties of HoMnO3 single crystal.
HoMnO3 displays a series of complicated phase transitions due to the long range ordering of Mn3+
and Ho3+ moments. Field variation in magnetization generates a metamagnetic transition and
produces an entropy change of 13.1 J/kg K at 7 T in the vicinity of antiferromagnetic ordering
temperature of Ho3+. The values of adiabatic temperature change 共⬃6.5 K兲 and relative cooling
power 共⬃320 J / kg兲 for a field change of 7 T are also appreciable to consider HoMnO3 as a
magnetic refrigerant at low temperature. © 2010 American Institute of Physics.
关doi:10.1063/1.3386541兴
Magnetocaloric effect 共MCE兲 describes the reversible
change in temperature 共⌬Tad兲 of a magnetic material under
adiabatic condition produced by the magnetic entropy
change ⌬S M due to the variation in applied magnetic field.1
MCE becomes maximum close to the paramagnetic to ferromagnetic transition temperature.1 In the case of first order
magnetic transition,2,3 a large entropy change ⌬SM originates
from the difference in the degree of magnetic ordering between two adjacent magnetic phases arising from the coupling of magnetic spin system of the solid with the external
applied magnetic field and as a consequence a large MCE is
observed. Magnetic refrigeration, based on the MCE, has
attracted much research interest due to its potential advantage of the higher energy efficiency and environmental
friendliness over the conventional vapor compression refrigeration. Previous studies on MCE were concentrated mainly
on rare earth elements and their alloys and intermetallic compounds with high total angular momentum quantum number
such as Gd,1 Gd5Si2Ge2,2 and RAl2 共R = Dy, Ho, and Er兲.4
Large MCE has also been observed in some Mn-based alloys
and compounds3,5,6 and in some ferromagnetic colossal magnetoresistive manganites.1,7,8 Researches are in progress in
search of new materials which have large MCE at low fields
close to room temperature for domestic and other technological applications. On the other hand, systems showing large
MCE in the low-temperature region from about 30 K down
to sub-Kelvin are also important for basic research as well as
for specific technological applications such as space science
and liquification of hydrogen in fuel industry.1,9 Recently the
rich physics and the prospects for practical application involved in multiferroic rare earth manganites have evoked
considerable research activity.10–12 However, the magnetocaloric nature of these materials and their potentials for application in magnetic refrigeration have not been investigated
yet.
In hexagonal HoMnO3, the Mn3+ moments occupy a
fully frustrated triangular sublattice in the plane, which are
then stacked in alternating fashion along the c axis with Ho3+
layers in between. The Ho–O displacements give rise to a
ferroelectric moment along the c axis 共TC = 875 K兲 and the
a兲
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Mn3+ moments order at the Neel temperature TN1 ⬃ 72 K. At
TSR ⬃ 40 K, a Mn3+ spin reorientation transition takes place
where the Mn moments rotate in plane by an angle of 90°.
This transition is followed by a partial ordering of the Ho
spins along the c direction. Below TN2 ⬃ 5 K, the magnetic
moment of the Ho3+ ion is completely ordered.13–16 The ordering nature of the Ho-spin has not been resolved yet. The
large field-induced magnetization observed in HoMnO3 has
motivated us to investigate the magnetocaloric behavior in
this system. Here we present a comprehensive study of the
magnetocaloric effect of HoMnO3 measured on single crystal
near the Ho-spin ordering transition.
Polycrystalline HoMnO3 was prepared from stoichiometric mixture of Ho2O3 and Mn3O4 by solid state reaction
and the single crystal was grown from the powders using
traveling solvent floating zone image furnace. Magnetization
measurements were carried out employing a superconducting
quantum interference device magnetometer 共Quantum Design兲. Magnetization 共M兲 isotherms were taken at a temperature interval 共⌬T兲 of 1–2 K in the range between 2–12 K and
12–40 K, respectively. The specific heat measurement was
performed using a Quantum Design physical property measurement system. The x-ray diffraction pattern of powdered
sample of single crystal reveals that the sample is single
phase with hexagonal P63cm structure.
Figure 1 shows the thermal variation in the susceptibility
 共=M / H兲 of HoMnO3 crystal measured at a magnetic field
H = 4 Oe. The susceptibility strongly increases with the decrease in the temperature. In the upper inset, we have shown
zero field cooled 共ZFC兲 and field cooled 共FC兲 curves in the
low-temperature region below 50 K. Near about 4.5 K both
the curves show an anomaly with a sudden increase in magnetization with decreasing T. This abrupt change corresponds
to the antiferromagnetic 共AFM兲 ordering of Ho3+ moments.
A second anomaly is observed near about 40 K below which
the FC and ZFC curves bifurcate 共shown in the lower inset兲.
This irrevesibility arises due to the reorientation of Mn3+
and/or Ho3+ spins in domain boundaries.17 No anomaly is
detected at the Neel temperature TN1 corresponding to the
AFM ordering of the Mn3+ moments. In the mainframe of
the figure, we have also plotted the inverse susceptibility
against temperature. The linearity of the curve above 80 K
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FIG. 1. Temperature dependence of  共H = 4 Oe兲 and 1 / : Upper inset:
ZFC and FC curves of 共T兲 near the AFM transition of Ho3+. Lower inset:
ZFC and FC curves of 共T兲 near the spin reorientation transition of Mn3+.

reveals that 共T兲 follows the Curie–Weiss law 关 = C /
共T − 兲兴 in that temperature regime. Fitting the experimental
data, we get the Curie–Weiss temperature,  = −21 K. The
estimated effective moment Peff = 11.1 B is consistent with
the theoretically expected value of 11.7 B. The thermal
evolution of heat capacity C p under zero magnetic field, depicted in Fig. 2, presents three distinct transitions in the
whole temperature range. The -type anomaly at 71 K suggests the AFM ordering of the Mn3+ magnetic moments. A
small peak at TSR = 39 K 共enlarged in the inset兲 indicates the
Mn spin reorientation. Besides these two peaks, there exists
another prominent peak at TN2 = 4.6 K which marks the
AFM transition of Ho3+ moments. Absence of any anomaly
at TN1 in the  versus T curve is often explained as the
suppression due to the large paramagnetic susceptibility of
the Ho3+ ions.18 Some representative plots of isothermal field
variation in magnetization of HoMnO3 for temperatures
2–40 K are presented in Fig. 3 which upholds a field-induced
metamagnetic transition. The magnetic field for each isotherm has been varied between zero and 7 T, and the field is
applied nearly parallel to the c axis. The isotherms vary almost linearly with the field in the low-field region and depending upon the temperature the slope changes at a critical
field without any indication of saturation. Inset of Fig. 3
displays the five-segment M共H兲 curve of HoMnO3 at 2 K
and the curve shows a negligible hysteresis effect.
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FIG. 3. Representative M-H isotherms of HoMnO3 measured at different
temperatures near the Ho-spin ordering transition 共from 2–12 K with ⌬T
= 1 K, from 14–20 K with ⌬T = 2 K, and from 25–30 K with ⌬T = 5 K兲:
Inset shows the hysteresis at 2 K.

The magnetic entropy change 共⌬SM 兲 associated with
the magnetocaloric effect, can be calculated from the magnetization data using the Maxwell relation1 ⌬S M 共T , H兲
= 兰H
0 共 M / T兲HdH. It can also be determined from the specific heat data using the relation
⌬S M 共T,H兲 =

冕

T

0

C p共H兲 − C p共0兲
dT,
T

共1兲

where C p共0兲 and C p共H兲 are heat capacity without magnetic
field and with magnetic field, respectively. The value of ⌬S M
was determined from the isothermal magnetization curves
obtained at different temperatures 共Fig. 3兲 with an appropriate interval of temperature ⌬T. The area enclosed by the two
isotherms at temperatures T1 and T2 is divided by ⌬T = T2
− T1 to determine ⌬S M at the average temperature T = 共T1
+ T2兲 / 2. Figure 4 displays the entropy change as a function
of temperature for the field variation from 0–1 to 0–7 T. The
curves present a characteristic shape with a broad maximum
in the vicinity of the AFM transition of Ho moment and the
width enhances as the magnetic field increases. It may be
noted that the −⌬S M maximum in Fig. 4 does not coincide
with the transition temperature. The position of the maximum shifts from 5.5 to 9.5 K when the magnetic field change
共⌬H兲 increases from 1 to 7 T. The magnitude of −⌬SM at
maximum increases linearly with increasing magnetic field
up to ⫺13.1 J/kg K at 7 T. The field-induced metamagnetic
transition contributes to the enhancement of ⌬SM . Now the

FIG. 2. Heat capacity of HoMnO3 as a function of temperature at zero
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FIG. 5. The adiabatic temperature change 共⌬Tad兲 in HoMnO3.

total entropy S共0 , T兲 under zero magnetic field can be calculated from the heat capacity data as
S共0,T兲 =

冕

T

0

C共0,T兲
dT,
T

change.1,7,8 Moreover, the high electrical resistivity of
HoMnO3 generates a lower value of eddy current loss and
hence reduces the cost. It is noteworthy that the magnetization increases largely if the field is applied along the a
direction14,17 and in that case a larger magnetocaloric effect
may be obtained.
To summarize, from the magnetization and heat capacity
measurements it is found that HoMnO3 experiences three
magnetic transitions within the temperature range of 2–300
K such as antiferromagnetic transitions of Mn3+ and Ho3+
moments and a spin reorientation transition of Mn3+ moment. A magnetic entropy change ⬃13.1 J / kg K is obtained
for a field change of 0–7 T whereas the adiabatic temperature
change and RCP are ⬃6.5 K and ⬃320 J / kg, respectively.
Considering these data and some practical importance mentioned above HoMnO3 may be considered as a candidate for
magnetic refrigerant at low temperatures.
1

共2兲

and then the entropy under magnetic field, S共H , T兲, is determined by subtracting the corresponding ⌬SM from S共0 , T兲.
The adiabatic temperature difference ⌬Tad is obtained from
the isentropic difference between the entropy curves S共0 , T兲
and S共H , T兲.2 The temperature dependence of ⌬Tad is plotted
in Fig. 5 for different fields. The peak of the curve corresponds to ⌬Tad = 6.5 K for a field change of 7 T. In addition
to the values of ⌬SM and ⌬Tad the relative cooling power
共RCP兲 is also evaluated to determine the cooling efficiency
of a magnetocaloric material. RCP based on the magnetic
cooling power is defined as the product of ⌬S M maximum
and the full width at half maximum ␦TFWHM of ⌬S M 共T兲
curve as RCP= ⌬SM ⫻ ␦TFWHM. In the inset of Fig. 5, we
have presented RCP as a function of magnetic field. RCP is
large and increases with the increase in field. Therefore, the
magnetocaloric nature of HoMnO3 satisfies some important
criteria for selecting magnetic refrigerants such as exhibition
of large magnetic entropy change, large adiabatic temperature change, high RCP value and very small thermal hysteresis. These properties make HoMnO3 a promising candidate
as refrigerant at low temperature. In comparison with the
perovskite manganites which exhibit both second order and
first order ferromagnetic to paramagnetic phase transition,
⌬S M of the present material is higher at a moderate field
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