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Large reversible magnetocaloric effect in HoMn,05"
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Magnetocaloric effect (MCE) in polycrystalline HoMn,Os was investigated by isothermal magnetization curves from
2 K to 50 K. A relatively large magnetic entropy change, ASy = 7.8 J/(kg-K), was achieved with the magnetic field
up to 70 kOe (1 Oe = 79.5775 A-m~!). The magnetic entropy change is reversible in the whole range of temperature.
The contributions of elastic and magnetoelastic energy to the changing of the magnetic entropy are discussed in terms of
the Landau theory. The reversibility of MCE with maximal refrigerant capacity Rc = 216.7 J/kg makes polycrystalline

HoMn,Os5 promising as a magnetic refrigerant.
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1. Introduction

Magnetic refrigeration, based on the magnetocaloric ef-
fect (MCE), has attracted wide interest because of its high
energy efficiency and environment-friendliness. It is mean-
ingful to explore prominent refrigerants for different work-
ing temperature ranges with larger entropy change and lit-
tle hysteresis of both the temperature and the magnetic field.
RMn;, 05 (R represents the rare earth element) is orthorhom-
bic, has Pbam space group symmetry,!'! and it contains infinite
chains of Mn** O octahedra sharing edges, linked together by
Mn3+0s5 and HoOg units.!>3] The characteristic magnetic or-
dering of the system exhibits a transition from incommensu-
rate to commensurate, and then to incommensurate antiferro-
magnetic (AFM) magnetic structure with the decrease of the
temperature.[*! For example, the past reports indicated that
HoMn,Os displays a series of complicated phase transitions
due to both the long range ordering of Ho>™ moments and the
coexistence of Mn>* and Mn**. Long-range AFM ordering of
the Mn>*/Mn** spins occurs at the temperature of Ty = 43 K.
Subsequently, the ferroelectric (FE) transition takes place at
the temperature of 7c=39 K, slightly below 7n. Another mag-
netic transition occurs at the temperature of 7, = 22.5 K, when
commensurate AFM ordering becomes incommensurate. Be-
low 19 K, the phase transition from incommensurate AFM or-
dering to canted AFM takes place and a second CAFM-type
ordering of the Ho ions occurs at Ty(Ho) below 10 K.5-71
As a result, this type of manganese oxide shows many in-
teresting physical characteristics in dielectric properties, spe-
cial heat, and thermal expansion behaviors.>-'! In addition,
RMn, 05 has attracted wide interests as a multiferroic mate-
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12,131 and the magnetoelectric

rial. Its magnetostriction effect!
coupling effect!!*~18] have been studied extensively. The exter-
nal magnetic field can induce and/or modify the ferroelectric
states in RMn;Os5 (R = Dy, Ho, etc.).

1231 especially the magne-

Its magnetostriction effect,|
toelectric coupling effect,'*"'8 in which an external mag-
netic field induces and/or modifies the ferroelectric states in
RMn, 05 (R = Dy, Ho, etc), has been studied extensively.

Under an external magnetic field, the complicated mag-
netic structure results in complicated magnetic phases. Al-
though the giant anisotropy of the magnetocaloric effect has

st19201 with various spi-

been studied in RMnO3 single crystal
ral magnetic structures, the effect of the complicated mag-
netic structure in RMn,Os on its MCE is not yet well under-
stood. In this paper, we focus on the MCE in a polycrystalline

HoMn,Os sample.

2. Experiment

The polycrystalline, single-phase sample HoMn;Os was
synthesized through a standard solid-state reaction method.
Stoichiometric amounts of Ho,O3 (99.95%), MnO; (99.9%)
were thoroughly mixed, compressed into pellets, and then sin-
tered at the temperature of 1120 °C for 48 h in O, atmosphere.
The sample was finally cooled down to room temperature. X-
ray powder diffraction (XRD) patterns were collected with Cu
Ka radiation in a Rigaku RINT 1400. The XRD patterns
proved that the sample was in pure phase with a polycrystalline
structure. The results were analyzed by Rietveld method with
the Rietica program. Magnetization measurements were car-
ried out at a temperature ranging from 2 K to 300 K and mag-
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netic field up to 70 kOe with a commercial superconducting
quantum interference device (SQUID) magnetometer (Quan-
tum design, MPMS-XL).

3. Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of
HoMn;0Os5 at room temperature and the fitted results. The
crosses and the red solid line represent the observed data
points and the Rietveld refinement patterns, respectively. The
vertical marks show the positions of Bragg diffraction. The
green line means the difference between the observed and cal-
culated intensities. The XRD patterns suggest that the sam-
ple is in pure phase with Pbam symmetry. The lattice pa-
rameters, a = 7.2723 A, b = 8.4682 A, and ¢ = 5.6667 A,
refined by the Rietica program, are almost consistent with
the reported values, a = 7.2643(3) A, b = 8.4768(3) A, and
c=5.6700(2) Al
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Fig. 1. (color online) XRD patterns of HoMn,Os at room temperature
and fitted results.

The thermal magnetization curves are shown in Fig. 2.
The measurements are carried out under a magnetic field of
1 kOe after zero field cooling (ZFC) and field cooling (FC)
processes, respectively. The magnetic transition is not obvi-
ously in the M-T curves, but it can be seen from dM/dT
that there is a kink point, corresponding to the antiferromag-
netic ordering Tx(Ho), around 11 K. In addition, by fitting
the experimental data points from 200 K to 300 K with the
Curie—Weiss law, we obtain the Curie—Weiss temperature 8, =
—28 K, which reflects the AFM interaction in the system. The
effective magnetic moment U = 12.1 up, which is in good
agreement with the theoretical effective ey = 12.3 up calcu-

lated by Heal = \/,ueff(HO3+>2 + Uer(Mn® )2 + pege(Mn* )2,
Figure 3 presents the isothermal magnetization measured

at different temperatures ranging from 2 K to 50 K, with an in-
crement of 2 K, through increasing the magnetic field H from
0 kOe to 70 kOe and then decreasing to 0 kOe. The magneti-
zation deceases gradually with the increase of the temperature.
No visible phase transition can be detected from the magneti-
zation curves. A complete reversibility of MCE requires that

no hysteresis of either the temperature or the magnetic field
appears in the vicinity of a magnetic ordering temperature.[*!]
There is almost no hysteresis of either temperature or magnetic
field, as shown by the curves. The magnetic entropy change
ASwy produced by the variation of external magnetic field from

0 to H can be calculated by/??!

aT

- M |7 iar —M |7 _aT
Z( T +AT) (T—AT))HAH’ M

AS(T,H) = S(T,H) —S(T,0) :/OH <8M> dH
H

where AT = 1 K and AH = 2 kQOe. The calculated —ASy is
shown as black dots in Fig. 4, and the peak of the magnetic
entropy change appears below 17 K under different magnetic
fields.
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Fig. 2. (color online) Thermal magnetization curves of HoMn,Os sample
carried out under a magnetic field of 1 kOe after zero field cooling (ZFC)
and field cooling (FC) processes. The inset (a) shows the relation of 1/M
and the temperature 7" and the corresponding fitted curves with Curie—Weiss
law, and inset (b) shows the dM/dT as a function of temperature 7. The
black arrow points to the Ho>" transition temperature.
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Fig. 3. (color online) Isothermal magnetization curves at different tempera-
tures. The inset is the fitted results using Landau theory.

Refrigerant capacity (R.) can be obtained by numerically
integrating the area under the ASy versus 7' curves, using the
temperatures at half-maximum of the ASy; peak as the inte-

gration limits. Figure 5 demonstrates the values of Rc as a
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function of the applied field. At 70 kOe, the refrigerant ca-
pability of the polycrystalline HoMn,Os sample can be up to
216.7 J/kg.
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Fig. 4. (color online) Magnetic entropy change ASy as a function of
temperature in various magnetic fields. The black dots represent the
ASwm calculated through Eq. (1) and solid lines correspond to the ASy
calculated through the Landau theory of phase transition, respectively.

In order to further understand the magnetic entropy
change around the transition temperature of Ho**, we simu-
late it by Landau’s theory of phase transition. Considering the
symmetry, the Gibbs energy under an external magnetic field
can be expressed as

G(T,H) = Go+A(T)M? +B(T)M* — MH 2)

where Gy is the value for the highly symmetric state under
zero magnetic field, and coefficients A and B can be expressed
as functions of temperature. In addition, coefficient B is com-
posed by elastic and magnetoelastic terms.”>! The condition
dG/dM = 0 should be satisfied for an equilibrium state. Then,
we can get the following equation:

H =2A(T)M +4B(T)M°. 3)
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Fig. 5. (color online) Refrigeration capacity as a function of the external
magnetic field.
By fitting the data in Fig. 3 according to Eq. (3), a fitted
graph is obtained, as shown in the inset of Fig. 3.
The entropy as a function of temperature and magnetic
field can be expressed as
_ JdG(T,H) _ aA(T)MZ _ dB(T)
oT oT oT

S(T,H) = Mt (@)

The calculated magnetic entropy change under varied mag-
netic field is displayed in Fig. 4. The results are basically
consistent with the values calculated through Eq. (1). Thus,
the Landau theory of phase transition is enough to explain the
change of the magnetic entropy.

Figure 6 presents the fitted values of coefficients A and
B. With the increase of the temperature, A increases gradu-
ally, while B shows two anomalies at the temperature of 26 K
and 42 K, which correspond exactly to the AFM transition Ty
and another magnetic transition 7). Moreover, calculating the
magnetic entropy change contribution of items A and B re-
spectively, we find that the value of item A, corresponding to
the changes of the magnetic moment structure in response to
the magnetic field, is always negative. The maximum value of
item A appears at the temperature of 16 K. The value of item B
is positive below 26 K and then turns negative, and the maxi-
mally positive and negative values of item B are about 8 K and
40 K, respectively, which are very close to the phase transition
temperatures Tx(Ho) around 10 K and Ty = 43 K.
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Fig. 6. (color online) (a) Fitted values of coefficients A and dA/dT,
(b) coefficients B, and dB/JT curves as a function of temperature. The
arrows point to two anomalies in the curve B(T) at 26 K and 42 K,
corresponding to the magnetic transition at 7y and 7x.

The colossal magnetostriction effect in HoMnOs
monocrystals, resulting from a reorientation of the spin mo-
ments in an external magnetic field, has been observed.[?4]
From the above discussion in terms of Landau theory, the item
A, corresponding to the changes of the structure of the mag-
netic moment in response to the magnetic field, contributes
most of the magnetic entropy change. However, the contri-
bution of both the elastic energy and magnetoelastic energy
to the magnetic entropy change above 26 K is very small,
which can be ignored. Considering the phase diagram com-
posed by temperature and magnetic field,'?) the maximum
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value of ASy is shown in the region of a CAFM-type order-
ing (CAFM II) of the Ho ions, which means that as the tem-
perature decreases, the ordering of Ho** moments, together
with the rapid change of magnetization, respond mainly to the
magnetic entropy change.

4. Summary

We investigated the MCE in a polycrystalline HoMn;Os5
sample. Its refrigeration capacity is about 216.7 J/kg for the
magnetic field up to 70 kOe. The main origin of the MCE in
polycrystalline HoMn,Ojs is the ordering of Ho’* moments.
In addition, the contribution of elastic energy and magnetoe-
lastic energy to the change of magnetic entropy was discussed
in terms of the Landau theory. The relative simplicity of the
method and conditions for the preparation of HoMn,Os poly-
crystalline makes it to be a meaningful candidate material for
low-temperature refrigeration.
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