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a b s t r a c t
Magnetocaloric effect (MCE) of RMn2 (R = Tb, Dy, Ho, Er) compounds are investigated. TbMn2 and DyMn2
crystallize in cubic Laves phase structure (C15 type), whereas HoMn2 and ErMn2 crystallize in hexagonal
Laves phase structure (C14 type). For TbMn2 compound, the ﬁeld-induced metamagnetic transition
accompanying a spontaneous cell volume expansion is observed (inverse MCE), which leads to a large
positive value (8.3 J kg1 K1) of magnetic entropy change around 36 K under the ﬁeld change of 0–1 T,
while the maximal values of magnetic entropy change (DSM) and the refrigerant capacity (RC) for other
RMn2 (R = Dy, Ho, Er) compounds are 15.7, 18.4, 25.5 J kg1 K1 and 403.6, 404.3, 316.0 J kg1 around
their TC with negligible thermal and magnetic hysteresis loss for the ﬁeld change of 0–5 T, respectively.
The results suggest that RMn2 (R = Dy, Ho, Er) may be appropriate candidates for magnetic refrigerant
working at low temperature region 10–80 K.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Investigations of the magnetocaloric effect (MCE) have attracted a great deal of attention owing to the potential applications
in magnetic refrigerators [1–5]. The MCE is related to the isothermal magnetic entropy change (DSM) or the adiabatic temperature
change (DTad) of a material when exposed to a varying magnetic
ﬁeld. The large values of DSM and DTad are considered to be the
most important requirements. In addition, larger refrigeration
capacity (RC) without thermal and magnetic hysteresis loss favors
efﬁciency in refrigeration cycles.
During the last few years, RTM2 (R = rare earth, TM = Ni, Co, Al)
compounds have been considered to be the potential magnetic
refrigerant materials working at temperature region of 10–120 K
[6–13]. Among these compounds, most of them crystallize in
MgCu2-type cubic structure. Ni and Al atoms carry no-magnetic
moment and Co magnetic moment varies between 0–1 lB [13–
16]. Compared with these compounds, RMn2 system crystallizes
in cubic Laves phase structure (C15 type) or hexagonal Laves phase
structure (C14 type) depending on the rare earth element and
annealing temperature [16,17], The magnetic structure is depending on the competitive of magnetic interaction come from Mn–Mn,
R–R and R–Mn, furthermore, the interaction is antiferromagnetic
between Mn moments but ferromagnetic coupling between R moments. In other words, the magnetic structure and local magnetic
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moment of RMn2 is determined by the lattice constant (the distance of Mn–Mn, R–R and R–Mn) rather than the type of Laves
Phase [18,19]. Therefore, the local Mn moment is about 3 lB when
the lattice parameter is larger than a critical value a 7.5 Å and decrease from about 2.0 lB in C14–GdMn2 to almost 0 lB in C15–
ErMn2 at 4.2 K with increasing the atomic number of rare earth.
The more detail description can consult those papers [18–20].
The larger magnetic moment of Mn atom possibly makes RMn2
compounds show better magnetocaloric effect than that of RTM2
compounds. Furthermore, the phase transition temperature of
RMn2 compounds locates at the range of 10–80 K. Therefore, the
RMn2 compounds possibly become another potential magnetic
refrigerant material system for the gas liqueﬁers.
In this paper we investigated the MCE of RMn2 (R = Tb, Dy, Ho,
Er) compounds. The large MCE is observed in RMn2 compounds.
Furthermore, the very weak ﬁeld-induced metamagnetic transition
behaviors make RMn2 (R = Dy, Ho, Er) compounds exhibit a secondorder metamagnetic character. The large refrigeration capacity and
low hysteresis loss indicate that RMn2 (R = Dy, Ho) compounds can
be potential candidates of magnetic refrigerant working at low
temperature region of 10–80 K.
2. Experiments
The RMn2 (R = Tb, Dy, Ho, Er) compounds were prepared by arc-melting in a
high purity argon atmosphere. The purities of starting materials were better than
99.9%. The ingots were melted three times to ensure homogeneity and then annealed at 1073 K for 7 days under argon atmosphere and then rapidly quenched
to room temperature. The phase structure was examined at room temperature by
the X-ray powder diffraction with Cu Ka radiation. The Rietveld reﬁnements were
carried out for determination of lattice parameters. Magnetizations were measured
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as functions of temperature and magnetic ﬁeld by using a commercial superconducting quantum interference device (SQUID) magnetometer, Model MPMS-7 from
Quantum Design Inc. The temperature dependences of magnetizations were measured in both zero ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) processes. In the ZFC
measurement, the initial ﬁeld was set to zero when cooling the sample from
300 K to 2 K, the magnetization was measured with a magnetic ﬁeld of 0.01 T while
heating the sample from 2 K to 300 K, and the FC measurement is to measure the
magnetization under a same magnetic ﬁeld of 0.01 T when cooling the sample from
300 K to 2 K.

3. Results and discussion

Fig. 1. The measured and reﬁned powder X-ray diffraction (XRD) patterns of RMn2
(R = Tb, Dy, Ho, Er) compounds at room temperature.

Table 1
The lattice parameters and main reﬁnement factor of RMn2 (R = Tb, Dy, Ho, Er)
compounds at room temperature.
RMn2

a (Å)

b (Å)

c (Å)

v (Å3)

Rwp (%)

R = Tb
R = Dy
R = Ho
R = Er

7.648
7.570
5.322
5.310

7.648
7.570
5.322
5.310

7.648
7.570
8.682
8.676

447.487
433.815
212.938
211.852

10.45
9.36
13.02
14.91

Fig. 1 shows the measured and reﬁned powder X-ray diffraction
(XRD) patterns of RMn2 (R = Tb, Dy, Ho, Er) compounds at room
temperature. TbMn2 and DyMn2 compounds crystallize primarily
in the MgCu2-type cubic Laves phase structure (C15-type, Space
group Fd3m, number 227) with minor impurity (R2O3). Whereas
HoMn2 and ErMn2 compounds primarily crystallize in the MgZn2type hexagonal Laves phase structure (C14-type, Space group P63/
mmc, number 194) with minor impurities (mixture of R2O3 and
R6Mn23). The lattice parameters were calculated by the reﬁning
XRD data as shown in Table 1. The results agree well with the previous reports [16,18].
Fig. 2 shows the temperature dependences of zero-ﬁeld-cooled
(ZFC) and ﬁeld-cooled (FC) magnetizations for RMn2 (R = Tb, Dy,
Ho, Er) compounds in a magnetic ﬁeld of 100 Oe. It can be seen that
both ZFC and FC curves for TbMn2 show a peak at the temperature
between 40 K and 50 K, corresponding to an antiferromagnetic
(AFM) to paramagnetic (PM) phase transition at TN [21]. Furthermore, a thermal hysteresis of about 7 K between ZFC and FC curves
below TN is observed. This generally is the character of thermalinduced ﬁrst-order magnetic transition. Many groups have demonstrated that the ﬁrst-order magnetic phase transition for TbMn2
occurs accompanying a spontaneous cell volume expansion which
is calculated to be about 1.68% [21–24]. With the temperature further decrease, below 35 K, another phase transition occurs. This
transition is not homogeneous but a multiphase transition. The
phase consists mainly of two magnetic structures. One is AFM order and the other one is ferromagnetic (FM) order [23–25]. Furthermore, a weak splitting between the ZFC and FC measurement
curves of TbMn2 is observed below the transition temperature TC.

Fig. 2. The temperature dependences of zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled (FC) magnetizations for RMn2 (R = Tb, Dy, Ho, Er) compounds in a magnetic ﬁeld of 100 Oe.
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Table 2
The magnetic ordering temperature (T0), maximum values of DSM and RC under the
ﬁeld changes of 0–2 and 0–5 T for RMn2 (R = Gd, Tb, Dy, Ho, Er) and some potential
magnetic refrigerant materials RTM2 (R = rare earth, TM = Ni, Co, Al).
Material

T0
(K)

DSM
(J kg1K1)
0–2 T

RC
(J kg1)
0–
5T

0–2 T

Refs.
0–
5T
150a
204

GdMn2
TbMn2

110
45

–
6.4

3.1
11.9

–
99

DyMn2

36

7.6

15.7

127

404

HoMn2

23

10

18.4

130

404

ErMn2

16

13.4

25.5

100

316

DyAl2
HoAl2
ErAl2
HoCo2
ErCo2
DyNi2
HoNi2
ErNi2

60
32
13
78
35
21
13
7

9.2
–
22
20
28
10.7
–
12.3

17
29b
37
23
33
21
34
19.6

236a
–
150a
130a
100a
110a
–
96a

600a
–
470a
260a
270
350a
300a
235a

[42]
This
work
This
work
This
work
This
work
[10]
[6]
[10]
[12]
[13]
[9]
[9]
[9]

a
The RC values are estimated from the temperature dependences of DSM in the
reference literatures.
b
The theoretical calculated values.

The phenomenon of splitting was also reported for some intermetallic compounds by other authors [26,27]. The ZFC case generally
is prone to a random domain conﬁguration below TC, whereas the
FC case leads to preferred orientation of the spins along the external ﬁeld direction. Therefore the magnetization is smaller in the
ZFC case than FC case. Therefore, the other RMn2 (R = Dy, Ho, Er)
compounds also show a splitting between the ZFC and FC curves
below the transition temperature TC, which are about 36 K, 23 K,
and 16 K for RMn2 (R = Dy, Ho, Er) (see Table 2), respectively, close
to the reports [16–18]. Moreover, a decrease in the FC curve for
DyMn2 is also observed at around 20 K (see the arrows in
Fig. 2b), which is deemed to be existence of ferrimagnetic (FIM)
coupling between Dy and Mn moments by Malik et al. [17]. However, Talik et al. indicated that it is a spin reorientation transition

temperature [28]. Actually, weak spin reorientation transition at
Ts  15 K and FIM coupling between Dy and Mn moments at Tc below 20 K exist together (see Fig. 6 of Ref. [28]).
Fig. 3a and b show the magnetization (M) isotherms of TbMn2
compound measured with different temperature steps in a temperature range of 28–69 K. To investigate the magnetic reversibility, the M–H curves were measured in ﬁeld increasing and
decreasing modes. At 28 K, the M–H curve shows an obvious hysteresis loss with the increasing and decreasing ﬁeld, and the hysteresis become smaller and smaller with increasing the
temperature until the hysteresis loss almost disappear at the temperature above 40 K. Moreover, an obvious metamagnetic transition is observed in Fig. 3a. The critical ﬁeld (Bc) required for
metamagnetic transition is estimated. The value of Bc, deﬁned as
the maximum of dM/dH–H curve, is found to be about 2 T at 28 K
for TbMn2. With the temperature further increasing, the isothermal M–H curves exhibit a FM nature and a PM state at the temperature lower and much higher than TN, respectively (see Fig. 3b). In
addition, a strong curvature is observed in the M–H curves with the
temperature above TN at low ﬁelds, which is also observed in other
intermetallic compounds [29–31], indicates that short-range FM
correlations are existence in the PM state for TbMn2 compound.
Fig. 3c and d show the Arrott plots of TbMn2. According to the
Banerjee criterion [32], a magnetic transition is the ﬁrst-order
when the slope of Arrott curves is negative, whereas it will be
the second-order when the slope is positive. The S-shaped (negative slope) Arrot curves (see Fig. 3c) indicate that the ﬁeld-induced
AFM–FM metamagnetic transition is of ﬁrst-order in nature, while
the positive slope above TN indicates a characteristic of secondorder FM–PM transition (see Fig. 3d).
Fig. 4a–c show the magnetization isotherms of RMn2 (R = Dy,
Ho, Er) compounds measured with different temperature steps in
a temperature range of 24–65 K, 12–55 K and 4–50 K, respectively.
Measurement was in the ﬁeld increasing and decreasing modes
and very weak hysteresis was observed for all the RMn2 (R = Dy,
Ho, Er) compounds, furthermore, this result agrees with other
authors’ reports [28,33,34]. For clarity, here we didn’t show the
curves measured in ﬁeld decreasing modes. It is obviously seen
that all RMn2 (R = Dy, Ho, Er) compounds exhibit a FM behavior
when the temperature is lower than the corresponding transition
temperature and the applied ﬁeld large is larger than 1 T. However,

Fig. 3. (a and b) The magnetization isotherms of TbMn2 compound in a temperature range of 28–69 K. (c and d) the corresponding Arrott curves for TbMn2 compound.
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Fig. 4. (a–c) The magnetization isotherms of RMn2 (R = Dy, Ho, Er) compounds with different temperature steps in a temperature range of 24–65 K, 12–55 K and 4–50 K,
respectively. (d)-(f) the corresponding Arrott curves for RMn2 (R = Dy, Ho, Er) compounds.

for ErMn2 single crystals, many authors found that the metamagnetic transition behavior is observed when the magnetization is
along both a and b-axes of hexagonal Laves phase structure, whiles
no metamagnetic transition occurred when the magnetization is
along the c-axes [16,34]. Therefore, the ErMn2 polycrystalline compound should have a metamagnetic transition behavior, however,
which isn’t obviously observed in Fig. 4c, can be due to the small
critical ﬁeld Bc (smaller than 1 T). Fig. 4d–f show the Arrott curve
of RMn2 (R = Dy, Ho, Er) compounds. An obvious inﬂexion is observed for DyMn2 and ErMn2 at low temperature region under
low ﬁeld (see the left lower corner of Fig. 4d and f). However, no
negative slope can be exhibited in the Arrott curve for those compounds. And thus we deduced that the phase transition for DyMn2
and ErMn2 is more prone to second-order than ﬁrst-order character [35,36]. For HoMn2, neither inﬂexion nor negative slope is observed, therefore, the phase transition is second-order magnetic
transition.The values of DSM for RMn2 (R = Tb, Dy, Ho, Er) compounds were calculated using the integrated Maxwell relation
RH
DSM ðT; HÞ ¼ 0 ð@M=@TÞH dH and the data is from the magnetization

versus magnetic ﬁeld on the ﬁeld increasing modes. Fig. 5 shows
the temperature dependences of DSM for different magnetic ﬁeld
changes up to 7 T. For TbMn2 compound, a positive DSM is observed at low temperature as shown in Fig. 5a. The maximum value of DSM reaches 8.3 J kg1 K1 with the ﬁeld change of 0–1 T.
The valve is larger than that of most magnetic materials with the
inverse magnetocaloric effect, such as Nd0.5Sr0.5MnO3 (1.5 J kg1 K1) [37], SmMn2Ge2 (3.3 J kg1 K1) [38], and TbSm bulk metallic
glass (3.6 J kg1 K1) [39]. Furthermore, the maximum values of
DSM are larger than 10 J kg1 K1 with the ﬁeld changes from 0–
2 T to 0–7 T, and the peak height of DSM is not sensitive to the size
of the external ﬁeld while the position of the peak nearly linearly
with magnetic ﬁled. Generally speaking, this phenomenon is the
characterization of ﬁrst-order phase transition [1], and in here is
associated with the ﬁeld-induced ﬁrst-order AFM–FM metamagetic transition accompanying a spontaneous cell volume expansion.
Tishin et al. estimated that the lattice entropy change DSLFO
is  94 J kg1 K1 for TbMn2 [40], which is about an order of
magnitude larger than our observed DSM. The reason is possibly
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Fig. 5. The temperature dependences of isothermal magnetic entropy change DSM for (a) TbMn2, (b) DyMn2, (c) HoMn2, (d) ErMn2 compounds.

as follows: One is that such larger DSM is not observed due to the
position of DSM peak is smaller than our minimum calculated temperature 30 K. The other is that the estimated DSLFO value is incorrect due to the erroneous values of dTC/dP from other literature
data [40]. In addition, the normal magnetocaloric effects (negative
value) are also observed in Fig. 5a. The maximum values of DSM for
TbMn2 are 6.4, 11.9, and 14.6 J kg1 K1 around TN for magnetic ﬁeld changes of 02 T, 0–5 T and 0–7 T, respectively. In comparison, DyMn2 and HoMn2 only show the negative values of DSM
in the measurement temperature region as shown in Fig. 5b and c.
Li et al. indicated that the DSM should appear positive values for
the ﬁeld-induced AFM–FM transition [41]. However, the DSM for
DyMn2 only exhibit the negative values, which is possibly due to
the ﬁeld-induced AIM–FM transition temperature (620 K) is smaller than calculated minimum temperature of 26 K (see Fig. 5b).
This result is also agreement with the FIM–FM phase transition observed in Fig. 2b but is not observed in Fig. 4a [17,28]. The maximum values of DSM for DyMn2 and HoMn2 are 7.6, 15.7,
19.7 J kg1 K1 and 10.0, 18.4, 22.6 J kg1 K1 with the ﬁeld
changes of 0–2 T, 0–5 T and 0–7 T, respectively, which are comparable to those of potential magnetic refrigerant materials RTM2
(R = rare earth, TM = Ni, Co, Al) with the a similar phase transition
temperature (see Table 2), such as RCo2 (R = Ho, Er) [12,13], RAl2
(R = Dy, Ho, Er) [6,10], RNi2(R = Dy, Ho, Er) [9]. For ErMn2 compound, small positive DSM values are observed in the left lower
corner of Fig. 5d. The maximum values of DSM reach 13.4,
25.5, and 30.4 J kg1 K1 with the ﬁeld changes of 0–2 T, 0–
5 T and 0–7 T, respectively. It is noted that such giant DSM values
are comparable or even much larger than those of RTM2 magnetic
refrigerant materials under the same ﬁeld changes (see Table 2).
The large MCE for ErMn2 is associated with the weak ﬁeld-induced
metamagnetic transition. Especially for the relatively low magnetic
ﬁeld change of 0–2 T, the values of DSM for HoMn2 and ErMn2 are
larger than 10 J kg1 K1. It is beneﬁcial to the magnetic refrigera-

tion by using the permanent magnet since a magnetic ﬁeld of 2 T
can be provided by a permanent magnet.
The refrigerant capacity (RC) is another important quality factor
of the refrigerant materials and is a measurement of how much
heat can be transferred between the cold and hot sinks in one ideal
RT
refrigerant cycle, which is deﬁned as RC ¼ T 12 jDSM jdT, where T1
and T2 are the temperatures corresponding to the both sides of
the half-maximum value of |DSM | peak, respectively. For DyMn2
and HoMn2, large RC values of 403.6 J kg1 and 404.3 J kg1 are obtained for a magnetic ﬁeld change of 0–5 T, respectively, which are
comparable or even larger than those traditional RTM2 (R = rare
earth, TM = Ni, Co, Al) magnetic refrigerant materials, such as
RCo2 (R = Ho, Er) [12,13], RNi2(R = Dy, Ho, Er) [9]. The magnetic
ordering temperature (T0), maximum values of DSM and RC under
the ﬁeld changes of 0–2 and 0–5 T for RMn2 (R = Gd, Tb, Dy, Ho,
Er) and RTM2 (R = rare earth, TM = Ni, Co, Al) are shown in Table 2.
The large DSM and RC for RMn2 (R = Dy, Ho, Er) compounds with
negligible thermal and magnetic hysteresis loss indicate that those
compounds probably are promising candidates for practical application in low-temperature magnetic refrigeration.

4. Conclusions
The magnetic properties and MCEs for RMn2 (R = Tb, Dy, Ho, Er)
compounds are studied. For TbMn2, the large positive value DSM,
which is result from the ﬁeld-induced ﬁrst-order magnetic transition, reaches 8.3 J kg1 K1 with the ﬁeld change of 0–1 T. For other
RMn2 (R = Dy, Ho, Er) compounds, the maximum values of DSM
reaches 15.7, 18.4, and 25.5 J kg1 K1 around transition temperature with negligible thermal and magnetic hysteresis loss under a magnetic ﬁeld change of 0–5 T, respectively. Especially the
refrigerant capacity RC for DyMn2 and HoMn2 compounds are larger than 400 J kg1 with a magnetic ﬁeld change of 0–5 T. The
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results suggest that RMn2 (R = Tb, Dy, Ho, Er) compounds probably
are promising candidates for magnetic refrigerants working at low
temperature region 10–80 K.
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