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The crystal structure, phase transition, and magnetocaloric effect in Nigp §Mnyp3Co57Sn ;2 alloy are investigated
by structure analysis and magnetic measurements. A large magnetic entropy change of 45.6 J/kg-K is obtained at 215 K
under a magnetic field of 30 kOe (1 Oe = 79.5775 A-m~!). The effective refrigerant capacity of Nigp gMnyg3Co57Sn;2
alloy reaches 72.1 J/kg under an applied field changing from 0 to 30 kOe. The external magnetic field shifts the martensitic
transition temperature about 3—4 K/10 kOe towards low temperature, indicating that magnetic field can retard the phase
transition to a certain extent. The origin of large magnetic entropy change is discussed in the paper.
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1. Introduction

Refrigeration is one of the main sinks of the world elec-
tricity consumption and accordingly contributes to worldwide
CO; emissions. High reduction potentials are envisaged if
caloric effects in solid materials are utilized.

In 1997, the discovery of the giant magnetocaloric effect
(MCE) at room temperature in GdsSi,Ge, ! offered a promis-
ing development of economical and environmentally-friendly
magnetic refrigerant working near room temperature. More
recently, the so-called inverse MCE has been observed near
room temperature in Ni-Mn—Sn Heusler alloys.[?! Martensitic
transformation (MT) is solid-state first-order structural phase
transformation, which is displacive, diffusionless, and dom-
inated by the strain-energy arising from shear-like displace-
ments. The recent discovery of giant entropy changes associ-
ated with ferroelastic phase transformations promises higher
efficiency. Ferroic transitions enhance the entropy change of
magneto-, elasto-, baro-, and electro-caloric effects. For better
understanding the mechanisms of these materials and also for
designing giant MCE materials, a priority program supported
by the Deutsche Forschungsgemeinschaft (SPP1599) was es-
tablished in 2011, which was entitled “Caloric Effects in Fer-
roic Materials: New Concepts for Cooling”.1%!

In the case of Ni;MnSn alloy, it has a cubic L2, structure,
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in which Ni atoms are located at the corner sites, while Mn and
Sn atoms are located at the body center sites alternately.*! In
the nonstoichiometric Ni;Mni4,Sn;_, alloys, the excess Mn
atoms would occupy the vacant Sn sites, and their moments
are coupled antiferromagnetically to those of the surround-
ing Mn atoms on the regular Mn sites.!>) Up to now, most
of the researchers have focused on these off-stoichiometric
NipMn4,Sn;_, alloys, in which the content value of Mn is
less than that of Ni. There are few reports about the high-
Mn content Mn—-Ni—Sn ferromagnetic shape memory alloys
(FSMAs),[%7! in which the content value of Mn is near that
of Ni. Moreover, the characteristic temperatures of FSMAs
[martensite-start temperature (M), martensite-finish tempera-
ture (M), austenite-start temperature (A;), and austenite-finish
temperature (A¢)] are very sensitive to composition. It was re-
ported that the MT temperatures increased with the increasing
of valence electron density (e¢/a), which was confirmed by the
experimental results in Co-, Fe-, Ge-, B-, Al-, Si-, and Cu-
doped Ni-Mn-Sn alloys. [8-2?]

In this work, the phase transitions and MCE in
Nigo 8Mnyo3Cos7Sn;1 7 alloy are investigated, a giant mag-
netic entropy change is obtained, and the influence of external

magnetic field on the MT temperature is also examined.
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2. Experiment

The polycrystalline ingot of Nigp gMnyo3Co0s5.75n11 2 was
prepared by arc melting a required content value of constituent
high purity elements (99.98% purity) in a cold copper crucible
under an argon atmosphere. For homogenization, the sam-
ple was flipped and re-melted. The ingot was cut into small
pieces and annealed at 1173 K for 24 h in a vacuum quartz
tube, then quenched in ice water. Microstructure and ele-
mental composition of the sample were investigated by field
emission scanning electron microscopy (FE-SEM) (Hitachi S-
4800) attached with an x-ray energy dispersive spectroscopy
(EDS) (Thermo System 7) setup. The crystal structure of
the sample was analyzed by using PANalytical X Pert PRO
type X-ray diffractometer with Cu K« radiation at room tem-
perature. The magnetic properties were measured by using
a Quantum Design’s multi-use vibrating sample magnetome-
ter VersaLab system under a magnetic field up to 30 kOe.
The temperature-dependent magnetization (M-T') curves were
measured at cooling/heating rate of 3 K/min. Instrument tem-
perature measurement range was between 50 K—400 K.

3. Results and discussion

Figure 1 shows XRD pattern of Nisp 3Mng93C0s7Sn71 2
alloy at room temperature. The diffraction peaks in the alloy
are indexed. All the peaks correspond to the L2 cubic struc-
ture, which indicates that the sample is in austenitic phase and
the MT temperature is below room temperature.
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Fig. 1. The XRD pattern of Nigp §Mnygp 3Cos7Sn;; » alloy at room tem-
perature.

The temperature-dependent magnetization (M-T') curves
for the Nigp §Mnyp3Cos7Sn;11 2 alloy is measured. Figure 2
shows the M—T curves for Nigs §Mnsg3Co5.7Sn;] 2 on heating
and cooling in magnetic fields of 10 kOe and 1 kOe respec-
tively. As shown in Fig. 2(a), the sample was measured in
zero-field-cooled mode (ZFC) from above the Curie tempera-
ture of austenitic phase (TCA) down to the target temperature.
Figure 2(b) shows a thermal hysteresis about 15 K around the
MT temperature, while no thermal hysteresis is observed near

TCA. Between the MT and the reverse MT, there is an obvious
thermal hysteresis, which is attributed to the first-order struc-
tural transition. The values of M, M;, A, and A¢ are estimated
from M-T curves to be 204, 192, 206, and 220 K, respec-
tively. In the Ni-Mn-based Heusler alloys, the exchange inter-
actions are of long range and of an indirect Ruderman—Kittel—
Kasuya-Yosida-type.!”) Besides the variations of the e/a (¢/a
is the valence electron concentrations per atom, determined
by the concentration-weighted sum of s, d, and p electrons)
in these alloys, it is reported that in the Ni-Mn-based Heusler
alloys, the exchange interactions, and consequently, magnetic
ordering temperatures are also sensitive to Mn—Mn distance.l!
In the Nigp gMngg3Cos7Sny;, alloy, the lattice contraction
may modify the Mn—Mn distance and also influence the MT
temperature and 7.
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Fig. 2. (color online) The M-T curves for Nigy §Mnyp 3Co057Sn » al-
loy heated under a magnetic field 10 Oe (a); heated (FH) and cooled
(FC) under a magnetic field of 1 kOe (b).

The isothermal magnetization curves (M-H) for the
Nigp §Mnyo3Cos.7Sn;; > alloy are measured around MT tem-
perature and TCA temperature. Figure 3(a) shows the M-
H curves for Nigp 3Mng93Cos7Sn1; 2 with a field increasing
from zero up to 30 kOe. The typical metamagnetic behav-
ior, due to the field-induced MT, can be observed in these
plots. The magnetization difference reaches 62 emu/g, within
the temperature changes of about 12 K. The magnetization
jump in FSMA would be attributed to two different interac-
tion mechanisms. One mechanism may be the strong spin-
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phonon coupling, resulting in a difference in magnetic state
between the austenitic phase and the martensitic phase. The
other mechanism is due to the magnetostructural coupling on
a mesoscopic scale between the magnetism and the marten-
sitic variants, which leads to the magnetization jump near MT.
The metamagnetic characteristic in the M—H isotherm is asso-
ciated with a field-induced reverse MT from a low magnetiza-
tion martensitic state to a higher magnetization austenite state.
This phenomenon has been reported in magnetic field-induced
MT in the other Ni-Mn-based FSMAs.[!3) Figure 3(b) shows
the M—H curves for Nigp §Mnyp3Cos57Sn ;> around the TCA
temperature, indicating the typical magnetic property changes
near the Curie temperature.
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Fig. 3. (color online) The isothermal magnetization curves (M—H) of
Nigp gMnyo3Cos7Sn;; > alloy measured at various temperatures: (a)
around MT temperature, (b) around Té\ temperature.

As is well known, the Arrott plot, which is obtained by
plotting M? versus H /M, is an effective tool for identifying
the order of phase transition.[?3! If the slope of the plot is neg-
ative, the magnetic transition will be of the first-order. On
the other hand, it is expected to be the second-order when
the slope is positive. Figure 4(a) shows the Arrott plots for
the sample Nigp §Mnygg3Cos7Sn;1 2 around its MT tempera-
ture. It is clear that S-shaped curves are observed at 213 K and
214 K, suggesting the occurrence of a field-induced first-order
phase transition. This should be attributed to the coherent cou-
pling between the spin and the lattice system.!**! Figure 4(b)
shows the Arrott plots for the sample Nigp gMng93C0s7Sn7 2

around its TCA temperature, indicating a typical second-order
phase transition.
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Fig. 4. (color online) Arrott plots for Nigy §Mnyp3Co0s7Sn;; 2 alloy (a)
around MT temperature and (b) around TCA temperature.

Owing to the large and sharp changes in magnetization
associated with the MT, large MCE would be expected in
Nigp §Mnygg3Cos57Sn;1 2 alloy. The ASy as a function of
temperature and magnetic field for the alloy is calculated

from isothermal magnetization curves by using the Maxwell
2,15]

ASy(T,H) = /OH (5’A/I((9§,FI))H dH.

equation:|

The temperature dependences of ASy, in applied fields (AH)
of 10, 20, and 30 kOe for Nigp gMnyo3C057Sn 1, are shown
in Fig. 5. Around the MT temperature, the maximum value
of ASys is 45.6 J/kg-K for the applied field of 30 kOe. Even
at AH of 10 kOe, we still have a ASy; of 14.2 J/kg-K. As
shown in Fig. 5(b), the peak values of ASy, around TCA reach
—1.2 J/kkg-K, —2.0 J/kg-K, and —2.8 J/kg-K for AH of 10,
20, and 30 kOe, respectively. The refrigerant capacity (RC)
is also an important parameter to evaluate MCE, which is
a measurement of the heat transferred between the cold and
hot reservoirs in an ideal refrigeration cycle.[?>?61 RC values
are usually determined by numerically integrating the ASy—T
curves over the full width at half maximum. With the field
changing from 0 to 30 kOe, the RC value around the MT of
Nigp §Mnyg3Cos5.7Sn11 2 alloy reaches 106.9 J/kg.
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Fig. 5. (color online) Temperature dependences of ASy in the mag-
netic fields of 10, 20, and 30 kOe for Nigr gMnyp3Cos7Sn;; 2 alloy at
first-order transition (a), and the second-order transition (b).

It is worth noting that hysteresis loss exists around first-
order magnetic transition and should be taken into account in
the evaluation of RC. Here, the hysteresis losses at different
temperatures are estimated from the enclosed area between the
magnetizing and demagnetizing M—H curves as shown in the
inset of Fig. 5(a). The average hysteresis loss for the alloy is
calculated by integrating the area under the curve of hystere-
sis loss versus temperature using the same temperature range
as that in calculation of RC, which serves as the integration
limit.[*”] For the Nig gMny3Cos7Sni ., alloy, the average
hysteresis loss is determined to be 34.8 J/kg, lower than that
observed in the other Heusler alloys.?32° Therefore, the ef-
fective RC can be evaluated by subtracting the average hys-
teresis loss from RC for these alloys. If the hysteresis loss
is taken into account, the effective RC value around MT for
the Nigp.§Mnyp3Cos7Snii, alloy is found to be 72.1 J/kg,
which is comparable to those in other Ni-Mn-based Heusler
alloys.?’-?1 For the second-order transition, the RC value
calculated from Fig. 5(b) reaches —160.1 J/kg with the field
changing from 0 to 30 kOe. Therefore, the value of RC around
the second-order transition is larger than that around the first-
order transition.

In order to better study the influence of applied magnetic
field on the MT of the alloy, the MT temperatures at differ-
ent applied magnetic fields have been tested. Figure 6 shows
the M—T curves for Nigp §Mnyo3Cos7Sn1;» alloy on heating

and cooling under the fields of 10, 20, and 30 kOe, respec-
tively. The different external magnetic fields exert important
influences on the phase transition temperature. Although the
M-T curves of 10, 20, and 30 kOe are similar to that of 1 kOe,
it can be clearly seen that the jump in magnetization is signif-
icantly shifted towards low temperature with the increase of
magnetic field, and all the characteristic temperatures of MT
shift down about 10 K as magnetic field increases from 10 kOe
to 30 kOe. The field dependence of MT temperature suggests
that magnetic field can compete with temperature in affecting

the phase transition.[?*]
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Fig. 6. (color online) The M—T curves for Nisz gMny 3Cos.7Sn11 2alloy
on heating and cooling under magnetic fields of 10, 20, and 30 kOe.

4. Conclusion

The component dependence of MT and ASy in
Nigo 8Mnyo3Cos7Sn;1 7 alloy is investigated. A large mag-
netic entropy change of 45.6 J/kg-K around the MT at 30 kOe
With the field changing from 0 to 30 kOe,
the effective RC values of Nisp gMnyp3Co0s57Sn;, alloy are

is obtained.

72.1 J/kg around the first-order transition temperature and
160.1 J/kg at the second-order transition temperature. The
large magnetic entropy change can be ascribed to the abrupt
change of magnetization in the vicinity of MT temperature.
The giant ASy, large effective RC, and the low cost suggest
that Nigp gMnyp 3Co5.7Sn7 > alloy is a promising working sub-
stance for magnetic refrigeration.
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