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Abstract 1 

We report a large magnetic entropy change associated with a high-temperature martensitic 2 

transformation in Ni40Co10Mn41Sn9 (at. %) melt-spun ribbons. The ribbons underwent a first-3 

order forward martensitic transition and a reverse structural transition from the paramagnetic six-4 

layered modulated martensite to a ferromagnetic austenite in the temperature range of 395-380 K. 5 

For a magnetic field change of 5 T (2 T), extremely large magnetic entropy changes of 33.9 (25) 6 

J kg-1 K-1 and 53 (22) J kg-1 K-1 upon reverse and forward martensitic transformations occurred. 7 

These values are among the largest for Ni-Mn based Heusler alloys reported so far. As compared 8 

with the large values upon heating, hysteresis losses upon cooling were negligibly low (only 9 

0.36 J kg-1). The present findings open up the possibility of elevated temperature magnetic 10 

cooling.  11 

 12 

Keywords: Ni-Co-Mn-Sn; melt spinning; giant magnetic entropy change; high-temperature 13 

martensitic transformation; magnetic hysteresis loss. 14 

15 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 4

1. INTRODUCTION 1 

Magnetic cooling based on the magnetocaloric effect (MCE) is recognized as a new solid 2 

state refrigeration technology. It is more environmental friendly, of higher energy efficiency and 3 

of lower mechanical noise, as compared with conventional technology based on gas 4 

compression/expansion [1-3]. The discovery of giant and tunable MCE around room-temperature 5 

in Gd5Ge2Si2 alloys et al. [4, 5], combined with the demonstration that magnetic refrigeration is a 6 

competitive room temperature cooling technology [6], boosted the search for novel materials with 7 

giant MCE and the development of magnetic cooling technology. Since then, some promising 8 

magnetic materials exhibiting giant MCE around room temperature were reported such as (Mn, 9 

Fe)2P-type alloys (currently used by Haier-BASF-Astronautics in their first commercial magnetic 10 

refrigerator, a magnetocaloric wine cooler) [7, 8], La(Fe, Si)13-based alloys (currently offered 11 

under the trademark Calorivac by the German company Vacuumschmelze GmbH & Co, for the 12 

development of room temperature magnetic refrigerators) [7, 8], and Ni-Mn-Z (Z: group IIIA-VA 13 

elements) Heusler alloys with or without Co [9-20]. For these materials, the giant MCE is related 14 

to a coupled first-order magneto-elastic or magneto-structural transition that is accompanied by a 15 

sharp magnetization change ∆M. Up to now, most of the studies have focused on materials with a 16 

peak temperature (TP, the temperature at which the maximum magnetic entropy change is 17 

achieved) limited below or near room temperature. Only a few reports in the literature have 18 

described the synthesis of materials with a giant maximum magnetic entropy change ∆SM
peak 19 

above room temperature such as Ni41Co9Mn32Ga18 [21] (TP = 425 K, ∆SM
peak = 16.4 ± 1.8 J kg-1 20 

K-1) and Ni37.7Co12.7Mn40.8Sn8.8 [22] (TP = 415 K, ∆SM
peak Ĭ 15.8 J kg-1 K-1). From the practical 21 

viewpoint, it is essential to search for new materials exhibiting a giant high-temperature MCE to 22 

extend the application range of magnetic cooling.   23 
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Among Ni-Mn-Z (Z=In, Sn, Ga and Sb) Heusler alloys, relative low cost is an important 1 

advantage for Ni-Mn-Sn alloys [23], which makes them promising candidates for commercially 2 

viable magnetic cooling. Due to the strong sensitivity of transformation temperatures to the 3 

chemical composition, their first-order structural transition may be shifted to higher temperature, 4 

such as 466 K for Ni43Co7Mn41Sn9 [24] and 560 K for Ni43Co7Mn43Sn7 [25]. Furthermore, we 5 

reported a large peak magnetic entropy change value ∆SM
peak of 15.8 J kg-1 K-1 above 400 K for 6 

Ni37.7Co12.7Mn40.8Sn8.8 ribbons [22]. Consequently, Ni-Co-Mn-Sn alloys with an appropriate 7 

composition may exhibit a giant MCE above room temperature.  8 

In this study, Ni40Co10Mn41Sn9 melt-spun ribbons were prepared. The bulk master alloy 9 

exhibited a magneto-structural transition at about 410 K [26]. As homogeneous element 10 

distribution obtained from rapid cooling leads to an enhanced ∆SM (magnetic entropy change), 11 

for example in La-Fe-Si [27] and Ni-Mn-In-Co [17], a large MCE above room temperature is 12 

expected for the present ribbons. Here, we studied the microstructure, structural transition and 13 

magnetic-field-induced magnetic entropy change through both reverse and forward first-order 14 

martensitic transformation. Hereinafter, A and M are used to represent the austenite phase and the 15 

martensite phase, respectively. Therefore, the forward first-order martensitic transformation is 16 

referred to as A → M transition, and the reverse transformation as M → A transition. Above 373 17 

K, extremely large magnetic entropy changes were achieved for both transformations upon 18 

heating and cooling.  19 

2. EXPERIMENTAL PROCEDURE 20 

A polycrystalline bulk alloy with a nominal composition Ni40Co10Mn41Sn9 (at. %) was arc 21 

melted using high-purity elements (> 99.9 %). The alloy was then induction melted in a quartz 22 

crucible and ejected through the circular nozzle onto the polished surface of a rotating copper 23 

wheel at a surface linear speed of 10 m/s. The average thickness of the obtained ribbons was ~40 24 
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µm and had a nearly columnar grain structure (Fig. 1). The melt-spun ribbons were sealed in 1 

vacuum quartz tubes and annealed for 1 hour at 1073 K followed by quenching into ice water. 2 

The microstructure was examined with scanning electron microscopy (SEM, Quanta 200) and 3 

transmission electron microscopy (TEM, JEOL JEM-2100 LaB6). The TEM sample was directly 4 

subjected to twin-jet electropolishing using an electrolyte solution consisting of 10 % perchloric 5 

acid and 90 % ethanol by volume. The phase transformation was studied using a Perkin Elmer 6 

Diamond differential scanning calorimeter (DSC). Magnetization studies were carried out with 7 

vibrating sample magnetometry with an oven option of a Quantum Design PPMS® Dynacool® -8 

9T platform. We cut a sample with the approximate dimensions 0.7 × 3.5 mm2 for magnetic 9 

measurements that was glued with Duco cement on the VSM oven heater stick. The major length 10 

was parallel to the length direction of the ribbon. The magnetic field µoH was applied along the 11 

major length of this parallelepiped sample to minimize the demagnetizing field. Owing to the 12 

strong effect of the magnetic field on the M → A phase transition, a fixed thermal protocol was 13 

followed prior to measure each isothermal magnetization M(µoH) curve [28]. (1) Through the M 14 

→ A transition: At zero magnetic field the sample was heated to 500 K to stabilize austenite, 15 

cooled to 310 K to completely form martensite, and then heated again in no-overshoot mode to 16 

the selected measuring temperature Tmeas. (2) Through the A → M transition: At zero magnetic 17 

field the sample was cooled down to room temperature (300 K) to stabilize martensite, heated to 18 

475 K to completely form austenite, and then cooled again in no-overshot mode to the selected 19 

measuring temperature Tmeas. These procedures ensure that prior to applying the magnetic field at 20 

each measuring temperature the sample exhibits the phase constitution that corresponds to the 21 

thermally induced structural transition.  22 

3. EXPERIMENTAL RESULTS AND DISCUSSION 23 

3.1 Microstructure and phase transformation. 24 
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Fig. 2(a) shows a SEM image of the ribbon surface. The typical lath-liked martensite 1 

indicates that the A → M transition was complete above room temperature. No traces of second 2 

phases were found, which often occur in Co-rich Ni-Co-Mn-Sn bulk samples [29]. Some 3 

martensite variants crossed a grain boundary, as marked by a dashed ellipse in Fig. 2(a), which 4 

was also observed in Ni45Mn37In13Co5 ribbons, etc., and was ascribed to small angle grain 5 

boundaries [30-32]. In addition, within some grains, the martensite showed a single-variant 6 

domain structure. The above two characteristics of martensite morphologies seem to enhance the 7 

mobility of phase boundary, which is favorable for the reverse transformation under a relatively 8 

low magnetic field. Fig. 2(b) is a TEM micrograph showing the twinned martensite with straight 9 

and clear interfaces. The corresponding selected area electron diffraction (SAED) pattern (Fig. 10 

2(c)) exhibited five extra superlattice spots between two primary spots, as pointed out by the 11 

arrows, indicating the formation of a six-layered modulated martensite also referred to as 6M 12 

martensite [33, 34]. Such a modulated structure is not the most common martensitic structure in 13 

Ni-Mn-Z alloys though it has been reported for Ni-Co-Mn-In [33] and Ni-Mn-In [34] alloys. 14 

Fig. 3(a) shows the DSC curve of the Ni40Co10Mn41Sn9 ribbons. By applying the conventional 15 

tangent extrapolation method, the start and finish temperatures for the M → A transition were As 16 

= 403 K, and Af = 417 K. The peak temperature, Ap, was 410 K. The start and finish temperatures 17 

for the A → M transition were Ms = 395 K, and Mf = 380 K. The peak temperature, Mp, was 389 18 

K. Upon both heating and cooling, a small step corresponding to the paramagnetic-ferromagnetic 19 

transition occurred at around 440 K corresponding to the Curie temperature of austenite (TC
A). 20 

Since the As temperature was as high as 403 K, a high temperature magnetic-field-induced 21 

reverse transformation is expected. The transformation entropy change (∆Str) was calculated 22 

using the equation ∆Str = ∆Etr /T0 [35], where T0 is the equilibrium temperature (T0 =  (Af + Ms)/2, 23 

namely 406 K) and ∆Etr is the transformation enthalpy (19.1×103 J kg-1 for the M → A transition  24 
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and 17.9×103 J kg-1 for the A → M transition, respectively), both of which have been determined 1 

from the DSC curves. Accordingly, ∆Str
H associated with the M → A transition and ∆Str

C 2 

associated with the A → M transition of the present ribbons were 47.0 and -44.1 J kg-1 K-1, 3 

respectively. The absolute value of ∆Str
H was a little larger than that of ∆Str

C. According to the 4 

model proposed by Pecharsky et al. [36] and confirmed by Recarte et al. [37], that the maximum 5 

∆SMĬ∆Str provided that the applied field induced the complete reverse transformation, extremely 6 

large ∆SM would be expected in the present ribbons for both cooling and heating magneto-7 

structural transitions. 8 

Fig. 3(b) compares low-field (5 mT) and high-field (2 T) magnetization as a function of 9 

temperature, M(T), curves measured in zero-field-cooling (ZFC) and field-cooling (FC) modes 10 

between 310 and 550 K. The inset shows the dM/dT vs. T curve at 5 mT field, from which Ap and 11 

Mp were determined for the M → A (404 K) and A → M transitions (385 K). TC
A was 433 K. All 12 

these characteristic temperatures were very close to those measured by DSC in Fig. 3(a). Small 13 

discrepancies are attributed to instruments error and different scanning rates as well as that 14 

indeed both techniques measure different physical magnitudes. As expected, both Fig. 3 (a) and 15 

(b) indicate that the microstructure was fully martensite at room temperature (293 K), which 16 

agrees well with the SEM and TEM results.  17 

By applying a magnetic field of 2 T, the structural phase transformations were shifted 18 

towards lower temperature and the magnetization increased remarkably. Ap and Mp dropped by 6 19 

and 5 K to 398 and 380 K, respectively, showing the distinct dependence of transformation 20 

temperatures on the external magnetic field. This is due to the magnetic field induced reverse 21 

martensitic transformation, a common feature for Ni-Mn-Z (Z=In, Sn and Sb) metamagnetic 22 

shape memory alloys. The ratio between transformation temperature change and magnetic field 23 

change (∆T/µo∆H) was 3 K/T when referring to Ap. This ratio is smaller than that of some 24 
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reported Ni-Mn-Z alloys such as Ni45Co5Mn36.6In13.4 [38] and Ni43Co7Mn39Sn11 [39], in which 1 

∆T/µo∆H are 4.3 and 3.6 K/T, respectively. The reduced value for Ni40Co10Mn41Sn9 can be 2 

ascribed to extremely high value of ∆Str. According to the Clausius-Clapeyron relation [38], 3 

∆T/∆µoH = ∆MA-M/∆Str (∆MA-M  is the difference in magnetization between the austenite and 4 

martensite phases). ∆Str associated with the M → A transition was 47.0 J kg-1 K-1 as obtained by 5 

DSC measurement. By using µo∆H = 2 T and ∆MA-M = 67.6 Am2 kg-1 as obtained in Fig. 3(b), 6 

∆T/µo∆Hcal (theoretical value) was 2.9 K/T, in accordance with the experimental value (3 K/T). 7 

Hence, in case of a similar ∆MA-M , a high value of ∆Str results in a small shift of ∆T, which limits 8 

the working temperature range of magnetic cooling materials. However, a high value of ∆Str also 9 

means a giant MCE effect. Therefore, we have to balance the maximum value and the width of 10 

the temperature range of the MCE to meet practical demand. 11 

3.2 Magnetocaloric properties upon the reverse martensitic transformation. 12 

Fig. 4(a) shows the isothermal magnetization versus magnetic field curves M(µoH) through 13 

the M → A transition. Similar to our previous results reported in Ref. [40], the curves can be 14 

divided into three groups including typical ferromagnetic behaviors with different magnitudes of 15 

maximum magnetization occurring at 5 T below 389 K and above 402 K, as well as a 16 

metamagnetic-like behavior between 389 K and 402 K. In Ni-Mn-Z Heusler alloys such 17 

metamagnetic-like behavior (i.e. the double-S shape of the M-H curve with a steep increase of 18 

magnetization over an intermediate magnetic field range) is believed to contribute substantially to 19 

∆SM
peak across the M → A transition [20]. 20 

We calculated the ∆SM using the Maxwell relation (i.e., 21 

'dH
T
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=∆ ) and plotted its dependence on the temperature (∆SM(T) 22 

curve) and magnetic field change in Fig. 4(b). In agreement with the sharp magnetization change, 23 
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the ∆SM(T) curves show narrow peaks similar to those reported for other Ni-Mn-Z alloys 1 

exhibiting giant magnetocaloric effect [12, 13, 16, 41, 42]. These peaks occurred above 390 K 2 

indicating that the working temperature far exceeds room temperature, which is much higher than 3 

most of Ni-Mn-Z magnetic refrigerants. The peak position shifted to lower temperatures upon 4 

increasing µo∆H (as indicated in the figure by the dashed curved arrow). This shift resulted from 5 

the magnetic-field-induced shift of the phase transition temperatures. The maximum entropy 6 

change ∆SM
peak first increased and then saturated with increasing magnetic field as shown in the 7 

inset of Fig. 4(b). For µo∆H = 5 T, the ∆SM
peak reached 33.9 J kg-1 K-1 which is among the largest 8 

magnetic entropy changes reported for Ni-Mn-Z alloys, such as  Ni45Mn37In13Co5 ribbon (∆SM
peak 9 

= 34 J kg-1 K-1) [17], Ni50Mn34.5In12.5Ga3 (∆SM
peak = 36 J kg-1 K-1) [43], Ni46Co4Mn38Sb12 (∆SM

peak 10 

= 29 J kg-1 K-1) [16], Ni50Mn35.3In14.7 (∆SM
peak = 28.6 J kg-1 K-1) [44], Ni45Co5Mn36.6In13.4 (∆SM

peak 11 

= 28.4 J kg-1 K-1) [38], and Ni45(Co0.95Fe0.05)5Mn36.6In13.4 (∆SM
peak = 26 J kg-1 K-1) [45]. Even for a 12 

much lower magnetic field change of 2 T, the ∆SM
peak was 25 J kg-1 K-1, still a considerable MCE. 13 

A summary of the magnetocaloric properties derived from the entropy change curves for five 14 

selected field change values is given in Table I. 15 

To evaluate the working temperature range, we use δTFWHM, the full-width at half-maximum 16 

of the ∆SM(T) curve, i.e., δTFWHM = Thot - Tcold where Thot and Tcold are the temperatures at which 17 

∆SM is half the maximum value. The field dependence of the temperatures Thot and Tcold is shown 18 

in the inset of Fig. 4(c) and the detailed values of δTFWHM, Thot and Tcold are listed in Table I. Tcold 19 

exhibited a stronger temperature dependence (decreasing from 399 to 391 K) than Thot 20 

(decreasing from 402 to 400 K) with increasing the field to 5 T. Under 5 T field, δTFWHM was 21 

only 9 K. As mentioned above, such a narrow working temperature range results from the abrupt 22 

magnetization change. 23 
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Refrigerant capacity RC, a physical quantity that quantifies the amount of heat that might be 1 

transferred between the cold and the hot reservoir through an ideal refrigeration cycle, is another 2 

important parameter that characterizes magnetocaloric materials [1, 46, 47]. The value of RC 3 

depends on |∆SM
peak| and on the temperature width of the ∆SM curve [48]. From the practical 4 

viewpoint, three different criteria have been defined to estimate RC from the ∆SM(T) curve [1, 46, 5 

47]: (a) by the product |∆SM
peak|× δTFWHM (usually referred to as RC-1); (b) by the integral under 6 

the ∆SM(T) curve between T
hot and T

cold (referred to as RC-2); and (c) by the maximum of the 7 

product |∆SM
peak|× δT below the ∆SM(T) curve (referred to as RC-3). The dependence of RC-1, 8 

RC-2, and RC-3 on µo∆H is depicted in Fig. 4(c) and the obtained values are listed in Table I. 9 

RC-1, RC-2, and RC-3 increased monotonically with increasing magnetic field change. For µo∆H 10 

= 5 T, the RC-1 value (294 J kg-1) attained not considering the hysteresis losses is smaller than 11 

that in Ni40Co10Mn40Sn10 (426 J kg-1) which has heretofore the largest RC reported in Ni-Mn-Z 12 

Heusler alloys [49]. However, the present RC-1 is higher than other Ni-Mn-Sn alloys (RC-1 = 80 13 

J kg-1 for Ni50Mn36Sn14 [42], 202 J kg-1 for Ni44Fe2Mn43Sn11 [50], and about 220 J kg-1 for 14 

Ni43Mn46Sn11C2 [51]). All these RC-1 values were obtained under a magnetic field change of 5 T. 15 

According to the definition of RC-1, extremely large value of ∆SM
peak (33.9 J kg-1 K-1) makes 16 

greater contributions to achieve such a large RC-1, compared with the role of δTFWHM (9 K). 17 

For Ni-Mn-Z magnetic cooling materials, the magnetic hysteresis losses originating from the 18 

field-induced reverse martensitic transformation are inevitable and must be subtracted from the 19 

obtained RC value to obtain an effective value, RCeff. The hysteresis losses were estimated up to a 20 

maximum applied magnetic field of 2 T from the set of field-up and field-down isothermal 21 

M(µoH) curves shown in Fig. 5(a) (the value of 2 T was chosen because it is usually assumed as 22 

the maximum reference field change value with technological relevance). Fig. 5(b) displays the 23 

hysteresis loss dependence on the temperature at µo∆H = 2 T. For the studied alloy, the average 24 
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hysteresis loss, <HL> was up to 24.8 J kg-1. Thus, by subtracting <HL> from the corresponding 1 

RC value at 2 T (i.e., 96 J kg-1), RCeff is 71.2 J kg-1. That is, across the M → A transition, 25% 2 

reduction of refrigerant capacity will take place through an ideal refrigeration cycle. The present 3 

RCeff is still higher than that of other Ni-Mn-Z alloys such as Ni49Mn39Sn12 (58 J kg-1) [52].  4 

3.3 Magnetocaloric properties upon the forward martensitic transformation. 5 

Fig. 6(a) shows the M(µoH) curves through the A → M transition. They differ in two aspects 6 

in comparison with those measured across the M → A transition (Fig.4 (a)). First, up to 4 T, 7 

isothermal magnetization curves show a low positive slope reflecting a weak magnetic field 8 

induced transition; however, above this threshold field a more pronounced field-induced 9 

metamagnetic-like behaviour appears. Liu et al. [20] suggested that the absence of magnetic 10 

field-induced reverse martensitic transformation contradicts a giant MCE for Ni-Mn-Z Heusler 11 

alloys, but this is not the case here. Second, the maximum magnetization upon cooling under 5 T 12 

reached 78.5 A m2 kg-1, a little higher than that across the M → A transition (76.5 A m2 kg-1).  13 

∆SM(T) curves and the dependence of the absolute value of ∆SM
peak on magnetic field change 14 

are plotted in Fig. 6(b). Similar to those measured for the M → A transition (Fig. 4(b)), all 15 

∆SM(T) curves show a narrow peak above 390 K. The difference is that, the peak position keeps 16 

constant upon increasing µo∆H (as indicated in the figure by the vertical dashed arrow). This 17 

further confirms that through the A → M transition the effect of the magnetic field on the 18 

magneto-structural transition is different compared to the metamagnetic-like behaviour occurring 19 

across the M → A transition. |∆SM
peak| increased linearly with µo∆H as shown in the inset of Fig. 20 

6(b), in contrast with the saturating trend observed across the M → A transition (shown in the 21 

inset of Fig. 4(b)). For µo∆H = 5 T, |∆SM
peak| reached 53.3 J kg-1 K-1 which is 19.4 J kg-1 K-1 larger 22 

than that obtained across the M → A transition. Under 2 T field, |∆SM
peak| was 21.4 J kg-1 K-1, 23 

just a little smaller than that (25 J kg-1 K-1) obtained across the M → A transition. A summary of 24 
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the magnetocaloric properties derived from the ∆SM(T) curves for five selected field change 1 

values is given in Table Ċ. 2 

The field dependence of the temperatures Thot and Tcold is shown in the inset of Fig. 6(c) and 3 

the specific values of δTFWHM, Thot and Tcold are listed in Table Ċ. Both Tcold and Thot were almost 4 

independent of the magnetic field change and maintained stable values of ~388.5 and ~393 K, 5 

respectively, leading to a constant width of δTFWHM (δTFWHM = 4.4 and 4.7 K for 1 and 5 T field, 6 

respectively). The latter was similar to that measured at 2 T but about half of the value measured 7 

for the M → A transition at 5 T (δTFWHM was 9 K under 5 T field). The absence of magnetic field 8 

induced structural transition upon cooling as indicated in Fig. 6(a) may cause a narrower working 9 

temperature range. 10 

The dependence of RC-1, RC-2, and RC-3 on µo∆H is depicted in Fig. 6(c) and the explicit 11 

values are given in Table Ċ. RC-1, RC-2, and RC-3 increased monotonically with increasing 12 

magnetic field change, showing a similar trend as for the M → A transition. For µo∆H = 5 T, the 13 

RC-1 value (253 J kg-1) was smaller than that produced by the M → A transition (294 J kg-1), 14 

which can be ascribed to a much smaller value of δTFWHM for the A → M transition that 15 

overcompensates the slightly larger ∆SM
peak.  16 

|∆SM
peak| vs. µo∆H curves are compared in Fig. 7. For the M → A transition, with increasing 17 

the magnetic field, |∆SM
peak| initially increased quickly and saturated above about 4 T. For the A 18 

→ M transition, with increasing the magnetic field, |∆SM
peak| increased linearly up to 5 T. At 19 

µo∆H ≈ 2.7 T, the same |∆SM
peak| of 29.3 J kg-1 K-1 was attained for both transformations. Below 20 

2.7 T field, |∆SM
peak| of the M → A was larger than that of A →  M transition. Above 2.7 T field, 21 

it was the opposite. We consider that for Ni-Mn-Z (Z = In, Sn, Sb) alloys, ∆SM is the sum of two 22 

components ∆SM, meta and ∆SM, therm representing the ∆SM contributions from the field-induced 23 

metamagnetic-like magnetization behaviour and thermally induced magnetization behaviour, 24 
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respectively. As confirmed in Fig. 4(a) and Fig. 6(a), below 2.7 T field, no metamagnetic-like 1 

magnetization behaviour occurred during the A → M transition leading to the absence of ∆SM,meta, 2 

while for the M → A transition, distinct metamagnetic-like magnetization behaviour results in a 3 

large ∆SM, meta. Thus, in case of similar ∆SM, therm, |∆SM
peak| for the A → M transition was smaller 4 

than that of the M → A transition. Above 2.7 T field, a considerable fraction of martensite had 5 

transformed to the austenite induced by the applied field, so the role of ∆SM, meta decreased and 6 

the contribution of ∆SM, therm increased. Isothermal magnetization curves under high field in Fig.4 7 

(a) and Fig. 6 (a) clearly showed that, the magnetization change within a constant temperature 8 

interval (∆M/∆T) caused by the same magnetic field is different. The magnitude of ∆M/∆T for 9 

the A → M transition is much larger than that of the M → A transition, which would produce a 10 

higher magnetic entropy change according to the Maxwell relation. Consequently, above 2.7 T 11 

field, |∆SM
peak| for the M → A was smaller than that of the A → M transition.  12 

Fig. 8(a) shows the field-up and field-down isothermal M(µoH) curves up to a maximum 13 

applied magnetic field of 2 T for temperatures between 386 and 398 K. The isothermal 14 

magnetization curves are almost completely reversible. The hysteresis loss values at different 15 

temperatures were determined by calculating the areas enclosed by the field-up and field-down 16 

M(µoH) curves and are shown in Fig. 8(b). The average hysteresis loss <HL> is as low as 0.36 J 17 

kg-1, which is only 1.5% of that (24.8 J kg-1) of the M → A transition and also far below the 18 

values reported for several Ni-Mn-Z (Z = In, Sn, Sb) alloys. For example, 8.3 J kg-1 (2 T) for 19 

Ni50.3Mn35.5Sn14.4 ribbon [53], 19 J kg-1 (2 T) for Ni40.6Co8.5Mn40.9Sn10 unidirectional crystal [40], 20 

2.2 J kg-1 (2 T) for Ni50Mn34In16 polycrystal [54], 3.46 J kg-1 (1.5 T) for Ni47.5Mn37.5Sn15 21 

polycrystal [55], 11 J kg-1 (3 T) for Mn50Ni40In10 ribbon [56], 13.0 J kg-1 (5 T) for Ni50Mn37Sb13 22 

polycrystal [15], 14 J kg-1 (5 T) for Ni41Co9Mn40Sb10 polycrystal [57], 57 J kg-1 (7 T) for 23 

Ni45Co5Mn37.5In12.5 single crystal [58]. In these cases, the values in parentheses represent the 24 
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applied magnetic field. Upon heating, the magnetic field induces the M → A transition leading to 1 

large hysteretic losses [53]. Thus, low loss upon cooling can be ascribed to the lack of the 2 

magnetic field-induced A → M transition. By subtracting the <HL> from the corresponding RC 3 

value at 2 T (i.e., 96 J kg-1), RCeff is 95.6 J kg-1 which is much larger than that produced by the M 4 

→ A transition (71.2 J kg-1). Through an ideal refrigeration cycle associated with the M → A 5 

transition, magnetic hysteresis loss has been a major problem since it significantly decreases the 6 

cooling efficiency [59].  7 

3.4 Comparison with Ni-Mn-Z magnetocaloric alloys. 8 

For comparison, the values of |∆SM
peak| for the present sample, most studied Ni-Mn-Z 9 

magnetocaloric alloys, Gd5Ge2Si2, La(Fe, Si)13-based alloys, and (Mn,Fe)2P-type compounds are 10 

schematically illustrated in Fig. 9. The peak temperature of ∆SM(T) curves of those materials is 11 

limited to be around or above room temperature. We make two major observations. First, the 12 

temperature (391 and 396 K) at which a large |∆SM
peak| appears for the presently fabricated 13 

ribbons is much higher than for any other materials reported except our previously 14 

Ni37.7Co12.7Mn40.8Sn8.8 ribbon [22]. Even more importantly, the |∆SM
peak| upon cooling is the 15 

largest for Ni-Mn-Z (Z=In, Sn, Sb) Heusler alloys reported so far. Also, a small hysteresis loss 16 

greatly enhances the cooling efficiency. The present findings open up the possibility of elevated 17 

temperature magnetic cooling with high efficiency.  18 

4. CONCLUSIONS 19 

In summary, we demonstrated a magnetostructural transition clearly above 100 °C for 20 

Ni40Co10Mn41Sn9 ribbon. Giant magnetic entropy change is achieved not only upon heating (the 21 

M → A transition) but also upon cooling (the A → M transition). Particularly for the latter, an 22 

extremely large |∆SM
peak| value of 53 J kg-1 K-1 (ascribed to the great transformation entropy 23 

change) along with a negligible hysteresis loss (on average only 0.36 J kg-1, due to the 24 
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disappearance of the magnetic field-induced structural transition) was discovered. As compared 1 

to other Ni-Mn-Z magnetic refrigerant materials reported to date, the present |∆SM
peak| is the 2 

largest while the hysteresis loss is the smallest. The present work demonstrates a possible way to 3 

develop a high-temperature, high efficiency magnetic cooling technique.   4 
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Table I Magnetocaloric properties associated to the M → A structural transition under selected 1 

magnetic field changes. µo∆H is the applied magnetic field. |∆SM
peak| is the absolute value of the 2 

maximum magnetic entropy change. RC-1, RC-2, and RC-3 are three different criteria for 3 

estimating refrigerant capacity. T
hot and T

cold are the temperatures located at half-maximum of the 4 

∆SM(T) curve, the difference of which is δTFWHM, the working temperature change. <HL> is the 5 

average hysteresis loss. 6 

M  → A transition 
µo∆H (T)  1.0 2.0 3.0 4.0 5.0 
|∆SM

peak| (J kg-1 K-1)  15.0 25.0 30.0 33.0 33.9 
RC-1 (J kg-1)  44 96 159 226 294 
RC-2 (J kg-1)  35 80 134 194 261 
RC-3 (J kg-1)  22 50 86 130 182 
<HL> (J kg-1)  - 24.8 - - - 
δTFWHM (K)  3 4 5 7 9 
Thot (K)  401 400 400 400 400 

Tcold (K)  398 396 395 393 391 
 7 

  8 
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Table Ċ Magnetocaloric properties associated to the A → M structural transition under selected 1 

magnetic field changes. µo∆H is the applied magnetic field change. |∆SM
peak| is the absolute value 2 

of the maximum magnetic entropy change. RC-1, RC-2, and RC-3 are three different criteria for 3 

estimating refrigerant capacity. T
hot and T

cold are the temperatures located at half-maximum of the 4 

∆SM(T) curve, the difference of which is δTFWHM, the working temperature change. <HL> is the 5 

average hysteresis loss. 6 

A → M transition 
µo∆H (T)  1.0 2.0 3.0 4.0 5.0 
|∆SM

peak| (J kg-1 K-1)  10.7 21.4 32.3 43.2 53.3 
RC-1 (J kg-1)  47 96 146 198 253 
RC-2 (J kg-1)  38 77 117 158 202 
RC-3 (J kg-1)  24 48 74 100 128 
<HL> (J kg-1)  - 0.36 - - - 
δTFWHM (K)  4.4 4.5 4.6 4.6 4.7 
Thot (K)  392.9 392.9 392.9 392.8 392.7 
Tcold (K)  388.5 388.4 388.3 388.2 388.0 

 7 
8 
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FIGURE CAPTIONS  1 

Fig. 1. SEM image of the cross section of the ribbon. 2 

 3 

Fig. 2. (a) SEM image, (b) TEM bright field image and (c) the corresponding selected area 4 

electron diffraction (SAED) pattern taken from the zone indicated in (b) by the dashed circle. 5 

 6 

Fig. 3. (a) DSC curve of the ribbons. (b) Temperature dependence of magnetization under a static 7 

magnetic field of 5 mT and 2 T between 310 and 550 K. Inset: dM/dT vs. T curve at 5 mT field.  8 

 9 

Fig. 4. (a) Isothermal magnetization curves obtained in the temperature range of 350-420 K. (b) 10 

∆SM(T) curves under magnetic field changes ranging from 1 to 5 T. Inset: ∆SM
peak as a function of 11 

µo∆H. (c) Refrigerant capacity (RC-1, RC-2, and RC-3) as a function of the magnetic field 12 

change. Inset: Field dependence of the temperatures Thot and Tcold that define the δTFWHM.. 13 

 14 

Fig. 5. (a) Isothermal magnetization curves on increasing (field-up) and decreasing (field-down) 15 

the magnetic field. (b) Hysteresis loss across the M → A transition up to µo∆Hmax= 2 T. 16 

 17 

Fig. 6. (a) Isothermal magnetization curves obtained in the temperature range of 373-395 K. (b) 18 

∆SM(T) curves under various magnetic field. Inset: ∆SM
peak as a function of µo∆H. (c) Refrigerant 19 

capacity (RC-1, RC-2, and RC-3) as a function of the magnetic field change. Inset: field 20 

dependence of the temperatures Thot and Tcold that define the δTFWHM.. 21 

 22 

Fig. 7. The absolute value of ∆SM
peak as a function of µo∆H for the M → A and A → M 23 

transitions. 24 
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 1 

Fig. 8. (a) Isothermal magnetization curves on increasing (field-up) and decreasing (field-down) 2 

the magnetic field. (b) Hysteresis loss across the A → M transition up to µo∆Hmax = 2 T.  3 

 4 

Fig. 9. |∆SM
peak| through the first-order structural transition around and above room temperature 5 

for Heusler alloys, Gd5Ge2Si2, La(Fe, Si)13-based alloys, and (Mn, Fe)2P-type compounds [4, 9-6 

20, 22, 38, 43-45, 49, 57, 58, 60-73]. The value of applied magnetic field change is distinguished 7 

by the filling color. For precise comparison, we select the data under a magnetic field of 5 T as 8 

far as possible. For sample 20, |∆SM
peak| is obtained upon cooling. Both samples 18 and 36 are 9 

Ni50Mn38Sb12 but different results at different temperatures were reported by two laboratories. 10 

They are illustrated here together. Samples 33 and 34 are located at the same position in the 11 

figure. Note that the applied field for sample 33 is just 1 T, while 5 T for sample 34. 12 
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 1 

Fig. 1. SEM image of the cross section of the ribbon. 2 

  3 
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 1 

 2 

Fig. 2. (a) SEM image, (b) TEM bright field image and (c) the corresponding selected area 3 

electron diffraction (SAED) pattern taken from the zone indicated in (b) by the dashed circle. 4 
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1 

 2 

Fig. 3. (a) DSC curve of the ribbons. (b) Temperature dependence of magnetization under a static 3 

magnetic field of 5 mT and 2 T between 310 and 550 K. Inset: dM/dT vs. T curve at 5 mT field.  4 
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 1 

Fig. 4. (a) Isothermal magnetization curves obtained in the temperature range of 350-420 K. (b) 2 

∆SM(T) curves under magnetic field changes ranging from 1 to 5 T. Inset: ∆SM
peak as a function of 3 

µo∆H. (c) Refrigerant capacity (RC-1, RC-2, and RC-3) as a function of the magnetic field 4 

change. Inset: Field dependence of the temperatures Thot and Tcold that define the δTFWHM.. 5 
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Fig. 5. (a) Isothermal magnetization curves on increasing (field-up) and decreasing (field-down) 3 

the magnetic field. (b) Hysteresis loss across the M → A transition up to µo∆Hmax= 2 T. 4 
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Fig. 6. (a) Isothermal magnetization curves obtained in the temperature range of 373-395 K. (b) 2 

∆SM(T) curves under various magnetic field. Inset: ∆SM
peak as a function of µo∆H. (c) Refrigerant 3 

capacity (RC-1, RC-2, and RC-3) as a function of the magnetic field change. Inset: field 4 

dependence of the temperatures Thot and Tcold that define the δTFWHM.. 5 
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Fig. 7. The absolute value of ∆SM
peak as a function of µo∆H for the M → A and A → M 2 

transitions. 3 
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Fig. 8. (a) Isothermal magnetization curves on increasing (field-up) and decreasing (field-down) 3 

the magnetic field. (b) Hysteresis loss across the A → M transition up to µo∆Hmax = 2 T.  4 
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Fig. 9. |∆SM
peak| through the first-order structural transition around and above room temperature 2 

for Heusler alloys, Gd5Ge2Si2, La(Fe, Si)13-based alloys, and (Mn, Fe)2P-type compounds [4, 9-3 

20, 22, 38, 43-45, 49, 57, 58, 60-73]. The value of applied magnetic field change is distinguished 4 

by the filling color. For precise comparison, we select the data under a magnetic field of 5 T as 5 

far as possible. For sample 20, |∆SM
peak| is obtained upon cooling. Both samples 18 and 36 are 6 

Ni50Mn38Sb12 but different results at different temperatures were reported by two laboratories. 7 

They are illustrated here together. Samples 33 and 34 are located at the same position in the 8 

figure. Note that the applied field for sample 33 is just 1 T, while 5 T for sample 34. 9 
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 Highlights 

1. The working temperature regime is far above room temperature. 

2. Extremely large magnetic entropy changes are attained. 

3. A negligible hysteresis loss is found upon forward martensitic transformation. 


