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Abstract

We report a large magnetic entropy change assdciaith a high-temperature martensitic
transformation in NikCo1oMn41Sry (at. %) melt-spun ribbons. The ribbons underwetfirst-
order forward martensitic transition and a revestsactural transition from the paramagnetic six-
layered modulated martensite to a ferromagnetiteaiis in the temperature range of 395-380 K.
For a magnetic field change of 5 T (2 T), extrenlahlge magnetic entropy changes of 33.9 (25)
J kg K™ and 53 (22) J kK™ upon reverse and forward martensitic transformatioccurred.
These values are among the largest for Ni-Mn bakedsler alloys reported so far. As compared
with the large values upon heating, hysteresisesgpon cooling were negligibly low (only
0.36 Jkd). The present findings open up the possibility ebévated temperature magnetic

cooling.

Keywords: Ni-Co-Mn-Sn; melt spinning; giant magnetic entyophange; high-temperature

martensitic transformation; magnetic hysteresis.los
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1. INTRODUCTION

Magnetic cooling based on the magnetocaloric effM€E) is recognized as a new solid
state refrigeration technology. It is more envir@mtal friendly, of higher energy efficiency and
of lower mechanical noise, as compared with coneeat technology based on gas
compression/expansion [1-3]. The discovery of gard tunable MCE around room-temperature
in GaGeSiy alloys et al. [4, 5], combined with the demonstmatthat magnetic refrigeration is a
competitive room temperature cooling technology f8josted the search for novel materials with
giant MCE and the development of magnetic cooleghhology. Since then, some promising
magnetic materials exhibiting giant MCE around ro@mperature were reported such as (Mn,
FeyP-type alloys (currently used by Haier-BASF-Astroties in their first commercial magnetic
refrigerator, a magnetocaloric wine cooler) [7, Bj(Fe, Sijs-based alloys (currently offered
under the trademark Caloriv@dy the German company Vacuumschmelze GmbH & Gahto
development of room temperature magnetic refrigesa{7, 8], and Ni-Mn-Z (Z: group IlIA-VA
elements) Heusler alloys with or without Co [9-2B§r these materials, the giant MCE is related
to a coupled first-order magneto-elastic or magisétiactural transition that is accompanied by a
sharp magnetization chang&l. Up to now, most of the studies have focused otenads with a
peak temperatureTg, the temperature at which the maximum magneticopgt change is
achieved) limited below or near room temperaturalyCa few reports in the literature have
described the synthesis of materials with a giaskimum magnetic entropy changeS,**

above room temperature such as;80sMns.Gaig[21] (Tp = 425 K,ASy"** = 16.4 + 1.8 J k{

K and Ni77C0o1MnaosSrss[22] (Te = 415 K,ASy"*¥* ~ 15.8 J kgt K'Y). From the practical

viewpoint, it is essential to search for new maitsrexhibiting a giant high-temperature MCE to

extend the application range of magnetic cooling.
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Among Ni-Mn-Z (Z=In, Sn, Ga and Sb) Heusler alloyslative low cost is an important
advantage for Ni-Mn-Sn alloys [23], which makesnthpromising candidates for commercially
viable magnetic cooling. Due to the strong senigjtiof transformation temperatures to the
chemical composition, their first-order structutransition may be shifted to higher temperature,
such as 466 K for WiCo/Mn41Smny [24] and 560 K for NizCo;Mn43Sry [25]. Furthermore, we
reported a large peak magnetic entropy change veu8® of 15.8 J kg K above 400 K for
Niz7 012 Mny0eSre g ribbons [22]. Consequently, Ni-Co-Mn-Sn alloys twian appropriate
composition may exhibit a giant MCE above room terafure.

In this study, NjgCo,0Mn4Sry melt-spun ribbons were prepared. The bulk madiey a
exhibited a magneto-structural transition at abdd® K [26]. As homogeneous element
distribution obtained from rapid cooling leads to enhanced\Sy (magnetic entropy change),
for example in La-Fe-Si [27] and Ni-Mn-In-Co [174, large MCE above room temperature is
expected for the present ribbons. Here, we stutliedmicrostructure, structural transition and
magnetic-field-induced magnetic entropy change ughoboth reverse and forward first-order
martensitic transformation. Hereinafter, A and M ased to represent the austenite phase and the
martensite phase, respectively. Therefore, the dadwiirst-order martensitic transformation is
referred to as A~ M transition, and the reverse transformation as>M\ transition. Above 373
K, extremely large magnetic entropy changes wetdesed for both transformations upon
heating and cooling.

2. EXPERIMENTAL PROCEDURE

A polycrystalline bulk alloy with a nominal comptien NiysgCo;0Mn4; Sy (at. %) was arc
melted using high-purity elements (> 99.9 %). THeyawas then induction melted in a quartz
crucible and ejected through the circular nozzleodhe polished surface of a rotating copper

wheel at a surface linear speed of 10 m/s. Theageethickness of the obtained ribbons was ~40
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um and had a nearly columnar grain structure (Fjg.The melt-spun ribbons were sealed in
vacuum quartz tubes and annealed for 1 hour at KO8lowed by quenching into ice water.
The microstructure was examined with scanning edacmicroscopy (SEM, Quanta 200) and
transmission electron microscopy (TEM, JEOL JEM{Q21@Bs). The TEM sample was directly
subjected to twin-jet electropolishing using arncet@yte solution consisting of 10 % perchloric
acid and 90 % ethanol by volume. The phase tramsftton was studied using a Perkin Elmer
Diamond differential scanning calorimeter (DSC). dviatization studies were carried out with
vibrating sample magnetometry with an oven optiba Quantum Design PPM®ynacoof -

9T platform. We cut a sample with the approximait®emhsions 0.7 x 3.5 nfifor magnetic
measurements that was glued with Duco cement ol $iM oven heater stick. The major length
was parallel to the length direction of the ribbdhe magnetic fieldi,H was applied along the
major length of this parallelepiped sample to mizemthe demagnetizing field. Owing to the
strong effect of the magnetic field on the-M A phase transition, a fixed thermal protocol was
followed prior to measure each isothermal magnebizad(u,H) curve [28]. (1) Through the M
— A transition: At zero magnetic field the samplesweseated to 500 K to stabilize austenite,
cooled to 310 K to completely form martensite, #meh heated again in no-overshoot mode to
the selected measuring temperatilifg.s (2) Through the A—» M transition: At zero magnetic
field the sample was cooled down to room tempeeaB00 K) to stabilize martensite, heated to
475 K to completely form austenite, and then coalgdin in no-overshot mode to the selected
measuring temperatuiig,.as These procedures ensure that prior to applyiagrtagnetic field at
each measuring temperature the sample exhibitphiase constitution that corresponds to the
thermally induced structural transition.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Microstructure and phase transfor mation.
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Fig. 2(a) shows a SEM image of the ribbon surfabiee typical lath-liked martensite
indicates that the A» M transition was complete above room temperatNeetraces of second
phases were found, which often occur in Co-richQgHMIn-Sn bulk samples [29]. Some
martensite variants crossed a grain boundary, akeohdy a dashed ellipse in Fig. 2(a), which
was also observed in NMns7Ini3Cos ribbons, etc., and was ascribed to small angléngra
boundaries [30-32]. In addition, within some graitise martensite showed a single-variant
domain structure. The above two characteristion@ftensite morphologies seem to enhance the
mobility of phase boundary, which is favorable foe reverse transformation under a relatively
low magnetic field. Fig. 2(b) is a TEM micrograposving the twinned martensite with straight
and clear interfaces. The corresponding selected electron diffraction (SAED) pattern (Fig.
2(c)) exhibited five extra superlattice spots betwdwo primary spots, as pointed out by the
arrows, indicating the formation of a six-layere@dulated martensite also referred to as 6M
martensite [33, 34]. Such a modulated structumtsthe most common martensitic structure in
Ni-Mn-Z alloys though it has been reported for No-®In-In [33] and Ni-Mn-In [34] alloys.

Fig. 3(a) shows the DSC curve of theddio,oMn41:Snyribbons. By applying the conventional
tangent extrapolation method, the start and fiteshperatures for the M» A transition wereAs
=403 K, andAs = 417 K. The peak temperatudg, was 410 K. The start and finish temperatures
for the A— M transition wereMs = 395 K, andV; = 380 K. Thepeak temperaturévl,, was 389
K. Upon both heating and cooling, a small stepesponding to the paramagnetic-ferromagnetic
transition occurred at around 440 K correspondmghe Curie temperature of austenite?).
Since theAs temperature was as high as 403 K, a high temperahagnetic-field-induced
reverse transformation is expected. The transfoomagntropy changeAS;) was calculated
using the equationS; = AE; /Ty [35], whereTy is the equilibrium temperaturg@y(= (As + Ms)/2,

namely 406 K) and\E; is the transformation enthalpy (19.1%10kg" for the M— A transition
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and 17.9x18J kg* for the A— M transition, respectively), both of which haveehaletermined
from the DSC curves. AccordinghyS," associated with the M~ A transition andAS,©
associated with the A> M transition of the present ribbons were 47.0 attll J kg K™,
respectively. The absolute value &%," was a little larger than that &fS,©. According to the
model proposed by Pecharsky et al. [36] and comefirioy Recarte et al. [37], that the maximum

ASu~AS; provided that the applied field induced the cortgleverse transformation, extremely

large ASy would beexpected in the present ribbons for both cooling aeating magneto-
structural transitions.

Fig. 3(b) compares low-field (5 mT) and high-figld T) magnetization as a function of
temperatureM(T), curves measured in zero-field-cooling (ZFC) diett-cooling (FC) modes
between 310 and 550 K. The inset shows &l vs. T curve at 5 mT field, from whiok, and
M, were determined for the M> A (404 K) and A— M transitions (385 K)T¢" was 433 K. All
these characteristic temperatures were very clmskase measured by DSC in Fig. 3(a). Small
discrepancies are attributed to instruments errmt different scanning rates as well as that
indeed both techniques measure different physiegmbudes. As expected, both Fig. 3 (a) and
(b) indicate that the microstructure was fully readite at room temperature (293 K), which
agrees well with the SEM and TEM results.

By applying a magnetic field of 2 T, the structugtase transformations were shifted
towards lower temperature and the magnetizatioreased remarkably, andM, dropped by 6
and 5 K to 398 and 380 K, respectively, showing dmsginct dependence of transformation
temperatures on the external magnetic field. Thidue to the magnetic field induced reverse
martensitic transformation, a common feature forMi-Z (Z=In, Sn and Sb) metamagnetic
shape memory alloys. The ratio between transfoonagmperature change and magnetic field

change AT/W,AH) was 3 K/T when referring té\,. This ratio is smaller than that of some
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reported Ni-Mn-Z alloys such as NCosMnze dnis4 [38] and NisCo/MnzgSmy; [39], in which
ATIWAH are 4.3 and 3.6 K/Trespectively. The reduced value forsddio,gMn4:Sny can be
ascribed to extremely high value Af,. According to the Clausius-Clapeyron relation [38]
ATIAPH = AMam/AS: (AMa.m is the difference in magnetization between theemite and
martensite phases)\S; associated with the M> A transition was 47.0 J Kgk™* as obtained by
DSC measurement. By usipgAH = 2 T andAMay = 67.6 Anfkg® as obtained in Fig. 3(b),
AT/puoAHcq (theoretical value) was 2.9 K/T, in accordancehwite experimental value (3 K/T).
Hence, in case of a similaMa.yv, a high value oAS; results in a small shift afT, which limits
the working temperature range of magnetic cooliragemals. However, a high value &8, also
means a giant MCE effect. Therefore, we have tarza the maximum value and the width of
the temperature range of the MCE to meet praatiealand.

3.2 Magnetocaloric properties upon thereverse martensitic transfor mation.

Fig. 4(a) shows the isothermal magnetization versagnetic field curvedi(u,H) through
the M — A transition. Similar to our previous results reged in Ref. [40], the curves can be
divided into three groups including typical ferrognatic behaviors with different magnitudes of
maximum magnetization occurring at 5 T below 389aKd above 402 K, as well as a
metamagnetic-like behavior between 389 K and 402IrK.Ni-Mn-Z Heusler alloys such
metamagnetic-like behavior (i.e. the double-S shafphe M-H curve with a steep increase of
magnetization over an intermediate magnetic fialthe) is believed to contribute substantially to
ASy"**across the M A transition [20].

We calculated the ASy using the Maxwell relation (i.e.,

oM (T, fiH'")

AS, (T.4H) = o j[ -

} dH') and plotted its dependence on the temperai®g (1)
HoH'

curve) and magnetic field change in Fig. 4(b). gne@ment with the sharp magnetization change,
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the ASu(T) curves show narrow peaks similar to those repdofte other Ni-Mn-Z alloys
exhibiting giant magnetocaloric effect [12, 13, 88, 42]. These peaks occurred above 390 K
indicating that the working temperature far excemasn temperature, which is much higher than
most of Ni-Mn-Z magnetic refrigerants. The peakipos shifted to lower temperatures upon
increasingu,AH (as indicated in the figure by the dashed curveolg. This shift resulted from
the magnetic-field-induced shift of the phase fitaors temperatures. The maximum entropy
changeASy"**first increased and then saturated with increasiagnetic field as shown in the
inset of Fig. 4(b). FopoAH = 5 T, theASy"** reached 33.9 J Kg<* which is among the largest
magnetic entropy changes reported for Ni-Mn-Z alauch as NiMns7n;5Cos ribbon (S,
=34 J kg K™) [17], NisgMnas dn1p Gas (ASeP*= 36 J kg K™) [43], NisgCouMnzsShy, (ASy"*
=29 J kg K™) [16], NisgMnss 4n1a.7 (ASuP** = 28.6 J ki K™) [44], NissCosMnzg dnis.4 (AS4"**

= 28.4 J ki K™) [38], and Nis(Cp.od-e.095Mnss dN1z.4 (ASuPe? = 26 J kgt K™) [45]. Even for a
much lower magnetic field change of 2 T, t&,"**was 25 J kK™, still a considerable MCE.
A summary of the magnetocaloric properties derifreth the entropy change curves for five
selected field change values is given in Table I.

To evaluate the working temperature range, weslisgqw, the full-width at half-maximum
of the ASy(T) curve, i.e.3Tewnum = Thot - Teod WhereThor andTeoq are the temperatures at which
ASy is half the maximum value. The field dependenctheftemperatures,o: and Teoq IS Shown
in the inset of Fig. 4(c) and the detailed value8Tewnm, Thot andTeog are listed in Table Meog
exhibited a stronger temperature dependence (daegedrom 399 to 391 K) thampe
(decreasing from 402 to 400 K) with increasing fieéd to 5 T. Under 5 T fielddTrwnm Was
only 9 K. As mentioned above, such a narrow workergperature range results from the abrupt

magnetization change.

10
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Refrigerant capacitiRC a physical quantity thajuantifies the amount of heat that might be
transferred between the cold and the hot resetiimugh an ideal refrigeration cycle, is another
important parameter that characterizes magnetocatoaterials [1, 46, 47]. The value &C
depends onAISy"*® and on the temperature width of th&, curve [48]. From the practical
viewpoint, three different criteria have been defino estimat&C from theASy(T) curve [1, 46,
47]:(a) by the productlSuP*¥{x §Tewrm (usually referred to aRG-1); (b) by the integral under

the ASu(T) curve betweefl,  andT_, (referred to afRG2); and (c) by the maximum of the

product ASyP*¥x 8T below theASy(T) curve (referred to aRG-3). The dependence &C-1,

RG2, andRG3 on pAH is depicted in Fig. 4(c) and the obtained valuesliated in Table I.
RC1, RG2, andRG-3 increased monotonically with increasing magnggicl change. Fop,AH

= 5 T, theRC-l value (294 J K attained not considering the hysteresis lossesler than
that in NiggCo10Mn4eShio (426 J kg) which has heretofore the largd®€ reported in Ni-Mn-Z
Heusler alloys [49]. However, the pres&@-1 is higher than other Ni-Mn-Sn alloyBGC-1 = 80
J kg* for NisgMnseSmis [42], 202 J ki for NisgFeMnssSmny: [50], and about 220 J Kgfor

NissMn4eSm1Cy [51]). All theseRG-1 values were obtained under a magnetic field gbaf 5 T.
According to the definition oRC-1, extremely large value afS,"** (33.9 J k& K™) makes
greater contributions to achieve such a l&@el, compared with the role éTrwum (9 K).

For Ni-Mn-Z magnetic cooling materials, the magoétysteresis losses originating from the
field-induced reverse martensitic transformatioe imevitable and must be subtracted from the
obtainedRC value to obtain an effective valueC.. The hysteresis losses were estimated up to a
maximum applied magnetic field of 2 T from the sétfield-up and field-down isothermal
M(uoH) curves shown in Fig. 5(a) (the value of 2 T whssen because it is usually assumed as
the maximum reference field change value with tetdgical relevance). Fig. 5(b) displays the

hysteresis loss dependence on the temperatyigAdt= 2 T. For the studied alloy, the average

11
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hysteresis loss,HL> was up to 24.8 J Kg Thus, by subtractingHL> from the corresponding
RCvalue at 2 T (i.e., 96 J Ry RCG is 71.2 J kg. That is, across the M> A transition, 25%
reduction of refrigerant capacity will take platedugh an ideal refrigeration cycle. The present
RCe is still higher than that of other Ni-Mn-Z allogsich as NisMnseSmi2 (58 J k@) [52].

3.3 Magnetocaloric properties upon the forward martensitic transfor mation.

Fig. 6(a) shows th#(u,H) curves through the A> M transition. They differ in two aspects
in comparison with those measured across the>M\ transition (Fig.4 (a)). First, up to 4 T,
isothermal magnetization curves show a low posisi@e reflecting a weak magnetic field
induced transition; however, above this threshakldfa more pronounced field-induced
metamagnetic-like behaviour appears. Liu et al] [@iggested that the absence of magnetic
field-induced reverse martensitic transformatiomtcadicts a giant MCE for Ni-Mn-Z Heusler
alloys, but this is not the case here. Secondii#memum magnetization upon cooling under 5T
reached 78.5 A frkg?, a little higher than that across the-MA transition (76.5 A rhkg?).

ASu(T) curves and the dependence of the absolute v&IngF°*on magnetic field change
are plotted in Fig. 6(b). Similar to those measui@dthe M — A transition (Fig. 4(b)), all
ASu(T) curves show a narrow peak above 390 K. The diffeg is that, the peak position keeps
constant upon increasingAH (as indicated in the figure by the vertical dasle&ew). This
further confirms that through the A> M transition the effect of the magnetic field dmet
magneto-structural transition is different compa@the metamagnetic-like behaviour occurring
across the M- A transition. ASy"*®{ increased linearly witho,AH as shown in the inset of Fig.
6(b), in contrast with the saturating trend obsedraeross the M- A transition (shown in the
inset of Fig. 4(b)). FopoAH = 5 T, ASy"*¥ reached 53.3 J K&K which is 19.4 J K§K* larger
than that obtained across the M A transition. Under 2 T field AGy"** was 21.4 J kK™,

just a little smaller than that (25 Jki§ ™) obtained across the M> A transition. A summary of

12
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the magnetocaloric properties derived from tf&(T) curves for five selected field change
values is given in Tablél .

The field dependence of the temperatuigsand Tcoq iS Shown in the inset of Fig. 6(c) and
the specific values @Trwhm, Thot aNdTeoiq are listed in Tabldl . Both Teeig andTher Were almost
independent of the magnetic field change and mamdastable values of ~388.5 and ~393 K,
respectively, leading to a constant widthd®fwnm (0 Trwim = 4.4 and 4.7 K for 1 and 5 T field,
respectively). The latter was similar to that meedwat 2 T but about half of the value measured
for the M— A transition at 5 TdTrwum Was 9 K under 5 T field). The absence of magrfedid
induced structural transition upon cooling as iatkd in Fig. 6(a) may cause a narrower working
temperature range.

The dependence ®®G-1, RG2, andRCG3 on psAH is depicted in Fig. 6(c) and the explicit

values are given in Tabldl. RG1, RG2, andRG-3 increased monotonically with increasing

magnetic field change, showing a similar trendaaglie M— A transition. Folu,AH = 5 T, the
RC-1 value (253 J K§ was smaller than that produced by the-MA transition (294 J KJ),
which can be ascribed to a much smaller valu&Tefyuv for the A — M transition that
overcompensates the slightly larges, "

IASW"®® vs. iAH curves are compared in Fig. 7. For the-MA transition, with increasing
the magnetic field ASy*?{ initially increased quickly and saturated abokeut 4 T. For the A
— M transition, with increasing the magnetic fie|ldS,"*®{ increased linearly up to 5 T. At
WAH = 2.7 T, the same\By"*¥ of 29.3 J kg K™ was attained for both transformations. Below
2.7 T field, ASy"*® of the M— A was larger than that of A» M transition. Above 2.7 T field,
it was the opposite. We consider that for Ni-MnZZ= In, Sn, Sb) alloysASy is the sum of two
componentsASy meta@nd ASy, therm representing thaSy contributions from the field-induced

metamagnetic-like magnetization behaviour and thdyminduced magnetization behaviour,
13
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respectively. As confirmed in Fig. 4(a) and Figa)p(below 2.7 T field, no metamagnetic-like
magnetization behaviour occurred during the-AM transition leading to the absenceASy meta
while for the M— A transition, distinct metamagnetic-like magnetima behaviour results in a
large ASu. meta ThUS, in case of similaxSy, herm [ASWPe?| for the A— M transition was smaller
than that of the M— A transition. Above 2.7 T field, a considerabladiion of martensite had
transformed to the austenite induced by the apgiedd, so the role oASy meta decreased and
the contribution oASy, ermincreased. Isothermal magnetization curves unidgr freld in Fig.4
(a) and Fig. 6 (a) clearly showed that, the magagtin change within a constant temperature
interval AM/AT) caused by the same magnetic field is differehe Thagnitude oAM/AT for
the A— M transition is much larger than that of the-M A transition, which would produce a
higher magnetic entropy change according to thevivéixrelation. Consequently, above 2.7 T
field, JASu*| for the M— A was smaller than that of the-A M transition.

Fig. 8(a) shows the field-up and field-down isothal M(u,H) curves up to a maximum
applied magnetic field of 2 T for temperatures hew 386 and 398 K. The isothermal
magnetization curves are almost completely reviersibhe hysteresis loss values at different
temperatures were determined by calculating thasaemclosed by the field-up and field-down
M(uoH) curves and are shown in Fig. 8(b). The averagtehgsis lossHL> is as low as 0.36 J
kg*, which is only 1.5% of that (24.8 J kgof the M— A transition and also far below the
values reported for several Ni-Mn-Z (Z = In, Sn) Slloys. For example, 8.3 J kg2 T) for
Nis0.dMnas.sSni4.4 ribbon [53], 19 J Kg(2 T) for Nig.¢CossMnao.sShio unidirectional crystal [40],
2.2 J kg (2 T) for NigMnasalnyg polycrystal [54], 3.46 J kb (1.5 T) for NizsMns7sSnis
polycrystal [55], 11 J K§ (3 T) for MnsoNiaglnso ribbon [56] 13.0 J kg (5 T) for NisoMn3;Shys
polycrystal [15], 14 J K§ (5 T) for NisCoMnaeShyo polycrystal [57], 57 J K§ (7 T) for

NissCosMnz7 dny2 5 single crystal [58]. In these cases, the valueparentheses represent the
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applied magnetic field. Upon heating, the magniid induces the M— A transition leading to
large hysteretic losses [53]. Thus, low loss uponling can be ascribed to the lack of the
magnetic field-induced A- M transition. By subtracting theHd.> from the correspondinBC
value at 2 T (i.e., 96 J Ky, RGs is 95.6 J kg which is much larger than that produced by the M
— A transition (71.2 J K§. Through an ideal refrigeration cycle associatéth the M — A
transition, magnetic hysteresis loss has been arrpapblem since it significantly decreases the
cooling efficiency [59].

3.4 Comparison with Ni-Mn-Z magnetocaloric alloys.

For comparison, the values okaMpea'] for the present sample, most studied Ni-Mn-Z
magnetocaloric alloys, G&e,Si,, La(Fe, Sijs-based alloys, and (Mn,E&)-type compounds are
schematically illustrated in Fig. 9. The peak terapgre of ASu(T) curves of those materials is
limited to be around or above room temperature. riiéke two major observations. First, the
temperature (391 and 396 K) at which a lary&.f**| appears for the presently fabricated
ribbons is much higher than for any other materiaséported except our previously
Ni377C012 MnaoeShes ribbon [22]. Even more importantly, thaS§4"**f upon cooling is the
largest for Ni-Mn-Z (Z=In, Sn, Sb) Heusler alloysported so far. Also, a small hysteresis loss
greatly enhances the cooling efficiency. The prefiadings open up the possibility of elevated
temperature magnetic cooling with high efficiency.

4. CONCLUSIONS

In summary, we demonstrated a magnetostructurakitran clearly above 100 °C for
NizoCo10Mn41Shy ribbon. Giant magnetic entropy change is achievadonly upon heating (the
M — A transition) but also upon cooling (the-A M transition). Particularly for the latter, an
extremely largeAS"*®| value of 53 J K§K™ (ascribed to the great transformation entropy

change) along with a negligible hysteresis loss é&werage only 0.36 J Kg due to the
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disappearance of the magnetic field-induced strattuansition) was discovered. As compared
to other Ni-Mn-Z magnetic refrigerant materials ogpd to date, the presemts,"*®{ is the
largest while the hysteresis loss is the smalldst. present work demonstrates a possible way to
develop a high-temperature, high efficiency magnetioling technique.
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Table | Magnetocaloric properties associated toMhe> A structural transition under selected
magnetic field changeg AH is the applied magnetic fieldh$,"*?] is the absolute value of the

maximum magnetic entropy changeC1l, RG2, and RG3 are three different criteria for

estimating refrigerant capacity, ,andT_ , are the temperatures located at half-maximum of the

ASu(T) curve, the difference of which & rwnm, the working temperature changddl<> is the

average hysteresis loss.

M — A transition

HAH (T) 1.0 2.0 3.0 4.0 5.0
IASWP?| (3 kg™ K™ 15.0 25.0 30.0 33.0 33.9
RGC1 (J kg) 44 96 159 226 294
RG2 (J kg) 35 80 134 194 261
RG3 (J kg) 22 50 86 130 182
<HL> (J kg") - 24.8 - - -
8Tewnm (K) 3 4 5 7 9

Thot (K) 401 400 400 400 400
Teold (K) 398 396 395 393 391
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Table II Magnetocaloric properties associated to the>AVl structural transition under selected

magnetic field changego,AH is the applied magnetic field changeS§*? is the absolute value

of the maximum magnetic entropy chanB&-1, RG-2, andRG-3 are three different criteria for

estimating refrigerant capacity, ,andT

are the temperatures located at half-maximum of the

ASu(T) curve, the difference of which & rwnm, the working temperature changddl<> is the

average hysteresis loss.

A — M transition

HAH (T) 1.0 2.0 3.0 4.0 5.0
IASY"*?] (J kg' K 10.7 21.4 32.3 43.2 53.3
RC1 (J kg") 47 96 146 198 253
RG2 (J kgh) 38 77 117 158 202
RG3 (J kgh) 24 48 74 100 128
<HL> (J kg") - 0.36 - - -
3Trwnm (K) 4.4 4.5 4.6 4.6 47
Thot (K) 392.9 392.9 392.9 392.8 392.7
Teold (K) 388.5 388.4 388.3 388.2 388.0
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FIGURE CAPTIONS

Fig. 1. SEM image of the cross section of the ribbo

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

electron diffraction (SAED) pattern taken from t#ane indicated in (b) by the dashed circle.

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

magnetic field of 5 mT and 2 T between 310 and K5Mset: dM/dT vs. T curve at 5 mT field.

Fig. 4. (a) Isothermal magnetization curves obthimethe temperature range of 350-420 K. (b)
ASu(T) curves under magnetic field changes ranging ftam5 T. InsetASy"**as a function of
wWAH. (c) Refrigerant capacityRG1, RG2, andRG3) as a function of the magnetic field

change. Inset: Field dependence of the temperaiusemnd T.oq that define thé Trwnm..

Fig. 5. (a) Isothermal magnetization curves onaasing (field-up) and decreasing (field-down)

the magnetic field(b) Hysteresis loss across the-MA transition up tQAHma= 2 T.

Fig. 6. (a) Isothermal magnetization curves obthimethe temperature range of 373-395 K. (b)
ASu(T) curves under various magnetic field. Inge$,"**as a function ofi,AH. (c) Refrigerant
capacity RG1, RG2, and RG3) as a function of the magnetic field change.etndield

dependence of the temperatufgs andT¢o g that define theé Trwpm..

Fig. 7. The absolute value &S,"** as a function ofu,AH for the M — A and A > M

transitions.
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12

Fig. 8. (a) Isothermal magnetization curves oneaasing (field-up) and decreasing (field-down)

the magnetic field. (b) Hysteresis loss acrossfthe M transition up tQeAHmax=2 T.

Fig. 9. ASw"® through the first-order structural transitionwnd and above room temperature
for Heusler alloys, Gf5e,Si,, La(Fe, Sijs-based alloys, and (Mn, F&-type compounds [4, 9-
20, 22, 38, 43-45, 49, 57, 58, 60-73]. The valuapglied magnetic field change is distinguished
by the filling color. For precise comparison, wéesethe data under a magnetic field of 5 T as
far as possible. For sample 285}"*® is obtained upon cooling. Both samples 18 ancra6
NisoMnsgShy, but different results at different temperaturesenveeported by two laboratories.
They are illustrated here together. Samples 333hdre located at the same position in the

figure. Note that the applied field for sample 83ust 1 T, while 5 T for sample 34.
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Fig. 1. SEM image of the cross section of the ribbo
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Fig. 2. (a) SEM image, (b) TEM bright field imageada(c) the corresponding selected area

electron diffraction (SAED) pattern taken from thane indicated in (b) by the dashed circle.
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1-The present ribbon-cooling process
2-NiggMnyy sIny, sGa;[43]

3-Ni,gMnyIn 3Cos [17]

4-The present ribbon-heating process
5- MnAs [60]

6- MnFeP 14Ge, 5, [62]

7- Niy6Co,Mn,Sb, ,[16]
8-NioMn; 3lny 7 [44]
9-Niy5CosMnyg ¢ln s 4[38]
10-Niy5(Cog gsFeg g5)sMnsg glny 5 4[45]
11-Nis(Mn,2%Cr)3 ,In; ¢ [19]
12-NiggMn, sln, 5 [63]

13- Lay sPry sFey; 4Si; ¢H, 4[64]
14-Ni sCoMn,, (In, 5 [58]

15- LaFey) ¢Si) 4H) ¢ [65]

16- MnFeg 9,Cog 06Pg. 7560 22 [62]
17- Niy3Mn,, CosSny [13]
18-NiggMnygSb , [15]
19-NiggMns;Sn, 5 [9]
20-GdSi,Ge,[4]

21-Niy5 ;Mny 5In;sCos [20]

22- LaFey; ¢Si) 4H, 5 [66]

23- Nigy €0y My, gSng g[22]
24 NiggCoy oM, ¢Sn, g [49]

25- MnFeP , As, 5 [61]
26-Ni;;Co3MngSb ,[16]

27- MnFeP,) Si, ;Geg 1, [67]

28- NiggMn,Co, Sn; [11]
29-LaFey) 35Mny 3981) 56H) 53 [68]
30-Nigg 5Mnsg oIty 66 (18]
31-Ni48C021\4n3SSb12[16]
32-Ni50Mn37Sb13[14]

33-Ni;Co, Mny,Sn;5[12]
34-MnFeq 95Pg 58281 34B0 078 [69]
35-Ni,; CogMn, Sb, [57]
36-NigyMnySb,,[16]
37-NiggMny In; ¢ [70]
38-NiygMn,, ,Sn,; ([10]

39-Ni gMnyoSb;,[71]
40-NiggMnyg 5Sny; 5[72]
41-Nig; ;Mny, ,In;, 5[73]

Fig. 9. ASw"®® through the first-order structural transitionard and above room temperature

for Heusler alloys, Gf5e;Si,, La(Fe, Sijs-based alloys, and (Mn, F&-type compounds [4, 9-

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

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

far as possible. For sample 285}"*® is obtained upon cooling. Both samples 18 ancra6

NisoMnsgShy, but different results at different temperatureseveeported by two laboratories.

They are illustrated here together. Samples 333hdre located at the same position in the

figure. Note that the applied field for sample 83ust 1 T, while 5 T for sample 34.

34



Highlights
1. Theworking temperature regimeis far above room temperature.
2. Extremely large magnetic entropy changes are attained.

3. Anegligible hysteresislossis found upon forward martensitic transformation.



