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Abstract

We present the thermal dependence of the magnetiopy changeASy(T) across the
martensitic transformation for a polycrystallinengde, which was cut from a directionally
solidified rod, with a nominal composition MCosMn3glni2grown by the Bridgman-Stockbarger
technique. This material combines a first-orderteragitic transformation expanded over a very
large working temperature range with a large magagon change of ~86 A fnkg™.
Accordingly, for a magnetic field change of 5 TR the coupled magneto-structural transition
gives rise to a broad magnetic entropy change cackass the reverse martensitic transformation
with a moderate maximum value of 6.8 (BDkg" K™ and a full-width at half-maximuBiTewwm

for the ASy(T) curve of 49 (43) K. Such a broad structural titeors may be due to the effect of
chemical segregation introduced by the directi@mdidification which can be enhanced by the
non-uniform distribution of second phase particldscompanying with such a wide working

temperature range, a large refrigerant capaci8ddfJ kg' was obtained for a field change of 5 T.

Keywords. Ni-Co-Mn-In; ferromagnetic shape memory alloypdd martensitic transformation;

magnetocaloric properties; working temperature eang
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[. INTRODUCTION

The off-stoichiometric Ni-Mn-ZHeusler alloys, with Z = In, Sb and Sn, have becane
important group of promising magnetic refrigeradtse to their tunable temperature and giant
magnetic-field induced magnetocaloric effect (MGiSgociated to the first-order diffusionless
martensitic transformation [1-6]. In these materisinall compositional changes, or the addition
of a four substitutional element, allow the tunwfgthe structural transition temperatures over a
wide temperature range from low to room temperai®€) or even above [7-13]. As the
following examples show, for Ni-Mn-Heusler alloys, structural transition temperatuaes
highly sensitive to the chemical composition. InsgNinzz+,Shiz—x (x = 0.0, 0.5, 1.0) alloys,
martensitic transformation temperature can be sétvden 275 and 300 K through a slight
variation in the content of Mn and Sb [8]. Forsg\NiMnze+,Sni1 (X = 5, 6, 7) alloys, martensitic
transformation start temperatuélsf gradually drops from 270 K to 245 K, and then dotw
200 K with increasing Mn concentration [9]. For €antaining Nis—CoMnysSny; (x = 0, 1, 2)
alloys, martensitic reverse transformation stamgerature As decreases by 56 K from 245 to
189 K by addition of 2 at. % Co [11]. Only a smatldition of Fe (x = 0.02) in D§(Co,-
xF&)sMnzg dnis 4 can cause a big shift (8 K) ®ds from 279 K to 287 K [13]. In our previous
work, NizoCo0Mn41Sny undergoes martensitic transformation at aboutki &y above RT [14].

For ideal Ericsson cycle based magnetic refrigematinagnetocaloric materials should possess
a constant magnetic entropy changeS§() over a wide working temperature range [15].
Considering that the working temperature rangesigally estimated as the full-width at half-
maximum §Trwnm) Of the thermal dependence of the magnetic entad@ange curve\Sy(T),
this means the magnitude &frwym Should be large. However, for most Ni-Mn-Z Heusldoys
fabricated by conventional melting methods, sucimdsction or arc melting and melt spinning,

the narrow temperature range of the first-ordemucstral transition limits the working
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temperature range, irrespective of the high valuaSy. Therefore, how to extend the working
temperature range has become an important anckstitey subject for the investigation of Ni-
Mn-Z magnetic refrigeration materials. A composiaterial [16, 17] showing two or more
sucessive magnetic phase transitions is, from thetipal and experimental point of view, a
promising approach to this problem. It has beemsfexred to our recent work on
Ni0.6C0s.sMnN40.oSMp unidirectional crystal grown by the Bridgman-Stbakger method [18]. A
wide 6 Trwum Of 23 K has been realized resulting from the silep-martensitic transformation
due to the chemical segregations typically occumeitie growth of unidirectional crystal [19] or
single crystal [20, 21]. As a typical Ni-Mn+Zeusler alloy, we also expect to widen the working
temperature range in Ni-Co-Mn-In by applying thisthod. In this study, we prepared a
Nis2CosMnzglns, directionally solidified rod using the BridgmaneSkbarger method. It is shown
that such a sample possesses a considerablydwigg from 272 to 321 K under a magnetic
field change of 5 T. Consequently, this alloy shawarge refrigerant capacitRC) of 334 J kg
K™ in spite that it has just a small valueASy (6.8 J kgt K™).
[I. EXPERIMENTAL PROCEDURE

A directionally solidified rod with diameter 6 mm ity nominal composition
Nis2CosMnzglng, was grown by the Bridgman-Stockbarger techniquengusa Ni-Mn-Ga
monocrystalline seed with [001] parallel to the wgtio direction. In spite of the seed crystal,
grains nucleated resulting in a directionally sdikdi polycrystalline rod. The details of
fabrication process are similar to Refs. [18, ZL#.0 mm long section was cut from the rod near
the seed end where the contents of Co and In vatiedgly. The side far from the seed end was
polished and used for structure and microstrucitudy. From this section, we cut a sample with
the approximate dimensions 0.8x0.8x4.0 Infor DSC and magnetic measurements. The

location of the studied sample is schematicallywshon Figure 1. The microstructure was
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examined perpendicular to the growth direction gsan OLYMPUS optical microscope and a
LEO model 1430VPscanning electron microscope equipped with an gndigpersive X-ray
spectroscopy (EDS) for measuring the chemical caitipa. The SEM image was taken in
backscattering emission mode. XRD analysis wasopedd at room temperature using copper
K, radiation. The DSC measurements were performeal T INSTRUMENTS model Q200
under a high purity Ar flow at a heating/coolingeaf 10 K mir. Magnetization studies were
carried out using the by vibrating sample magnetomeption of a Quantum Design PPfIS
EverCoof -9T platform. The major length was parallel to #dal direction of the ingot, i.e.
parallel to the direction of solidification. The greetic field uoH was applied along the major
length of this parallelepiped shaped sample tomize the demagnetizing field effect. Owing to
the strong effect of the magnetic field on the M®TAST phase transition, a fixed thermal
protocol was followed prior to measure each isotiadr magnetization eacM(uo,H) curve
throughout MST— AST transition [22]: at zero magnetic field thergde is heated to 400 K to
stabilize austenite, cooled to 100 K to complefelyn martensite, and then heated again in no-
overshot mode to the selected measuring temperatidke This procedure ensures that prior to
apply the magnetic field the sample shows the pbasstitution that correspond to the thermally
induced structural transition.
[ll. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 1 shows the composition profiles for all tioaif alloy elements determined from EDS
along the growth direction; the error in the deteations is estimated as + 0.5 at. %. The first
measurement was taken just after the Ni-Mn-Ga seetl henceforward every 2 mm. The
approximate position of the specimen studied isualiomm from the seed, as indicated by the
grey rectangle in the graph. The component conatortr varies monotonically over the length as

the distance from the seed increases, confirmiegettistence of chemical segregation which is
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normal for crystals obtained using Bridgman mettad to the intrinsic solutal partition during
solidification [18, 20, 21]. For the studied samplee contents of Ni and Mn changed slightly,
while that of Co and In showed great changes, Ce.jncreased and In decreased remarkably
along the growth direction. Compared withy®NC0s sMno 6Srio (Without second phase) reported
in Ref. [18], the present sample showed a stroolgemical segregation.

Fig. 2(a) and (b) are an XRD pattern and opticagetaken at room temperature (293 K)
from the cross section of the rod-shaped samplmeScharacteristic peaks are missing, which
may be due to the fact that the present sampledwastionally solidified and may have a strong
texture [23-25]. In spite of this, as evidencedtlhg optical observations in Fig. 2 (b), the XRD
pattern can be indexed as a mixture of BRstenite phase and martensite phase, denoted as A
and M in the picture, respectively. For the mairitensghe tetragonal structure is usually found for
Ni-Mn based alloys with a low content of Sn or B6] 27]. For example, Krenke et al. found
with the decrease of Sn content irh MMng 50,51, the crystal structure changed in the following
sequence, LY — orthorhombic— monoclinic — tetragonal [26]. Similar finding was also
reported in N§oMns4ln16.4G3a [27]. As the content of In for the present sampliess than 10 %
as indicated in Fig. 1, the present martensiteeigebed to have a tetragonal structure. The lattice
parameters were determined as follows: for austgstibse, a = 0.6086 nm, and for martensite
phasea = b = 0.7853 nmg¢ = 0.6834 nm, and/a = 0.87. Except for the (202) main peak, more
minor diffraction peaks occur for the present samgliggesting that it has a polycrystalline
microstructure with a specific orientation. The iogt micrograph shown in Fig. 2 (b) also
reveals a polycrystalline microstructure. A few rseagrains can be clearly seen. There exist
definite surface relief effects associated with terasite within several grains. This is in good
agreement with the XRD result. Optical observatam shown in the inset of Fig. 2(b) is

performed on a local area indicated by the squHmne. martensite is characterized by lath-like
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morphology, coexisting with the austenite with goejor. Besides, some second phase particles
precipitate within the grains or along the graimbdaries.

Fig. 2(c) shows a back-scattered electron (BSEgenaany dark particles with various
shape and size are observed, which appear as andsegbase with a composition
Nizg8C018.9MN41ln1 0. In comparison with the matrix (Mi:Cos dMnzg1ln10.9), this second phase is
richer in Co while poorer in In. Note that secorithge particles are unevenly distributed within
the matrix, which enhances the degree of chemmamogeneity. In addition, since the second
phase does not participate in the magnetostructramkition, it is believed that it negatively
influences magnetic field induced reverse transéion and weakens the MCE. This has been
confirmed in NisMnssin14Cos ribbons, in which Co-ricly as a second phase precipitates after
high temperature annealing [3]. The valueA&; is remarkably reduced by about 9.4 J'kg'
due to the formation af phase [3]

Fig. 3(a) shows the cooling/heating DSC curveswBeh 275 and 350 K, a broad martensitic
forward/reverse transformation was observed. Noig it is smooth and macroscopically
different from the step-like martensitic transfotoa we recently reported in
Ni40.6C0ssMnN400Sho alloy [18]. However, the nature of both of themageribed to the chemical
segregation along the growth direction during alysfrowth with the Bridgman-Stockbarger
method. To precisely detect the phase transitiopégatures, the low-field (5 mT) magnetization
as a function of temperatungl(T), curve in heating from zero-field-cooled (ZFC)atooling in
magnetic field (FC) modes between 10 and 400 Kpesiormed, a part of which is displayed in
Fig. 3(b). The martensitic transformation start &incsh temperaturesvls andMy, as well as the
reverse transformation start and finish temperatuseandAs are determined by a conventional
tangent extrapolation method. Under 5 mT fiditd, M, As andA¢ are 307, 263, 304, and 346 K,

respectively. Room temperature (293 K), at whiah dptical image is taken, is between Mg
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andM. It means that the sample partially transformth®martensite at room temperature and a
large fraction of austenite remains, which resinitshe coexistence of martensite and austenite
for the matrix as shown in Fig. 2 (a) and (b).

Fig. 3(c) shows the comparison between low-fieldn(b) and high-field (5 TM(T) curves
heating in ZFC and cooling in FC modes betweend400 K. Under a high magnetic field of
5 T, the magnetization for FC (25 A’rkg?) is higher than that for ZFC (10 A’kg™) below
about 195 K, the finish temperature of martensransformation l;) determined by the tangent
method. That is, a splitting between the ZFC andpBways of théM(T) curves occurs. For a
complete martensitic transformation, the transitidrom high temperature austenite
(ferromagnetic) to low temperature martensite (pegnetic) decreases the magnetization value
till that the single martensite possesses. Thawed| below My, the overlap of FC and ZFC
pathways should appear, as shown in 5 BIT) curve. Consequently, under 5 T field, the
splitting between the ZFC and FC pathways meansemsitic transformation is interrupted at a
certain temperature (195 K here) during FC and ca¢gproceed with further cooling. Such a
magnetic field-induced phenomenon is called kinatiest (KA) of martensitic transformation
[28] and is frequently observed in Ni-Co-Mn-Z akowhich results in a metastable magnetic
glass state [28-32]. By applying 5 T field, thdssnsformation temperatures are dropped to 295,
195, 243, and 324 K by reductions of 12, 68, 61 38 K, respectively. Thus, the rates of
temperature change of relative to the fieMl/u,AH, for As and A; are 12.2 and 4.4 K/T,
respectively. If room temperature (293 K) is seddcas a measuring temperature, the minimum
field needed to achieve a complete reversible toamsmation {Hm,i,) at room temperature is
determined to be 12 T using the equatibiin = (Aro - Arn)/( AT/H,AH). Here,Asp and Asy
represent the magnitude &¢ under zero and the applied fields. They are 34é 283 K,

respectively. The application of 2 T field shif and As to be 280 and 337 K, respectively.
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According to theM(T) curves, the percentage of reverse martensitisstobamation can be
determined by the temperature interval betweennteasuring temperature ard (Tmea - As)
divided by the whole transformation interval ¢ A) under an application of magnetic field. It is
nearly 42.4 % under 2 T fieldNotice that the magnetic field has a strong andbwuarinfluence
on the shift of transformation temperatures. Thereeses oAs andM; are much larger than for
Ms and A;. Therefore, the magnetic field significantly widdre transformation interval for the
reverse transformatiol\Tg, since it increases from 42 K (5 mT) to 81 K (5 $lch a largaATg
helps to achieve a greateC value [16]. In addition, the magnetization diffiece between the
austenite and martensit&Ma.y is about 86 A rikg™ under 5 T field, which is considerable and
is one of the causes leading to large transformagmperature change induced by the magnetic
field change according to the Clausius-Clapeyrdation in the magnetic phase diagram [33].
Such a highAMa.u also provides more driving force to induce theudtrral transition by a
relatively low magnetic field [34, 35].

For assessing the potential for cyclic use, thematagaloric reversible region under 5 T field
is determined according to the rule proposed bynSTaulats et al. [36]. Under a given magnetic
field, in the vicinity of a magnetostructural firstder transition, the magnetocaloric reversible
region extends from the start temperature of thevdied transition at zero field to the start
temperature of the reverse transition under apdield [36]. For the present paper, the start
temperature of the forward transition at zero fi|dd307 K, and the start temperature of the
reverse transition under an applied field of 5 248 K. Therefore, the magnetocaloric reversible
region for the present sample under 5 T field isveen 243 K and 307 K. Further investigation
should be done to achieve a comprehensive unddmstpaon the reversibility of magnetocaloric

effect for the sample with a broad transformatiaterval.
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Fig. 4(a) shows the isothermal magnetization veraagnetic field M(u,H) curves around
the reverse martensitic transformation. Between R5@nd 323.5 K, the metamagnetic-like
behaviour occurs, i.e., with increasing magnetildfi the magnetization initially saturates
quickly by applying a lowuH followed by a distinct increase of the slopel/dH above a
specific critical field. This is due to the fieldhduced transition from low magnetization
martensite to a higher magnetization austenitgréviously reported Ni-(Co)-Mn-In Heusler
alloys, such a temperature intervahT(y) within which magnetic field induced reverse
transformation takes place usually does not exeéed [13, 37, 38]. For exampleé\Ty for
NisoMnaz4lnie is around 40 K [37], and about 20 K for ss@0sMngsdnizs [13]. Even for
Ni40C010Mn4eShie, Which exhibits the large®RC (~ 426 J kg for 5 T) among the Ni-Mn-based
Heusler alloysATy is just 40 K [6]. To our knowledg@&Ty of 73.5 K for the present sample is
the widest for all the Ni-Mn-Z Heusler alloys. Ita;mbe due to a largaTr (81 K) especially
under 5 T field and a highMay (86 A nf kg'). Above 325 K, it just shows a simple
ferromagnetic behavior with increasing field.

Arrott plots, as shown in Fig. 4(b), are obtainghotting the values d1(u,H) andu.H as a
function of M? versusuH/M [39, 40].As confirmed in Refs. [41, 42], the phase transitider
may be judged by the shape of low-field Arrott plokear phase transition temperature. That is,
first-order transition (FOT) is characterized bgl&pe Arrott plots while second-order transition
(SOT) displays linear behaviours in the plots. Fileign 4(b), the phase transition is of first-order
type as the plots at temperature ranging from 80884 K whenu,H/M lower than 0.05 T kg A
m? exhibit S shape.

We calculate the ASu using the Maxwell relation (i.e.,

OM (T, 4H')

} dH' ) and plot its dependence on the temperature and
HoH'

magnetic field change in Fig. 5(a). It can be st#et the maximum entropy changeé,e*
11
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increases with field change as shown in the ingefig. 5(b). ForpeAH = 5 T, the AS,Pe
reaches 6.8 J kiK™ which is a relatively small magnetic entropy chaagnong Ni-Mn-Z alloys
but it is inversely proportional ®Trwum. The entropy change shows a “hump-like” behavamir
a function of temperature instead of a spike-W&(T) curve in other Ni-Mn-Z alloys [2, 4, 7,
10, 43] suggesting a broader working temperatungeador this directionally solidified sample.
Here, we us&Trwnm, the full-width at half-maximum of thaSy(T) curve, i.e., the difference
betweenT: andTeoq, 10 evaluate the working temperature range. BathandT¢oq Shift to low
temperatures but with various changing rate uporeasing magnetic field.,q decreases more
quickly thanTye indicating tha® Trwnwm is broadened upon the application of magnetid fi€he
general tendency of the changesTaf: and Teoq is indicated by a blue and yellow arrow,
respectively in Fig. 5(b) and the detailed value&Tewnm, Thot andTeoq are illustrated in Table I.
Under 5 T field, 0 Trwnm reaches up to 49 Ko = 321 K andT.oq = 272 K. This may yield a
high RC near room temperature even though the presggatis relatively small. The values of

RC under several selected field are calculated usiagelationRC = | ASy”** X §Tewmm [15]

and listed in Table I. Far,AH = 5 T, the sample exhibits a considerably gR@(334 J k).

For comparison, theRC values for the present sample, some studied NiZMn-
magnetocaloric alloys, and @8le,;Si, (the most promising room temperature magneticicgol
material) are schematically illustrated in Fig.The length of the bar whefC value located
represents the width of working temperature intefva., 5 Trwnm). The present sample possesses
a very largeRC value comparable to G3@e;Si, and greater than most Ni-Mn-Z alloys. Most
importantly, this sample exhibits the widé3wnv near room temperature among the reported
Ni-Mn-Z magnetic refrigeration materials reportexfar. For Nio¢C0ssMny oShio alloy in our
previous study, a wid&Trwnm Of 23 K was also reported, which may be ascribeitié chemical

segregation along the growth direction during @ngrystal growth with the Bridgman-

12
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Stockbarger method [18]. The same reason plu$otiheation of second phase can account for
such a broadTrwum in our present NpCogMnsglng, alloy. These two results suggest that, to
widendTrwnm in Ni-Mn-Z alloys, Bridgman-Stockbarger technigaea good option. The present
broad working temperature range occurs within tteg 6 mm close to the seed end where the
contents of Co and In varied strongly. Thus, ineortb effectively used Bridgman-Stockbarger
technique to prepare a sample with a strong chéma&gregation, more investigations on the
correlationship between the composition profiled processing conditions should be carried out.
For example, it is feasible to shorten the durabbhomogenizing treatment after the growth of
directionally solidified rod.

For Ni-Mn-Z magnetic refrigeration materials, thgsteresis losses originated in the field-
induced reverse martensitic transformation is itade and should be deducted from the value of
RC to obtain an effective oneRCy. They were estimated from the set of isothermal
magnetization curves measured on increasing aneéakng the field as shown in Fig. 7(a) and
(b). The maximum magnetic field of 2 T and 5 T waplied, respectively. For these two applied
field, the hysteresis loskiL, dependence on the temperature is displayed in7key Obviously,
HL was remarkably increased with increasing the agdpfield. The average hysteresis loss,
<HL> was about -9.6 and -55 Jképr 2 T and 5 T field, respectively. The magnituade<HL>
at ,AH = 2 T is much smaller than that (-19 J'kén Niso.6CoessMnao.sSruounidirectional crystal
sample [18]. Thus, by substracting thels> from the correspondingCvalue at 2 T (i.e., 127 J
kg™), RC (2 T) is found to be 117.4 J kgSimilarly, for 5 T field changeRCef is 279 J kd.
RCs under either of these two fields is much highemtiNigMnseSn, (58 J k') [19] and
MnsoNislnio (76.7 J k) [44] crystals grown using a modified high-pregsuaptical zone-

melting technique. It should be noted tHaCe« for NigMnzeSni, and MryoNigolngg crystals are

13
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caused only by martensitic transformation as thesmt Njo ¢C0ssMn40.eShio alloy, while at a
higher field ofusAH = 3 T.
V. CONCLUSIONS

A directionally solidified Ni;CogMn3gln;, rod was grown using the Bridgman-Stockbarger
method. Its initial part exhibits a first-order glearansformation around room temperature with a
considerably wide transformation interval which gnessively increases by application of the
magnetic field. Thus, a large value of refrigereapacity (334 J kY along with a broad working
temperature range from 272 to 321 K is achievedreMimportantly, the average hysteresis loss
maintains a low value of -9.6 J kg Chemical heterogeneity introduced by chemicgtegation
through the Bridgman-Stockbarger method and enltahge decomposition via precipitation

extends the working temperature range for Ni-Mn-@gmetic refrigeration materials.
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TABLE CAPTIONS

Table I. The magnitudes @Sy"*** RC, 8Trwnm, Thot and Teoig for selected values of applied

magnetic field.
FIGURE CAPTIONS

Fig. 1 Composition profiles determined by EDS alding growth direction for the directionally
solidified rod. The grey rectangle shows the appnaxe location of the studied sample.

Fig. 2 (a) XRD trace and (b) optical image takemnfrthe cross section of the directionally

solidified rod at room temperature. The letters #d &V in (a) represent the austenite and
martensite phase, respectively. The inset in (bhessurface morphology of the square area. (c)
SEM image taken in backscattering emission modevstyp the presence of second phase
particles with a dark contrast. Chemical composgiof the matrix and second phase are also
indicated.

Fig. 3 (a) Heating and cooling DSC curve. (b) Thalrdependence of magnetizatidi(T) curve
measured in ZFC and FC regimens under a static etiagfield of 5 mT. (c)M(T) curves

measured in ZFC and FC regimens under static miadgredtls of 5 mT and 5 T.

Fig. 4 Isothermal magnetization curves (a) and tptts (b) obtained in the temperature range

of 250-334 K across the reverse martensitic transfton.

Fig. 5 (a)ASu(T) curves determined each 0.5 T from 0.5 to 5 T. Wdrtical arrow indicates the
field sequence of data collection. The red and kdashed arrows roughly represent the
dependence offj,,; and Teog ON the magnetic field change. (d%y****and the temperatur&so

andTcoqthat define theé Trwnm as a function of the magnetic field change.

Fig. 6 RC and working temperature range under a magnetild fehange of 5 T for
Niz0C010MN4oSmio [6], NissCosMnse dNiz.4 [13], Niso.eC0ssMN40.0SMo [18], NisgMnaalnge [37],
Ni5oMn37Sr}13 [43], Ni5oMn37Sb13 [45], Ni5o(Mn,2%Cr)g4In15 [46], Ni43Co7Mn31GaLg [47],
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Niz3MnseSmeCuy [48], NiszMnaeGas[49], and GdGe,Si, (the most promising room temperature
magnetic cooling material) [50]. The values ofdMns; sSmi36[51] are obtained fo,AH =2 T
and NisCosMns7dni25[52] for ueAH = 7 T, respectively. As indicated in the figuree thigh
temperature end and low temperature endRGfhorizontal bar correspond th,: and Teoig,

respectively. The red star represents the presemple, Niz 1C0s oMnN39.1lN10.0

Fig. 7 (a) and (b) Isothermal magnetization curmesncreasing (field-up) and decreasing (field-
down) the magnetic field up I@AHmax= 2 T and 5 T, respectively. (c) Hysteresis lagess the
MST to AST transition up teAHmax=2 T and 5 T, respectively.
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Table | The magnitudes afSy”** RC, 5Tewnm, Thot and Teo for selected values of applied

magnetic field change.

HAH (T) ASW™** I K'kg") RCIkg") STrwnm (K) Thot (K)  Teol (K)

1.0 1.5
2.0 3.0
3.0 4.4
4.0 5.7
5.0 6.8

60
127
195
265
334

41
43
44
a7
49

329
327
324
323
321

288
284
280
276
272
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Fig. 2 (a) XRD trace and (b) optical image takeonfrthe cross section of the directionally
solidified rod at room temperature. The letters #d @V in (a) represent the austenite and
martensite phase, respectively. The inset in (bhessurface morphology of the square area. (c)
SEM image taken in backscattering emission modevstyp the presence of second phase
particles with a dark contrast. Chemical composgiof the matrix and second phase are also

indicated.
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measured in ZFC and FC regimens under static miadgredtls of 5 mT and 5 T.
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Fig. 6 RC and working temperature range under a magnetid fahange of 5 T for
NigoCooMngoSnyo [6], NissCosMngsdniza [13], NisoMnaalngs [37], NisoMnzzSnys [43],
NisoMn37Sb_L3 [45], Niso(Mn,Z%Cr)34In16 [46], Ni43C07Mn31Galg [47], Ni43Mn4oSnloCu7 [48],
Niso;MnoeGap, [49], and Gd@GeSi; (the most promising room temperature magnetic iegol
material) [50]. The values of MMns;.Snse [51] are obtained foruyH = 2 T and

50 o NiggMnoSn Cuy

NissCosMn37 dnizs [52] for poH = 7 T, respectively. As indicated in the figuréethigh
temperature end and low temperature endR@fhorizontal bar correspond B and Teo,

respectively. The red star represents the presemple, Niz 1C0s 9MnN39.1N10.0
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Highlights
1. Chemical heterogeneity is enhanced by decomposition via precipitation.
2. Theworking temperature range is extended to 49 K.

3. Alargevalue of refrigerant capacity (334 Jkg™) is achieved.



