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Martensitic transformation, magnetic entropy, and direct adiabatic temperature changes in
Niz;sMn3g :Sn,, 5_,In, (x=2, 4, 6) metamagnetic Heusler bulk and grain-constrained ribbon alloys were
studied. All alloys showed a typical L2, structure in austenite and the 40 structure in martensite. Their
relative volume contributions changed depending on In content. With increasing In concentration,
the martensitic transformation temperature increased, whereas the Curie temperature of austenite
decreased. The magnetic entropy change under magnetic field of 5 T attained maximum of 20 J/kgK
in the bulk and 14.4 J/kgK in the ribbon alloys with the Ni gMn4 ;Sng ;In, nominal composition. The
corresponding adiabatic temperature change under 1.7 T yielded 1.3 K for the Ni;sMn;4 sSng :In, bulk
alloy. Despite grain confinement, melt spinning was found to stabilize martensite phase. Changes
observed were discussed with relation to strengthened covalency imposed by In substitution.

Ni-Mn-Sn-(In, Sb) metamagnetic Heusler alloys have recently
aroused interest as prospective materials for environmentally
friendly magnetic refrigeration. This is due to an inverse mag-
netocaloric effect occasioned in this instance by the change in
magnetization (AM), which takes place during the first-order
martensitic phase transformation (MT) [1]. Both the MT tem-
perature (Ty,;) and the AM have been found sensitive to either
(i) the valence electron to atom ratio (e/a) or (ii) the chemical
pressure effect expressed in terms of an austenite unit cell vol-
ume (V). The latter has the capacity to override the influence of
e/a [2, 3]. In general, such a susceptibility has electronic origins
[4], and it derives from the magnetic contribution to the Gibbs
free energy change that stabilizes the more ferromagnetic phase
[5]. Typically in the Ni-Mn-Sn and in the Ni-Mn-In systems,
the Ty increases with increasing e/a and decreasing unit cell
volume; thus for both systems, the functional behavior can be

easily optimized by altering the stoichiometry or by introduction
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of a substituting element [6-8]. A number of different elements
replacing for instance Sn in the Ni-Mn-Sn and including Al [9,
10], Ga [11], Ge [12-15], and Sb [16] have been studied.
Typically, the Ni-Mn-Sn—(In) alloys appear to conform to
the e/a and the chemical pressure rules, with some exception for
Mn-rich alloys [17]. For such alloys with excess Mn content, the
main driving force for the Ty, change is associated with hybridi-
zation between the Ni 3d and the 3d states of surplus Mn located
at Sn sites. Hence, any change in Ni or Mn content, either by
substitution or stoichiometry change, can effectively weaken
hybridization and reduce Ty [17, 18]. Interestingly, the Ty,r
and the Curie temperature of the martensite phase (T) in the
NizoMng,_,In, alloys were reported to decrease more drastically
with increasing In content than with Sn or Sb in the correspond-
ing NisoMns,_,Sn, and Ni;,Mn,,_,Sb, systems. Simultaneously
theoretical first principle calculations predicted an increase of
the Ty in the NigMnSn,_,In, alloy when Sn is replaced with
In. It was attributed to hybridization of the Ni 3d and In 5p
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states, which leads to a decrease in the density of states near the
Fermi level [19]. As it happens, it is in apparent contradiction
to the established e/a and the unit cell volume rules, since In
has less valence electrons and larger atomic radius than Sn [20].
Nonetheless, in consistence with theoretical predictions, more
experimental studies on, e.g., the quinary Ni,;CosMn,oIn,Sn,, .
alloy confirmed an increase of the Ty and a decrease of the
Curie temperature of austenite (Té) with increasing In content
[21]. Simultaneously partial substitution (8 at.%) of In by Sn in
the Niz,Mn;,Sn, g alloy led to a decrease in the unit cell volume
while elevating the Ty, and the T2 temperatures in agreement
with the chemical pressure effect [22]. Therefore, in view of the
many contradictory results and in order to bring more consist-
ency to experimental evidence and hence shed more light the
physical basis behind the e/a and v, influences, we have sys-
tematically examined the evolution of structure, characteristic
transformation temperatures, and magnetic and magnetocaloric
properties of the Ni,gMn,qSny, s In, (x=2, 4, 6) alloys. The
magnetic entropy changes (AS::if_ ) have been calculated and
set against the measured adiabatic temperature change (AT,q)
to evaluate the real cooling power of the studied alloys. The scru-
tinized alloys have been produced by conventional metallurgy
and by melt spinning technique to ensure lack of interference
from chemical inhomogeneity and to compare the magnetoca-
loric response of bulk and grain-constrained ribbon materials.
In addition, ribbons due to their intrinsic brittleness become
attractive for 3D printing technology as a viable powder source;
hence, more studies assessing their functional performance are

welcomed.

The X-ray diffraction patterns for the NigMnsq sSn;, 5_ In,
(x=2, 4, 6) bulk and ribbon alloys collected at room temperature
are presented in Fig. 1a and b. It was found that except for the
In6 ribbon, all the samples contain a mixture of the L2, austenite
(Fm3m) and the 40 martensite (Pmma) structures. The unit cell
volume and relative mass contribution of each of the two phases
clearly vary with composition (Fig. 1c, d). Table 1 collects lattice
parameters, unit cell volumes (V_), and relative mass contribu-
tions of austenite phase (p,) for all alloys. For illustration the
latter, two parameters were also presented as a function of In
content in Fig. 1c and d. The figures also show reference results
for ternary In0 alloy, published elsewhere [10]. In general, for
the bulk alloys, the V_ is found stable up to 4 at.% In, and then
it falls considerably. For the ribbon alloys with 2 at.% In substi-
tution, V_ first decreases and then increases, when the content
of In goes up to 4 at.%. The increase in the unit cell volume is
consistent with the fact that the atomic radius of In (155 pm) is
larger than the atomic radius of Sn (145 pm). In parallel with
the unit cell volume change, the p_ progressively decreases with

©The Author(s) 2021

increasing In for Sn substitution except for the bulk In2 and
In4 alloys. Furthermore, it may observed that p_ is significantly
reduced, by about 62% and 64% for both bulk and ribbon alloys
already upon 2 at.% In for Sn substitution when compared to the
In0 sample. It is also seen that the 100% martensitic transforma-
tion is reached at room temperature with the In6 ribbon sample.
In order to complement the XRD analysis, the example selected
area electron diffraction patterns (SADP) for the most interest-
ing In4 bulk and ribbon samples are shown in Fig. 1e-g. In the
bulk alloy, the L2, austenite phase, indexed along the [010] zone
axis, was found to coexist with the martensite phase of 40 struc-
ture, identified along the [012] zone axis, whereas the In4 rib-
bon appeared predominantly martensitic with the 40 structure
indexed along the [010] direction. Fig. 1h shows a bright-field
(BF) image with a typical microstructure for Heusler Ni-Mn
base ribbons having grain with average size of ~ 1.5 pm [10, 23]..

The DSC curves for all the bulk and ribbon samples recorded
under cooling and heating cycles are presented in Fig. 2a and b.
In consistence with structural analysis, all the samples undergo
areversible MT, which is well manifested by exo- and endother-
mic peaks on cooling and on heating, respectively. The charac-
teristic martensitic transformation temperatures including mar-
tensite start (M), finish (M;) and austenite start (A,), finish (A;)
along with the transformation hysteresis (A;— M) and the peak
temperature of the forward austenite — martensite transforma-
tion (Tlﬁ\‘*M) were determined by the tangent method and from
the peak’s maximum on the DSC curves. They are collected in
Table 2. The table also contains the Curie temperature of austen-
ite (Té) and martensite (Tg[) obtained from the inflection points
on the thermo-magnetization measurements—discussed later—
and the fitted Curie-Weiss temperatures for austenite (Gé) and
martensite (6M). Both the T2 and TX are in good agreement

with the respective Curie-Weiss 02 and 6 temperatures. The

A<—>M)
transf. />

evaluated as the ratio of the measured enthalpy change

magnitudes of the transformation entropy changes (AS

(AH ﬁ;’i\g) and the peak temperature for the forward and reverse

transformation (T2 M), i, AShoM = AHACM JTACM \ere
collected too and are given in Fig. 2c as a function of In content.
Overall it was found that the TI’)\@M temperatures in all the sam-
ples increase with the increase of In for Sn substitution. It was
also found that the T{}“’M temperatures are higher for ribbon
than for bulk alloys (Fig. 2d) with the equivalent nominal com-
position, what is in contrast to typical observations [10, 23].
Additionally, the jerky like appearance of the DSC peak detected
upon heating for the In4 bulk sample may be associated with
local compositional inhomogeneity or multiple martensitic
transformations, which could also justify peak spread and tailing
effects [24]. In view of thermal stability concerns under pro-
longed aging treatment [25, 26], the bulk alloys were annealed
at 1170 K and at 1070 K for the same length of time (24 h).
Regardless of temperature applied, the ASASM

transf. remains
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Figure 1: X-ray diffraction patterns collected at room temperature for Niy;gMnsq5Sn;,5_,In, (x=2, 4, 6) bulk (a) and ribbon (b) alloys. The unit cell volume
of austenite V, (c) and the relative volume fraction of austenite p_ (d) as a function of In concentration. The selected area electron diffraction patterns
taken from the In4 bulk (e), (f), and In4 ribbon (g) samples. The bright-field image taken from the In4 ribbon sample (h).

comparable for the In2 and In4 alloys, but it differs quite con-
siderably between the two temperatures for the In6 alloy
(Fig. 2¢). Since no other phase was detected by XRD, the eutec-
toid type phase decomposition was then excluded and the results
could be understood in relation to the different degrees of order-
ing of the alloy, which alter magnetization output. The magnetic

contribution to the structural transformation entropy change

A8A<—>M

transt. > &iven the opposite signs of magnetic and structural

contribution, justifies the difference in the values of the total
transformation entropy change between the forward and reverse
transformations, the difference gets larger when A << T2 [27].

Figure 3a and b shows temperature-dependent magnetiza-

tion measured under 5 T magnetic field for bulk and ribbon

©The Author(s) 2021

NiygMnsgsSny, s In, (x=2, 4, 6) alloys in zero field cooled
(ZFC) and field cooled (FC) modes. The ZFC entailed cooling
sample down to 4 K under no magnetic field and then switch-
ing on the field and measuring the magnetization on heating
up to 350 K with the field fixed. The FC curve was subsequently
obtained by measuring the magnetization on cooling the sam-
ple again down to 4 K with the field set constant. The magnetic
susceptibility and magnetization evolve in a typical fashion for
metamagnetic shape memory alloys [28]. Following the FC pro-
tocol from the high-temperature paramagnetic range, the mag-
netization first increases, when the temperature coincides with
the T2, and then as the temperature goes down the magnetiza-

tion drops around theTé\‘*M. The increase in magnetization at
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TABLE1: Lattice parameters of

1Ref.[10]
.A"
170K & ASM A MoA

austenite (a) and martensite Austenite Martensite
(ay by, ¢,) and unit cell volume Alloy a, (R V. (A% P, (%) a, (A b, () ¢, (A v, (A3)
of austenite (V) and martensite
(V,), relative mass contribution Ino*
of the austenite phase (p,) in
NiggMnzo 55N 5., In, (x=0, 2, 4, 6) Bulk 5.9560(4) 211.28(2) 86.8(4.3) 8.585(15) 5.656(10) 4.320(10) 209.7(7)
bulk and ribbon alloys. Ribbon  5.9854(1) - 96.9(3.2)  8.620(5) 5.656(4) 4.360(5) -
In2
Bulk 5.9565(22) 211.34(0.14) 24.4(4.9) 8.5159(55) 5.6504(50) 4.3363(33) 208.66(28)
Ribbon  5.9561(15) 211.29(0.09) 32.8(4.8) 8.5635(35) 5.6459(30) 4.3403(23) 209.85(18)
In4
Bulk 5.9561(16) 211.29(0.10) 24.3(3.7) 8.5601(38) 5.6446(33) 4.3460(24)  209.99(0.19)
Ribbon  5.9666(47) 212.41(0.29) 9.2(3.7)  85778(35) 5.6287(22) 4.3459(23)  209.83(0.16)
In6
Bulk 5.9391(58) 209.49(0.35) 6.6(3.2) 8.5641(39) 5.6147(32) 4.3537(25)  209.34(0.20)
Ribbon - - - 8.5810(25) 5.6024(17) 4.3629(19)  209.74(0.13)
" Ref.[10].
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Figure2: DSC curves upon cooling and heating cycles as a function of temperature for bulk annealed at 1070 K (a) and as melt-spun In2, In4, and In6

ribbons (b). EXO UP1.The absolute value of the forward and reverse martensitic transformation entropy changes—AS

AM

ranst. as a function of In content

(c) and the martensite start transformation temperature—AM,; as a function of In content (d) for the studied In2, In4, and In6 bulk and ribbon alloys.

low temperature, below M;, announces the pending approach
toT¥. The splitting between the ZFC and FC curves below T
is explained by the coexisting antiferromagnetic and ferro-
magnetic states in the low-temperature martensite phase [14,
28]. On heating (ZFC), the behavior is reversed with typical

©The Author(s) 2021

hysteresis around theTﬁ“M. All the examined alloys conform
well to this general behavior, yet they differ in terms of the
magnitude of magnetization response in both austenite and

martensite states. From Fig. 3a, one may see that in the bulk
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TABLE 2: The characteristic martensite start (M,), martensite finish (M),
austenite start (A,), austenite finish (4;) transformation temperatures,
the transformation hysteresis (A.— M), the Curie temperature of austen-
ite (Té\) and martensite (Té”), the fitted Curie-Weiss temperature for aus-

tenite (62) and martensite (6), and the peak temperature of the forward
austenite — martensite transformation (Téﬁ"") for bulk alloys annealed
at 1070 K and as melt-spun ribbons.

Alloy M, (K) M (K) A(K) A (K) Ar—M, (K) TAK) 6A(K) TA=M(K) TM(K) 6M(K)
In2
Bulk 279 271 290 302 23 300 302 275 201 195
Ribbon 294 284 298 311 17 302 310 290 209 206
In4
Bulk 293 283 303 318 25 298 302 287 185 187
Ribbon 302 293 306 316 14 301 301 299 188 193
In6
Bulk 306 296 326 332 26 291 280 302 162 -
Ribbon 330 320 330 340 10 - 305 326 148 179
- 3.3
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Figure 3: Temperature-dependent ZFC, FC magnetization measured under the applied magnetic field of 5T for NizgMnsq5Sn;, 5. In, (x=2, 4,6) for the
bulk (a) and ribbon (b) alloys. The effective magnetic moment (c) and magnetization at 4 K (d) for the bulk and ribbons In2, In4, and In6 alloys.

alloys, the magnetization in the austenite state is the highest in
the In4 alloy and then it gets lower with the In6 and In2 alloys,
whereas in the martensite state, the magnetization decreases
systematically from the In2 down to the In6 alloy. On the other
hand, in ribbon alloys, the magnetization decreases in both
martensite and austenite phase proportionally to the increasing
In content. The effective magnetic moment of the compound
magnetic atom of austenite ( ,u,?ﬂ_ ), determined from the inverse

of the paramagnetic susceptibly vs. temperature measurements

©The Author(s) 2021

at 5 mT—not shown, for ribbon and bulk alloys is plotted as a
function of In concentration in Fig. 3c. The y14; shows moderate
variation with changing In concentration up to 4 at.% in bulk
alloys, while it varies slightly more in ribbons up to 6 at.% of In.
Large change in ,u?fﬁ is noted in the case of the In6 bulk sample.
On the whole, the value of M?ﬂ corresponds to typical values
reported for Ni-Mn base metamagnetic shape memory alloys
[14]. In order to assess the magnetization response of martensite

phase, the isothermal magnetization, per Mn atom, curves at 4 K
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with the field in the range up to 5 T were collected in Fig. 3d.
From the figure, it becomes evident that magnetization does not
saturate even at 5 T and it decreases with increasing In concen-
tration being on the whole larger, with the exception for In2,
in the bulk than in the ribbon alloys. Overall from the thermo-
magnetization measurements, it was found that on heating the
weakly magnetic martensite transitions into initially ferromag-
netic (FM) austenite, which goes paramagnetic at higher In
content (Tyr>TE).

The typical metamagnetic transition from weakly magnetic
martensite to austenite is well resolved on the isothermal mag-
netization curves (Fig. 4) recorded for all the studied alloys at
temperatures close to their respective TSQM. The largest mag-
netization values and magnetic hysteresis loops were found for
the In4 bulk sample and then for the In2 alloy. Among the rib-
bons, the In2 and In4 alloys demonstrated comparable response
in terms of maximum magnetization attained under 5 T,
whereas the largest loops were recorded with the In4 ribbons.
On the contrary, the In6 alloy showed the weakest susceptibility
of the reverse martensitic transformation to the magnetic field
applied, what indicated a small magnetization difference (AM)
between austenite and martensite in this alloy. Based on the

isothermal magnetization measurements, the magnetic entropy

changes (ASE:if_) were evaluated through the Maxwell relation:
AS:I::if_ = lo f gl (%—%I)HdH , where M is magnetization, H is the

magnetic field applied, and T is temperature. The results for
bulk and ribbon alloys under magnetic field of 5 T are presented
in Fig. 5a and b. The insets in both figures show dependence
of the AS;.o.- on the magnetic field. The magnetic entropy
increased with increasing magnetic field (insets in Fig. 5a and
b). The largest magnetic entropy change is noted for the bulk
In4 sample ~ 20.4 J/kgK, while for the bulk In2 and In6 sam-
ples, it assumed ~ 11 J/kgK and 11.6 J/kgK, respectively. For the
ribbon samples, the AS?::if' correspondingly peaked at 14.4 J/
kgK for the In4 and at 10.8 J/kgK for the In2 and at 3.5 J/kgK
for the In6 samples. The results of the adiabatic temperature
changes are shown in Fig. 5c—e. As expected, the largest AT 4.
among the studied alloys is measured for the In4 alloy ~ 1.3 K,
whereas the In2 gives 1.0 K and the In6 yields the lowest tem-
perature change of 0.6 K. The AT 4 Increases with increasing
magnetic field and for better visibility and comparison with
the AT,4 the AS ¥ ¢ as a function of In content under applied

trans:

magnetic fields of 1.7 T and 5 T are plotted together in Fig. 5f.
mag.
transf.

level in the In2 bulk and ribbon and in the In6 ribbon alloys

Interestingly the AS under 1.7 and 5 T was at the similar

under 1.7 T. The disparity was more pronounced for the In4
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Figure 5: Magnetic entropy change AS,, as a function of temperature under different magnetic fields of 1 to 5T for NiigMn3455n;,5_,In, (x=2, 4,6) bulk
(a) and ribbon (b) alloys. The adiabatic temperature change AT .4, as a function of temperature for the In2 (c), In4 (d), and In6 (e) bulk samples under

magnetic field change within the range of 0.5-1.7 T. The magnetic entropy change AS:

and 5T for the studied NigMn;45Sn;, 5.,In, bulk and ribbon samples.

alloy, and it extended with the applied magnetic field. Assuming

circa a fivefold AS; & . increase with increasing magnetic field
: mag.
trans:

from 1.7 T to 5 T and a linear scaling between the AS, . °- and
AT .4, circa 6.5 K temperature change would be then effectively
expected under 5 T, what might be attractive for solid-state

refrigeration.

It is well established that the unique properties of the Heusler-
based off-stoichiometric Ni-Mn-Sn alloys are closely related to
the strong coupling between magnetic and structural degrees
of freedom and they are attached to the thermo-elastic MT [I,
29-31]. The magnetization difference between austenite and
martensite taking part in MT is the driving force for magnetic
field-induced reverse MT. It is given by the Zeeman energy
E=p,AM-H [32-35]. Since, the magnetic moment in such
alloys is mainly attributed to the Mn atoms, coupled via the
oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
actions [36], the magnetic properties and magnetic ordering

temperatures are sensitive to the dy; -d,,, distance [37, 38].

©The Author(s) 2021

AM

ranst. @S @ function of In content under magnetic fields of 1.7 T

It is widely acknowledged for many Heusler systems that for a
particular alloy composition, the Ty is related to its electronic
structure. For experimental convenience, it is often expressed
in terms of the valence electron concentration per atom e/a;
taken in fact as the concentration weighted sum of the s, p, and
d electrons [2]. In general, Ty exhibits a linear dependence
on e/a and for a number of Ni-Mn-Sn base alloys, the Ty is
found to increase, whereas the Té decreases with increasing e/a
[6, 33, 39-41]. While on decreasing e/a, such as in the case of
Co for Ni substitution [8, 42-44], Ty, was found to decrease.
The increase of T2 in this instance was ascribed to the stronger
Co-Mn than Ni-Mn exchange interactions. An overview of the
mutual dependence of Ty, TS and e/a for a range of quaternary
alloys is shown in Table 3. From the table, it is seen that that both
the characteristic transition temperatures not always conform
to the e/a rule.

Interestingly, a non-monotonic dependence of Ty on
e/a was reported in Ni;yMn,,_,Cu,Sn;; system, where Cu
substitution in the amount of 2 and 5 at.% yielded initially
a slight increase in T2 with a profound drop in Ty Fur-

ther increase in Cu content up to 10 at.% yielded a decrease

www.mrs.org/jmr

Issue 16 August 2021

Volume 36

Journal of Materials Research

3323



Journal of
MATERIALS RESEARCH

%m

TABLE 3: An overview of the effect of changing composition on the Tyy,
Té and e/a for a range of quaternary alloys.

Alloy Tur TA e/a Ref
Nisg_CUMn365n;4 l 1 1 [45]
Nisy_,Cu,Mn3gSny, ! 1 1 [46]
Nigs_ CuMnysSnyg, l 1 1 [47]
Ni;sMngg_,Co,Sny, 1 1 1 [48]
Niso(Mn,_Fe,)365n1, ! T 1 [38]
NigsMn,_,Cr,Sny l - ! 49, 50]
Mng_ Ti,NigSnyq l i ! [51]
NizsMnye_,V,Sny, 1 Marginal l [52]
Nis3MngeSn, ;B 1 1 - [53]

Arrow indicates either an increase (1) or a decrease (V) in the relevant
parameter.

in T2 and resulted in suppression of the MT [54]. On the
other hand, replacement of Mn by little amount of Cu<3%
in NissMn,e Cu,Sn), resulted in considerable shift of Ty
upwards [55]. Along the electronic structure modifications
also, structural geometry change is noted as a factor affect-
ing both Typ and T temperatures. For instance, the isoelec-
tronic substitution by an element with the same number of
valence electrons but lower atomic radii may result in unit
cell volume reduction, which can increase Ty, and simultane-
ously decrease T2 as was shown for Ni;;Mn,¢Sn;;_,Ge, [12],
Mn,Ni, Sny 4, Ge, [13], and Ni,;sMn,Sn,,_,Si, [56] alloys.
This effect may arise from the modified dy;,-d,;, distance and
stronger hybridization between Ni and Mn atoms in a reduced
unit cell volume leading to higher density of states (DOS) near
the Fermi level, which may then promote MT. Accordingly,
increase of lattice parameter such as in Pd for Ni substituted
Ni;,_,Pd,Mn;,Sn,; was reported to result in a simultaneous
decrease of Ty and TZ, potentially due to a decrease in the
Ni-Mn exchange interaction originating in increased lattice
constant [57]. Furthermore, it was shown that the chemical
pressure effect may even in some cases compete and domi-
nate the e/a such as in Al substituted Ni,sMn,Sn,,_ Al [9],
NigMnsosSn;, 5 Al [10, 58], and Ni,Mn, 3,Sn; 4, Al, [59]
alloys, where despite decreasing e/a, the Ty increased and
T2 remained almost unchanged. Predominantly due to con-
traction of the unit cell given smaller than Sn atomic radius
of Al, this agreed with theoretical calculations [60]. It was
also shown that in Ni,Mn,,,Sn,_, system TZ increases with
increasing pressure [61], whereas in Nig,_ Mns,, Sn,; [62]
alloys, the application of external pressure shifts Ty, to higher
values with little influence on TZ. Earlier studies showed
that the Mn and total magnetic moments in Ni,MnSn alloys
diminish with the reduction in dy,,-dy, [63].

In the present study, it was demonstrated that with increas-

ing In concentration in the NiggMn,q Sn,, 5 In  alloy, the Ty

©The Author(s) 2021

increased, whereas the T‘é changed little. This occurred in
opposition to the increasing e/a and the larger atomic radius
of In, whose introduction was expected to expand the unit cell
volume. Although the EDS analysis showed that e/a changed
little in the case of the bulk samples, it nonetheless changed
more consistently in the case or ribbon samples, decreasing with
increasing amount of In, and despite this occurrence, the Ty
shifted towards higher temperatures. This clearly is in agreement
with the theoretical predictions and points out to the hybridiza-
tion phenomena and changes in the magnetic contribution to
the free energy [5, 64]. On the whole, the magnetic moment
was found to diminish with increasing In content, what sug-
gested upset ferromagnetic exchange in both the austenite and
martensite. From Fig. 3d, it is clear that the magnetization at
4 K dropped at the level of 0.05 x5 /Mn per 1 at.% of In, what is
likely related to the changes in d,;,—d,, distance executed when
In occupies Sn sites. This effect is further consistent with the
results obtained when Co and Fe were substituted for Mn in the
Ni-Mn-Sn alloy [18]. It was there shown that despite increasing
e/a, the Ty dropped and the effect was explained from theoreti-
cal calculations in terms of the increasing formation energy [18].
Thus, in the present scenario, the increase in Ty, can be justified
by strengthening hybridization, which stabilizes the martensite
phase against austenite. The increasing Ty than coincides with
the T2 leading effectively to a weak magnetic to paramagnetic
reverse MT in the case of the In6 alloy (Té < As), which pro-
duced the lowest AS::if_ and AT,q. Interestingly, despite the
lower than in the In2 magnetization, the largest entropy and
temperature changes were observed for the In4 alloy. This was
due to a large magnetization change on the order of 28 and 26 A/
m?kg (Fig. 4) for bulk and ribbon alloys, respectively. The AT,
under 1.7 T gave 1.3 K, which can significantly increase under
larger magnetic field with prospects for solid-state refrigeration.

Overall, it was demonstrated that the e/a and the chemical
pressure rules of thumb are not the sole factors controlling the
evolution of the Ty and T2 in metamagnetic Ni-Mn-Sn alloys.
It turns out that in agreement with the more theoretical predica-
tions, hybridization phenomena and magnetic contribution into
the Gibbs free energy change can exert a stronger influence on a
stability of a given system often undermining the more experi-

mentally established e/a rule.

The In for Sn substitution in the NizgMn;q 5Sn;, s_,In  bulk and
ribbon alloys was studied. In contradiction to the established e/a
and the chemical pressure rules, it was found that martensitic
transformation temperature increases, while Sn is replaced with
In. the magnetic entropy changes under 5 T applied magnetic
field yielded 20.4 and 14.4 J/kgK in NigMn;, ;Sng ;In, bulk

and ribbon alloy, respectively. The corresponding adiabatic
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temperature change under 1.7 T produced 1.3 K temperature
change for the same alloy. The observed behavior of character-
istic transformation temperature and magnetization changes
are consistent with theoretical predictions, and overall, they
are interesting for the development of magnetocaloric Heusler-

based alloys.

Polycrystalline alloys with nominal compositions of
NiggMnsg 5Sn,, 5 In, (x=2, 4, 6) were manufactured from pure
(>>99.9%) elements by conventional induction casting. Parts of
master ingots were then melt spun on a rotating (50 Hz) copper
drum. The ingots were sealed in quartz capsules and annealed
at 1070 K and at 1170 K for 24 h to ensure chemical homoge-
neity. Homogenization was concluded with water quenching.
The alloys are hereafter referred to as In2, In4, and In6 bulk
and ribbons. The resulting chemical compositions of bulk alloys
and ribbons were evaluated with a FEI-ESEM XL-30 scanning
electron microscope (SEM) equipped with an EDX detector. The
alloys were identified with the following average compositions
for bulk: Ni,g ;Mn,q ,Sn,oIn, ; (e/a=8.11), Nig; sMn;; sSng,In; ¢
(e/a=8.12), Nigy,Mn;; :Sng,Ins ¢ (e/a=8.11); and ribbons:
NiyggMns; ¢SnygIn, , (e/a=8.10), NiygMns; ;Sng,In, 5
(e/a=8.06), Nis, ;Mnj;; ,Sng ,Ing ; (e/a=8.08). The crystal struc-
tures and phase purity were identified with X-ray diffraction
(XRD) by means of an Empyrean PANalytical diffractometer.
Diffracted beam graphite monochromator and an X’Celerator
linear detector (Ag K, radiation) were used. The XRD patterns
were analyzed using the Full Proof software [65] based on the
Rietveld method. The background intensity was refined with
a polynomial, and the peak shape was approximated with a
pseudo-Voigt function. The microstructure was studied using
Tecnai G2 (200 kV) transmission electron microscope. Thin
foils for TEM inspections were prepared by TenuPol-5 double
jet electropolisher and an electrolyte of nitric acid (1/3 vol.) and
methanol (2/3 vol.) cooled to 240 K. Thermal effects were stud-
ied with differential scanning calorimetry (DSC) with 10 K/min
heating rate applied with Q1000 TA instrument. The DC mass
magnetic susceptibility and magnetization were examined by
Vibrating Sample Magnetometer (VSM) option of the Quantum
Design Physical Property Measurement System (PPMS-9) in the
temperature range from 2 to 380 K and in the magnetic field of
5 mT (and 5 T). In order to determine the actual temperature
change the adiabatic temperature changes (A T,q) for bulk alloys
were measured under magnetic field from 0.5 to 1.7 T at tem-

peratures close the Ty, using a homemade apparatus. Ribbons
mag.

were omitted in this evaluation since they show lower AS,_*~.

than bulk alloys.
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