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TOPICAL REVIEW — Magnetism, magnetic materials, and interdisciplinary research

Magnetic entropy change involving martensitic transition in
NiMn-based Heusler alloys*

Hu Feng-Xia(#]A#)," Shen Bao-Gen(JL{#4R), and Sun Ji-Rong(#h4kZ¢)
State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 25 January 2013)

Our recent progress on magnetic entropy change (AS) involving martensitic transition in both conventional and meta-
magnetic NiMn-based Heusler alloys is reviewed. For the conventional alloys, where both martensite and austenite exhibit
ferromagnetic (FM) behavior but show different magnetic anisotropies, a positive AS as large as 4.1 J-kg~!-K~! under a field
change of 0-0.9 T was first observed at martensitic transition temperature Ty; ~ 197 K. Through adjusting the Ni:Mn:Ga
ratio to affect valence electron concentration e/a, Ty; was successfully tuned to room temperature, and a large negative AS
was observed in a single crystal. The —AS attained 18.0 J-kg~!-K~! under a field change of 0-5 T. We also focused on
the metamagnetic alloys that show mechanisms different from the conventional ones. It was found that post-annealing in
suitable conditions or introducing interstitial H atoms can shift the 71 across a wide temperature range while retaining the
strong metamagnetic behavior, and hence, retaining large magnetocaloric effect (MCE) and magnetoresistance (MR). The
melt-spun technique can disorder atoms and make the ribbons display a B2 structure, but the metamagnetic behavior, as
well as the MCE, becomes weak due to the enhanced saturated magnetization of martensites. We also studied the effect of
Fe/Co co-doping in Nig5(Coj—,Fey)sMnsg gInj3 4 metamagnetic alloys. Introduction of Fe atoms can assist the conversion
of the Mn—Mn coupling from antiferromagnetic to ferromagnetic, thus maintaining the strong metamagnetic behavior and
large MCE and MR. Furthermore, a small thermal hysteresis but significant magnetic hysteresis was observed around Ty
in Nis; Mngg_,In, metamagnetic systems, which must be related to different nucleation mechanisms of structural transition

under different external perturbations.

Keywords: magnetic entropy change, martensitic transition, NiMn-based Heusler alloys
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1. Introduction

Magnetic refrigeration based on the magnetocaloric ef-
fect (MCE) has attracted much attention due to its superior-
ity over gas refrigeration with regard to both energy conser-
vation and environmental concerns. A study of MCE based
on various magnetic solids is gaining worldwide attention.[!~!
Many materials with first-order magnetic phase transition,
such as Gds(Si,Ge)s,”! La(Fe,Si);3,*%*1 MnFeP;_,As, !
and Ni-Mn—Ga,[''!®! have been found to exhibit great MCE.
Among them, the LaFe;_,Si,-based alloys including H/C
interstitial compounds*®%17-221 and NiMn-based Heusler

11-15.23-33] have been a focus of studies in recent years.

alloys!
For our work on the LaFe;_,Si,-based alloys, review articles
have already been published.[*”) Here we mainly review our
recent progress for NiMn-based Heusler alloys.

The X» YZ Heusler alloys with L2 structure have attracted
lots of attention since the discovery of the first ferromagnetic
(FM) copper-manganese-based “alloys” by Heusler et al. in
1903.134 Later, the Ni;MnGa alloy was reported in 1960 to
exhibit FM properties,*>! and the highly ordered L2; struc-

ture was confirmed by neutron diffraction measurements.!6]

DOI: 10.1088/1674-1056/22/3/037505

The degree of order was found to be highest upon annealing
at 800 °C followed by quenching.*”) The L2-type Heusler
structure, shown in Fig. 1, can be considered as four inter-
penetrating face-centered cubic (fcc) sublattices with atoms A,
B, C, D. In NipMnGa, Ni atoms occupy A and C sites, and
Mn and Ga occupy B and D sites, respectively. Researches
have indicated that the stoichiometric NioMnGa can be con-
sidered to be a local moment magnet and the magnetization
is mainly confined on the Mn atoms,*8! where the distance
between Mn—Mn nearest neighbors is about 0.4119 nm, and
the Ruderman—Kitte]-Kaeya—Yo exchange interaction medi-
ated by the conduction electrons is responsible for the FM or-
dering. Similar to Ni;MnGa, alloying NioMnZ with other Z
elements, such as Z=Sn, In, Sb, In, can also form a highly
ordered L2; structure, and rich variations of magnetic proper-
ties have been observed, particularly for the off-stoichiometric
compositions. With decreasing temperature, the alloys un-
dergo a martensitic transformation and the product shows a
variety of structures depending on both the composition and
the preparation process, such as L1 tetragonal structure and
5M/7M modulated structures. The reduction of the struc-
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tural symmetry affects the material’s magnetic behavior fun-
damentally, and thus, the martensitic state, in most cases,
displays magnetic properties quite different from its parent
phase. The structural and magnetic properties simultaneously
changed at the transition are expected to influence the MCE
of the alloys strongly. In 2000, we reported a positive en-
tropy change involving a martensitic transition at 197 K in
a polycrystalline alloy Nis; sMna 7Gassg.'!! Since then, lots
of attention has been attracted to the study of MCE in NiMn-

13-1523-331 and a number of papers have

based Heusler alloys,!
been published, including some review articles.['=10] Here,
we mainly review our recent progress in understanding the
effects of atomic substitution, post-annealing, the introduc-
tion of interstitial atoms, and forced atomic disorder on the
magnetic, magnetocaloric, and transport properties for both
conventional and novel metamagnetic NiMn-based Heusler al-

loys.
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Fig. 1. The Heusler L2 structure.

2. Magnetic entropy change in conventional
NiMn-based Heusler alloys

A considerable amount of research has been focused on
the stoichiometric Heusler alloys Ni;MnGa with the composi-
tions near the 2:1:1 ratio mainly because of their unusual prop-
erties: large magnetostrictions, superelasticity, and FM shape
memory effect. For these compositions, the structural transfor-
mation is usually followed by FM—paramagnetic (PM) transi-
tions with increasing temperature. The conventional NiMn-
based Heusler alloys, in both M—H martensite and austenite
states, display FM properties, but their magnetic anisotropies
differ greatly. The austenite state is the magnetically soft phase
because of its cubic structure, while the M—H martensite state
shows a strong anisotropy due to an asymmetrical structure
transformation. The FM shape memory effect arises from the
twin boundary motion in the M—H martensite, which relies on
a strong magnetoelastic coupling that is due to the long-range
FM ordering. The magnetic anisotropy energy, K, can mea-
sure the magnetoelastic coupling. When K is large, an external
magnetic field motivates twin variants by aligning their rota-
tion with the applied field. As a result, a considerable shape

memory is generated. Generally, the field-driven strain can be
as large as 10% for the conventional Ni-Mn—Ga systems.!'%]
The fundamental change of magnetic properties caused by the
magnetic anisotropy across the martensitic transformation is
accompanied by a magnetic entropy change (AS).

In 2000, we reported a positive AS in the polycrystalline
alloy Nis; sMny» 7Gays g with a martensitic transition at 197 K
(Tv) ' The alloy was prepared by an arc-melting technique.
Powder X-ray diffraction indicated that the parent phase has
the L2 structure while the martensitic phase displays a tetrag-
onal structure. Figure 2 shows the isothermal magnetization
(M-H curves) measured at temperatures around Ty;. One
can find that both the martensite and the austenite show FM
properties but the field dependency of magnetization changes
greatly across the transition. During the martensitic trans-
formation, the tetragonal unit cell expands along the ¢ axis
and contracts in the other two directions. The lower symme-
try of the martensitic phase enhances the magnetocrystalline
anisotropy, and due to the magnetoelastic interaction, the elas-
tic energy stored by martensite gives rise to the magnetic
anisotropy, which dominates the magnetization process,*”!
so the magnetization of martensite is harder to saturate than
that of austenite. The interesting magnetic behavior leads to
the appearance of crossing points in the M—H curves mea-
sured at different temperatures. The location of the crossing
points varies depending on the composition. For polycrys-
talline Nis; sMnpy 7Gaps g, it is located at 0.9 T. According
to Maxwell’s relation''* AS(T,H) = o [3' (M /dT), dH,
we obtain a positive entropy change and the value is ~
4.1 T’ kg~ ' K~! under a field change of 0-0.9 T (see Fig. 3).
The origin of the large AS in Nis; sMny, 7Gays g is attributable
to the considerable magnetization jump caused by the change
of the magnetocrystalline anisotropy due to the martensitic—
austenitic structure transition. Furthermore, we find that the
thermal hysteresis is ~ 10 K for Nis; sMny> 7Gass g, and the
M-H curves are essentially reversible in both the martensitic
and the austenitic states.
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Fig. 2. Isothermal M—H curves at different temperatures for polycrys-
talline Nis _5Mn22_7Ga25_3.[1 1
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Fig. 3. Temperature dependent magnetic entropy change AS under
a field change of 0-0.9 T for polycrystalline Nis; sMny; 7Gays g 1!l
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Fig. 4. Isothermal M—H curves with magnetic field along the [001] di-
rection at different temperatures for single crystal Nis; sMny3. 1 Gagg 3.
The inset displays the detailed M—H curves at 297 K and 310 K.[?]

Note that the martensitic transition temperature, Ty ~
197 K, of Nis; sMnjy 7Gajs g polycrystalline is still far be-
low the room temperature. A general rule based on NiMnZ
(Z=Sn, In, Al, Ga) ternary alloys shows that Ty sharply de-
creases while 7¢ of the parent phase remains nearly unchanged
with decreasing valence electron concentration e/a.***!1 The
decreasing slope of Ty with e/a varies depending on the spe-
cific Z element in NiMnZ. In another our work," Ty was
successfully tuned to room temperature through adjusting the
Ni:Mn:Ga ratio to change e¢/a, and a large negative entropy
change was observed in single crystal Nisp ¢Mno3 1Gag 3.
Figure 4 displays the isothermal M—H curves measured at dif-
ferent temperatures with a magnetic field along the [001] di-
rection of the martensitic state. Due to a reason similar to that
in the case of polycrystalline Nis; sMnp, 7Gays g, a cross point
in the M—H curve also appears as expected, which is located
at a lower magnetic field of 0.23 T. This means that the transi-
tion from the martensitic state to the austenitic state brings an
increase of magnetization below 0.23 T but a decrease of mag-
netization above 0.23 T. It is clear, from Maxwell’s relations,
that the integral value of AS is positive below 0.23 T. When
the applied field reaches 0.45 T, the positive AS is offset, and
further increasing the field above 0.45 T results in net negative

AS. The interesting behavior of AS should be ascribed to the
fundamental magnetic properties of the sample.

Figure 5 shows AS as a function of temperature under dif-
ferent applied fields. Note that the AS under a field above
0.45 T is negative and two peaks appear. The higher one is
located at 300 K, and the maximal value under 5 T reaches
18.0 J)kg~!-K~!. This value is roughly comparable with
that of Gd5Si2Ge2[5] and notably exceeds that of Gdl*243]
near room temperature. The two AS peaks are attributed to
the coexistence of two crystallographic phases in one sam-
ple. It is known that the structural transition temperature of
the Ni-Mn—Ga system is very sensitive to its composition,
and a grown single crystal usually has a small variation in
composition due to the preparation technique. Although the
measured sample cut from the single-crystal boule is small,
~ 13.53 mg in weight, two phases with a small difference
of composition may coexist, resulting in two adjacent transi-
tions. From Fig. 4, one can also find that with increasing tem-
perature, two abrupt decreases of magnetization occur in the
M-H curves. The scope of the first decrease, from 300 K to
302 K,is 7.5 A-m2~kg’1, and that of the second, from 303 K
to 305 K, is 2.35 A-m?>-kg~!, resulting in the two AS peaks
with different heights. It is easy to understand that the pro-
portion of the two phases directly influences the scope of the
decreased magnetization and, further, the heights of the two
AS peaks. This fact also tells us that the large magnitude of
AS and the wide temperature span may be achieved by con-
trolling the composition distribution through controlling the
process of single-crystal growth. Usually, the saturated mag-
netization of low-temperature martensite is higher than that of
high-temperature austenite by 10-20%.14**! For the present
sample, due to the possibility of two-phase coexistence, two
abrupt decreases of magnetization take place with increasing
temperature. The combined result makes the saturated mag-
netization of the martensitic state at low temperature 297 K
45% higher than that of the austenitic state at high tempera-
ture 310 K for single crystal Nis; ¢Mnj3.1Gagg 3.
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Fig. 5. Magnetic entropy change as a function of temperature un-
der different applied fields along the [001] direction for single crystal
Nisy.sMny3. 1 Gagg 3.1
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The magnetocrystalline anisotropy of martensite varies
depending on the structure and the composition, leading
to a variation of the crossing point in the M—H curves of
martensite and austenite. In another single crystal sample
Nisg.;Mnyg 7Gayg ¢ with the crossing point at ~ 0.8 T and Ty
at ~ 214 K, wel*] observed interesting positive and negative
behaviors of AS (Fig. 6) due to a similar reason related to the
magnetic anisotropy. The peak value of positive AS increases
with increasing applied field until it reaches an extreme value
about ~ 6.0 J~kg_1~K_1 at 0.8 T, while above 0.8 T, an in-
crease of the applied field results in a decrease of AS. When
the field reaches 5 T, the negative AS exhibits a maximal mag-
nitude of about ~ 6.0 J-’kg~!-K~! at ~ 219 K. One can also
note that a small positive peak appears adjacent to the valley
when the field exceeds 0.8 T, which can be ascribed to the
coexistence of the martensitic and the austenitic phases near
the transition temperature. When the transformation process
from the martensitic phase to the austenitic phase is nearly
complete, the influence of the residual martensitic phase on
the anisotropy field seems stronger than that on the magneti-
zation, which causes the positive entropy change. It is evident
that the Nisg 1 Mnyo7Gagg ¢ single crystal shows obvious su-
periority under low fields. The magnitude of positive AS is
~ 6.0 J-kg~!-K~! under a low field of 0.8 T.

6 [ Niso.1Mnag7Gagg.
single crystal

215

Fig. 6. Magnetic entropy change AS as a function of temperature un-
der different applied fields along the [001] direction for single crystal
Niso.1Mnj.7Gagg 6.1

Many investigations have focused on the MCE and the
related mechanism for the conventional Heusler alloys Ni—
Mn-Z (Z=Sn, In, Sb, In), and a large magnitude of AS was

[1=3.16] Typically, through ad-

observed in many compositions.
justing the ratio of Ni:Mn:Z, one can overlap the two transi-
tions of martensitic structure and the FM—PM transitions, and
an enhanced magnitude of AS as high as ~ 86 J-kg~!-K~! can

be obtained.[?]

3. Magnetocaloric effect in metamagnetic
NiMn-based Heusler alloys with rich Mn con-
tent

For the conventional Ni-Mn—Z Heusler alloys, both
martensite and austenite display strong FM properties. The
large AS is associated with the martensitic structural transfor-
mation and the magnetic anisotropy in martensite. Although
the magnitude of AS can be very large, AS is usually concen-
trated in a narrow temperature range, ~ 1-5 K. The differ-
ence of saturated magnetization across the martensitic trans-
formation is small, and the resulting Zeeman energy yoAM - H
cannot be large enough to drive a large shift of the marten-
sitic temperature, thus a narrow temperature span of large AS
appears. It is well known that a real magnetic refrigerator
requires not only a large MCE but also a wide temperature
span. The narrow temperature span of AS for the conventional
NiMn-based Heusler alloys may hinder the practical use of
these alloys.

The recent discovery of metamagnetic shape memory al-
loys (MSMAs) has stirred intense interest because of their
huge shape memory effect and some mechanisms differing

147481 In these Ga-free

from those of the conventional alloy
Ni-Mn—Z Heusler alloys, where Z can be a group III or IV
element such as In, Sn, or Sb, the excess of Mn causes a fun-
damental change of magnetism between the parent and the
product phases. As the Mn content exceeds the ratio 2:1:1 in
Ni:Mn:Z, the nearest Mn—Mn neighbors are introduced, which
usually gives rise to antiferromagnetic (AFM) coupling. As a
result, a considerable large difference of saturated magnetiza-
tion across the martensitic transformation appears, and the re-
sulting Zeeman energy toAM - H can be large enough to drive
a structural transformation and cause the field-induced meta-
magnetic behavior, which is responsible for the huge shape
memory effect. Furthermore, it has been found that the incor-
poration of Co atoms can be an “FM activator”*>3% and en-
large the magnetization difference across the martensitic trans-
formation; hence an extremely large stress can be generated
by a magnetic field.[*”! Tt has been reported that the stress out-
put for the composition of NigsCosMnseInj34 can be over
100 MPa under a 7 T field,!*”! which is approximately 50 times
larger than that in the conventional Heusler alloys. The simul-
taneous changes in the structural and magnetic properties in-
duced by the magnetic field should be accompanied by a large
MCE in an extended temperature range.

Many groups have studied the crystal structure, magnetic
properties, MCE, and magnetoresistance (MR) behavior in
novel metamagnetic alloys. An MR as large as —80% un-
der a field change of 0-5 T has been reported.’'-%! Since
the low temperature martensite shows weak magnetization
compared to the parent phase, an inverse MCE occurs, which
can be easily understood from Maxwell’s relations. In 2005,
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an inverse AS as large as 18.5 J.kg=!-K~! at about 300 K
under a field change of 0-5 T was reported in a polycrys-
talline alloy NisoMns37Sn;3.13! Later, many scientists devoted
their attention to the MCE involving metamagnetic behav-
ior in the alloys.[14-16:29-33.33.54.56-68] A arge inverse AS was
reported in a number of compositions with rich Mn concen-
tration, such as Niss 4Mny4j sIn;3.1,B% Ni50,an39+xSn11,[32]
Nis3MnyeSn1By.57! NispMnsg_ Sb,, %8 Nis; Mngg_In,Hs,5%
and Nigs(Coj_Fe,)sMnsg ¢Inj34°% Along with the con-
current metamagnetic and structural transitions, a large
barocaloric effect has also been reported.['*! Ribbons have

54,60-62] and

also been prepared by the melting-spun technique,!
the effects of annealing on the martensitic transformation and
the MCE have been studied.5>93-6%701 Furthermore, Li et al.
investigated the magnetostructural coupling in NisoMn3sIn;s
systems and identified the contribution of the lattice-entropy
change to the total entropy change.|®! Very recently, Liu et al.
demonstrated that the structural transition plays a dominant
role for the considerable adiabatic temperature change in the
metamagnetic NiMnColn alloys.!'”!

Here we mainly review our recent progress with regard
to the effects of atomic substitution, post-annealing, the in-
troduction of interstitial atoms, and forced atomic disorder on
the magnetic, magnetocaloric, and transport properties of the

novel NiMn-based metamagnetic Heusler alloys.

3.1. Tuning magnetic entropy change of Niso_,Mn3s,In;s

alloys by varying Mn content

A detailed investigation of NisoMnso_,Iny alloysl41J in-
dicated that the composition with y = 16 is the only one
that exhibits a field-induced structural transition in this se-
ries of alloys. Although the compositions with In content of
y = 15.5 and 15 undergo a martensitic transformation, an ex-
ternal field cannot shift the transition temperature because of
the low Zeeman energy HoAM - H, which leads to a narrow
temperature span for the MCE. In contrast, a strong shift of
the martensitic transition toward lower temperatures can be
driven by a magnetic field for the sample with y = 16. Sev-
eral groups investigated its shape memory effect and MCE.
The reported inverse AS with a considerable temperature span
reaches 12 J-kg~!-K~! under a field change of 0—5 T”!! which
is larger than that of Gd. However, the large AS occurs around
180 K, still far below the room temperature. Wel®! chose
Nisg_xMn3s.4,In;s and studied its structure, magnetic proper-
ties, and MCE. By changing the Mn content but fixing the In
content, a field-induced structural transition was realized in a
modified composition, with Ty at 285 K. Associated with the
field-induced metamagnetic behavior, a huge AS with a wide
temperature span was observed near room temperature.

Figure 7 shows the temperature dependent zero-field
cooling (ZFC) and field cooling (FC) magnetizations!®! un-
der 0.05 T for samples of x = 0, 3, 4. For the x = 0 sample,

the magnetization gradually increases on cooling, and the ap-
pearance of a small cusp indicates the onset of the FM order
of the austenitic phase. However, before the FM transition in
the austenitic phase is completed, the martensitic transforma-
tion has already taken place at Ty ~ 314 K with a hystere-
sis about 8 K. Continuously reducing the temperature leads to
the FM ordering of the martensitic phase with Curie tempera-
ture TCM ~ 170 K. At temperatures lower than 135 K, a large
separation between ZFC and FC magnetizations is observed,
which is understandable considering the magnetic anisotropy
in the martensitic state and the existence of both FM and AFM
clusters.[*!]

0, Niso—Mngs4,In15 (@)
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E 5 -Mﬂx
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T
’_%D 10
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< 5l
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Fig. 7. Temperature dependent ZFC and FC magnetizations measured
under a 0.05 T magnetic field for Niso_Mn3s, Injs alloys with (a) x=0,
(b) x=3, (c) x=4. The inset of panel (b) shows the ZFC—ZC magnetiza-
tions measured under different fields of 0.05 T, 1 T, and 5 T for the
sample with x=36%1

With increasing Mn content, 7Ty decreases but TCM in-
creases, which is in accord with the general dependence of the
transition temperatures on the valence electron concentration
in NiMn-based alloys.[*>*!] The inset of Fig. 7(b) shows the
temperature dependent magnetizations measured under differ-
ent fields of 0.05 T, 1 T, and 5 T for the x = 3 sample. In
contrast to x = 0, Ty can be shifted to lower temperature at a
rate of 3.5 K/T upon the application of magnetic field, and
a field-induced metamagnetic transition takes place, similar

037505-5



Chin. Phys. B  Vol. 22, No. 3 (2013) 037505

to the case in the NisoMns4lIng alloy; thus a large entropy
change in a broadening temperature range can be expected.
Figure 8 displays AS versus temperature under different mag-
netic fields, calculated based on Maxwell’s relations,!'=3! for
the x = 3 sample. One can find that the inverse AS is lo-
cated near room temperature. With increasing magnetic field,
the AS peak gradually expands toward lower temperatures be-
cause of the field-induced metamagnetic transition behavior,
and a wide span of AS appears. The maximal effective AS (the
high plateau, not the spike!’>73)) is about 21 J-kg~!-K~! near
TCM ~ 285 K, and the temperature span of AS reaches 15 K
under a field change of 0-5 T. This AS is much larger than that

of the traditional refrigerant Gd.*?43]
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Fig. 8. Magnetic entropy change AS as a function of temperature at
different magnetic fields for Niso_Mnss.,Injs (x = 3) alloy.%]

3.2. Magnetocaloric effect and magnetoresistance in Co-
doped metamagnetic alloys

The huge FM shape memory effect recently dis-
covered in metamagnetic alloys with exact compositions
NiysCosMnso_,In, (x = 13.3, 13.4, 13.5)47*8] warrants fur-
ther experimental and theoretical study. The introduction of
Co atoms in metamagnetic alloys enhances the Zeeman en-
ergy UpAM - H through enlarging the magnetization difference
across the martensitic transformation; thus an extremely large
stress can be generated by a magnetic field. The simultaneous
changes in the structure and magnetic properties induced by
a magnetic field must be accompanied by a large MCE. The
concurrent changes in the electronic structure and the scat-
tering mechanisms across the martensitic transformation must
also alter the transport properties. Naturally, a large MCE
and a distinct MR effect can be expected along with the field-
induced structural transformation.

Chen et all®! prepared NigsCosMnsgsIni3s polycrys-
talline alloys by an arc-melting technique and studied the
MCE and the MR effect. The temperature dependent ZFC—
FC magnetizations!®! measured under 0.05 T, 1 T, and 5 T
indicates that the martensitic temperature Ty locates at 260 K
and 214 K under magnetic fields 0.05 T and 5 T, respectively.

It is clear that a decrease of about 46 K is driven by an exter-
nal magnetic field of 5 T. The equated driving rate of Ty is
~ 9.2 K/T, one time higher than that of Nig5CosMn3¢¢In;3.4
reported in Ref. [47]. This means that the martensitic trans-
formation in the present NigsCosMnj3g 5In ;3 5 is easier to drive
by a magnetic field. It is also found that the thermal hysteresis
around Ty enlarges from ~ 10 K to ~ 32 K when the mag-
netic field increases from 0.05 T to 5 T. The hysteresis behav-
ior is commonly believed to be related to the nucleation of a
new phase and the interfacial interaction at the phase bound-
ary in first-order systems. The previous investigations indicate
that the hysteresis gap can characterize the friction strength
of phase boundary motions during the martensitic transforma-
tion in Heusler alloys.”*! The enhancement of hysteresis may
imply that the friction resisting the transformation becomes
larger with increasing magnetic field.

Figures 9(a) and 9(b) display the temperature dependent
resistance (R-T curves) under O T and 5 T, and the field
dependent resistance up to 5 T at different temperatures for
Nig5CosMnsg 5Ing3.5 polycrystalline. An abrupt increase in
resistance appears as the sample undergoes the martensitic
transformation. An enlarged thermal hysteresis with increas-
ing field can also be identified from the R-T curves, con-
sistent with the results of the thermomagnetization measure-
ments. With 7y shifting to a lower temperature under an ex-
ternal field, a negative MR was observed. Figure 9(c) plots the
deduced field dependent MR at various temperatures around
Tm. One can note that the maximal MR under 5 T exceeds
80% around 235 K. At temperatures near Ty, a low field can
induce a metamagnetic transition, thus generating a consider-
able large MR. For example, at 250 K, a field of 2.5 T can
produce an MR as large as 60%. Importantly, the transport re-
sistance is fully recoverable against the magnetic field. It can
return to its original value after a field cycle. As the sample ex-
periences the martensitic transformation, the increased interfa-
cial scattering at the twin boundaries and the change of lattice
symmetry may enhance resistivity due to the electron—phonon
scattering. Moreover, the concurrent alteration of magnetic
properties may also contribute to a change in resistivity due
to the electron—spin scattering. In metamagnetic Heusler al-
loys, the austenitic state usually exhibits strong FM properties
while the martensitic state shows a small magnetization. A
recent neutron polarization analysis experiment”>! observed
AFM correlations at temperatures below Ty for some Mn-rich
alloys with metamagnetic properties. Similar to the materials
that undergo AFM transition,[’%! the formation of superzone
boundary gaps may alter the density of the electronic states
near the Fermi surface, leading to an enhancement of trans-

port resistance due to the electron—spin scattering.
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Fig. 9. (a) Temperature dependent resistance under O T (Ror) and 5 T
(Rst), (b) field dependent resistance up to 5 T at different temperatures,
and (c) field dependent MR [(Rst — Ror)/Rot] at different temperatures
for NigsCosMnsg 5In;3 5. The arrows indicate the heating/cooling paths
as well as the field ascending/descending paths %]

Magnetization measurements as functions of temper-
ature and magnetic field were carried out, and AS was
calculated using Maxwell’s relation.'=3l The maximal AS
is about ~ 22 Jkg '-K~! at ~ 252 K under a field
change of 0-5 T. This value roughly agrees with the AS
(~ 27 Jkg~".K~!, 7 T) obtained by using the Clausius—
Clapeyron relation and the DSC measurements for a close
composition NigsCosMnje ¢In; 3_4.[47]

Similarly, Gao et al.l%¥! investigated the MCE associated
with metamagnetic properties in another Co-doped composi-
tion NigzsMng3Co3Sni;. The AS peak gradually develops into
a high plateau with increasing magnetic field. The AS value
is about ~ 33 J-kg~!-K~! under a field change of 0-5 T. The
differing AS magnitudes in different systems must be related

to the fundamental difference of magnetic properties and the
different latent heat of phase transitions.

3.3. Large magnetic entropy change with small thermal
hysteresis in metamagnetic alloys Nis; Mnyy_,In,

NiMn-based metamagnetic Heusler alloys have attracted
lots of attention due to their unusual multi-functional proper-
ties. However, a large hysteresis is usually accompanied by
a metamagnetic behavior due to the first-order nature of the
transition. The reported thermal hysteresis can be as large
as ~ 20 K for Ni-Mn—-Sn®*?l and ~10 K for Ni-Co—Mn-—
In7 alloys. For NisyMns4In;e, the hysteresis even reaches
20 K, and more importantly, it becomes wider with an external
field!”!! As discussed above, the composition NisoMnssIn;g
is the only one that exhibits a field-induced transition in

s[*1l ' We tuned compositions around the

NisoMnsg_,In, alloy
ratio NisoMn34In¢ and were surprised to observe a small ther-
mal hysteresis (< 2 K) in NisjMnygg_,In, (x = 15.6, 16.0,
16.2) 1961 1t was found that a little more increase of Ni con-
tent not only increases Ty but also enhances the AS. More
importantly, it can remarkably reduce the thermal hysteresis.

Figure 10 displays the temperature dependent ZFC and
FC magnetizations'® measured under different fields for
polycrystalline Nis;Mng9_,In, (x = 15.6, 16.0, 16.2). Note
that the martensitic temperature 7y decreases monotonously
from 308 K to 253 K with In content x varying from 15.6
to 16.2. Due to the metamagnetic characteristics across the
martensitic transformation, an external magnetic field can shift
Ty to lower temperatures, but the driving rate is different for
different compositions. Compared to the composition with x =
15.6, the martensitic transformation of the other two (x = 16.0,
16.2) is easier to drive, and thus a wider temperature span of
AS is expected.

From Fig. 10, one can also find that the Nis; Mngg_,In,
alloys show a very small thermal hysteresis (< 2 K) around
Tv. More importantly, an increase in magnetic field does
not enlarge the hysteresis for all samples. The previous
investigations' #7778 indicate that the hysteresis effect is a
complicated issue in thermoelastic martensitic transformation
systems. The dissipative mechanisms for hysteresis are differ-
ent at different spatial scales.’8! At the microscopic scale, the
hysteresis is related to the nucleation of a new phase and the
interaction of interfaces with defects. But at the mesoscopic
scale, the hysteresis effect comes from the formation, annihi-
lation, and rearrangement of elastically interacting domains.
In this case, the heat transfer within the alloy and that with the
surroundings also affect the hysteresis gap. Considering the

[66] the heat trans-

small size of the measured samples, 50-85 g,
fer should be good during the magnetic measurements. The
frictions from both domain rearrangements and phase bound-

ary motions are considered to be a key factor affecting the
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hysteresis gap.”*”’! In other words, the gap of the thermal
hysteresis may characterize the strength of frictions during the
transformation. The small hysteresis indicates that the friction
to resist the transformation with temperature is small.

Nis;Mnyg_.In,

* heating

M/A-m?kg—!

M/A-m?kg~!

M/A-m?kg~!

Fig. 10. Temperature dependent ZFC and FC magnetizations mea-
sured under different fields 0.05 T, 1 T, and 5 T for Nis;Mnag_,In,
((a) x=15.6, (b) x = 16.0, (c) x = 16.2) alloys.[%]

However, unlike the behavior in a temperature cycle, the
isothermal M—H curves measured around 7y; show a large
magnetic hysteresis in field cycles. The area enclosed in a
field cycle at 258 K can be as large as ~ 77 J/kg. For most
first-order systems, the thermal and the magnetic hystereses
usually occur synchronously. The differing hysteresis behav-
iors in temperature and field cycles may indicate that nucle-
ation mechanisms differ under different external perturbations,
which may correlate not only with the composition but also
the microstructure. For details, further investigations are still
required.

Figure 11 shows the AS as a function of temper-
ature and magnetic field calculated based on Maxwell’s
relations.['=3] Note that the inverse AS peaks at Ty and gradu-
ally broadens toward lower temperatures. The maximal AS is
33 Jkg "' K~!,20 Jkg "-K~!, and 19 J.)kg~!-K~! at 308 K,
262 K, and 253 K under a field change of 0-5 T for compo-
sitions x = 15.6, 16.0, and 16.2, respectively. In comparison

with AS ~ 12 J-.kg~!-K~! (188 K) for NisoMns4In;g, not only
does the Tyr at which AS peaks go much nearer to room tem-
perature, but also the AS size is remarkably enhanced. Actu-
ally, the AS almost reaches its maximum at 2 T for x = 16.0,
16.2 and 4 T for x = 15.6. Further increasing the magnetic
field contributes little to the magnitude but remarkably broad-
ens the AS toward lower temperatures. The AS span can reach
~ 20 K under a field change of 0-5 T. The AS shows a table-
like peak under a field change of 0-5 T for all samples. De-
tailed studies have verified that the flat plateau of AS reflects
the intrinsic nature of MCE.[”?!
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Fig. 11. Magnetic entropy change AS as a function of temperature and

magnetic field for Nis; Mngg_,In, ((a) x = 15.6, (b) x = 16.0, (c) x = 16.2)
alloys.[0¢]

3.4. Interstitial effect on magnetic properties and mag-
netic entropy change in metamagnetic Ni-Mn-In al-
loys
The metamagnetic behavior and the martensitic transfor-

mation are very sensitive to the atomic distances and the chem-
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ical surroundings. The interstitial effect is expected to influ-
ence the properties through disturbing the atomic distances
and the surroundings, which may provide a useful way to
tune the magnetic properties and the martensitic transition
temperature, and thus the MCE. Wel*’! chose metamagnetic
NisiMnyg_,In, (x = 16.2, 16.6) alloys, introduced H atoms,
and studied the interstitial effect on the magnetic properties
and the magnetic entropy change.

Nis; Mngg_,In, (x = 16.2, 16.6) alloys were prepared by
arc-melting technique. The hydrogen was introduced by an-
nealing the samples under hydrogen gas atmosphere in a com-
mercial pressure-composition—temperature (P-C-T) appara-
tus. By adjusting the gas pressure and annealing temperature,
the hydrogen concentration can be controlled and determined.
X-ray diffraction (XRD) measurements indicated that the hy-
drogenated samples keep the L2 structure but the lattice is en-
larged. The lattice parameter of Nis;Mn3, 4In;6 ¢Hs 2 hydrides
(0.60031 nm) is slightly larger than that of Nis;Mn3,.4In;66
(0.59970 nm).

Shown in Fig. 12 are the temperature dependent ZFC
and FC magnetizations!®! measured under different fields for
Ni51Mn32'4In16.6 and Ni51Mn32,4In16_6H5.2 samples. One can
find that the thermal hysteresis around 7y for Nis;Mn3s 4Inj6.6
is small (< 2 K), and less than 4 K even under a magnetic
field of 5 T, similar to that of Nis;Mnyg_,In, (x = 15.6, 16.0,
16.2)/%! just discussed above. For Nis;Mnss 4Inj¢Hs o hy-
dride, the temperature hysteresis becomes slightly wider, ~
5 K under 0.05 T, and ~ 10 K when a 5 T magnetic field is
applied. A fascinating feature is that the insertion of H atoms
shifts Ty to a lower temperature. For Nis;Mns3j 4Inig6Hs 2,
Twm appears at ~ 217 K, lower than that of the mother alloy
by ~ 32 K. Another feature is that the saturated magnetiza-
tion of martensitic phases is enhanced due to the introduction
of H atoms while that of austenitic phases remains nearly un-
changed. The magnetization of Nis;Mns3; 4Inig¢Hs, at 5 K is
~ 48.4 A-m?>-kg~! under 5 T, larger than that of the mother
alloy (~ 43.2 A-m?>.kg~!) by 12%. The Ty of both samples
is very sensitive to the external field. A 5 T magnetic field
shifts the Ty from 249 K to 228 K at a rate of 4.2 K/T for
Nis;Mns3; 4In6.6, and from 217 K to 193 K at a rate of 4.8 K/T
for Nis;Mn3, 4Ini66Hs . Although the magnetization differ-
ence across the martensitic transition, AM, is somewhat re-
duced by inserting H atoms, the driving rate shows a small
increase, indicating that the insertion of H atoms makes the
martensitic transition easier to drive under the same Zeeman

energy. The previous studies!’”!

show that a very small change
of the Mn—Mn distance will greatly affect the magnetic prop-
erties of the sample. In Nis;Mns3j 4In g6, the authentic phase
shows strong FM properties, indicating that the Mn—-Mn FM
exchange dominates the authentic state. A small change of

the Mn—Mn distance caused by H atoms may not significantly

influence the FM properties; hence the TéA and the saturated
magnetization remain nearly unchanged upon H doping. How-
ever, for the martensitic state, the Mn—Mn AFM coupling will
play a key role in determining the magnetic properties due to
the crystalline symmetry being different from that in the au-
thentic state. The introduction of H atoms elongates the Mn—
Mn distance, making the system favor the FM coupling, thus
leading to an enhancement of the saturated magnetization of
the martensitic state.

T T T T T T T
—O—Ni5;Mngza 4Inie.6Hs 2
N —@— Ni5; Mngo.4Inge.

125

6

H
st 8

M/A-m?kg—!
o
S
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Fig. 12. Temperature dependent ZFC and FC magnetizations mea-
sured under different fields of 0.05 T and 5 T for Nis;Mn3; 4In6.¢ and
Ni51Mn32_4In16.(,H5.2 samples.lsg]

Valence electron concentration e/a is a critical factor
that influences the martensitic transformation behavior and
the magnetic properties.*>*!] The addition of H may also af-
fect Ty by altering e/a. Itsumi et al. carried out electronic
structure calculations for body-centered cubic (bcc) Fe with
interstitial H by using the first-principles discrete variational
method.®%! They reported that the volume expansion is to be
expected and the Fe—H interaction occurs mainly via the Fe
4s and H 1s orbitals. A charge transfer of ~ 0.6e from Fe
to H leads to a decrease in the metallic bond strength. As-
suming similarity to the case in Fe—H systems, the addition of
H into NiMnIn might also make the system less metallic and
thus cause a decrease in e¢/a. In accordance with the general
dependence of Ty on e/a,l***!! Ty; decreases with H doping.

Shown in Fig. 13 are the AS curves calculated based on
Maxwell’s relations.!!3] With increasing magnetic field, the
inverse AS peak gradually broadens toward lower tempera-
tures. The maximal AS is 17.2 J-.kg~!.K~!, 13.0 J-.kg 1. K~!
at 246 K, 219 K, and the temperature span is 17 K, 22.5 K un-
der a 5 T field for Ni51Mn32_4In16,6 and Ni51Mn32.4In16,6H5,2,
respectively. For the hydrogenated sample, the AS magnitude
becomes somewhat smaller, but the temperature span becomes
wider.

Our studies also reveal that the H content can be con-
trolled by adjusting the annealing temperature and the gas
pressure. For a close composition Nis;Mn3 gInje 2, the H con-
tent was controllably tuned to be 6 = 1.4. A similar shift of
Tv to lower temperatures and the enhancement of the satu-
rated magnetization of the martensitic phase were observed
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in Nisan32,SIn16_2H1,4 hydride.
was only ~ 6 K due to the small amount of H atoms.

However, the shift of Ty
This
result suggests that the Ty can be tunable through control-
ling the H content. The maximal AS is ~ 19.2 J.kg~!.K~!,
~17.5 Jkg 'K~ ! at ~ 253 K, ~ 245 K, and the tempera-
ture span is ~ 17 K, ~ 20 K under a field change of 0-5 T
for Ni51Mn32_8In16.2 and Ni51Mn32.gIn16,2H1_4, respectively.
Similar to the case in Nis;Mn3, 4Inj66, the AS magnitude is
slightly reduced while the temperature span becomes wider
upon H doping. The evaluated refrigerant capacity (RC) re-
mains nearly unchanged.
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Fig. 13. Magnetic entropy change AS as a function of tempera-
ture under different magnetic fields for (a) Nis;Mn3; 4Inj66 and (b)
Nis;Mns3; 4In;6 6Hs > samples.[>%!

3.5. Effect of post-annealing on atomic ordering and mag-
netic entropy change in NiMnColn metamagnetic al-
loys
The NiMn-based metamagnetic alloys are usually pre-

pared by an arc-melting technique followed by annealing at

1173 K and quenching in ice water. Hence, the as-prepared

samples contain stress and defects. Additional annealing can

relax the stress and modify the atomic ordering and the Mn—

Mn distance, as well as the lattice symmetry. As a result, the

Mn-Mn exchange coupling, the Brillouin zone boundary, and

hence Ty and the metamagnetic behavior are changed. The

previous investigations'®-7% indicated that additional anneal-
ing at temperatures > 350 °C can change the microstructure
and the magnetic properties. But we noticed that 7Ty; and the

metamagnetic behavior sometimes disappear upon annealing
due to the kinetic arrest effect.!%°! Recently, we carried out in-
vestigations of the low temperature annealing effect on atomic
ordering and metamagnetic behavior. Our studies™>%3 indi-
cate that proper annealing at low temperatures (< 300 °C) can
tune Ty around room temperature while keeping the strong
metamagnetic properties; thus large MCE'®3] and MR effect
can be realized over an extended temperature range around
room temperature.

NigsCosMnsg_,In, (x =13.3, 13.4, 13.5) alloys were pre-
pared by an arc-melting technique in one batch followed by
annealing at 1173 K for 24 h and quenching in ice water. Small
pieces were cut from the as-prepared ingots and further an-
nealed at 250 °C or 300 °C for 3 h and then quenched in ice
water. The resulted samples are denoted as 250 °C-annealed
and 300 °C-annealed samples, respectively. Our studies on the
effects of low temperature annealing also reveal the thermal
stability of the novel compositions.

Neutron (Fig. 14(a)) and X-ray (Fig. 14(b)) diffraction
measurements reveal that the austenitic phase appears in the
L2;-type order structure (space group: Fm-3m) while the
martensitic phase in the body-centered tetragonal (bct; space
group: 14 /mmm) structure, noting the appearance of charac-
teristic peaks (111) and (311) of the L2;-type order (see the
inset of Fig. 14(a)).
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Fig. 14. (a) Observed (OBS) and calculated (CALC) intensities for
neutron diffraction data collected at room temperature (wavelength
1.1968 A by a Ge(733) monochromator) for NigsCosMnse 5In;3 5. Inset
shows the appearance of characteristic peaks (111) and (311) of the L2;-
type order. (b) XRD patterns of the as-prepared and 300 °C-annealed
samples for NigsCosMnsg 7Ing3 3 collected at room temperature.[63]

According to the simplest and most classical
method, 8821 the degree of the L2;-type order, Sy, can be
determined from the XRD intensity ratio of the superlattice
and the fundamental reflections 7(111)/1(220) in the follow-

ing way:

= {(111)/1(220) }orp /{1 (111) [1(220) } ¢y,
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where [ is the peak intensity of the X-ray diffraction, and nota-
tions exp and cal mean experimental and calculation, respec-
tively.

The calculated intensity ratio [[(111)/1(220)]cy is cru-
cially dependent on the atomic occupations. We assumed that
all Co atoms occupy the Ni positions and the rest of the Mn
atoms (36.7-25 in Nig5sCosMn367In;33) occupy the In posi-
tions, and then calculated the order degrees of the samples.
The obtained Sy of the L2 order is 0.86 and 0.77 for the as-
prepared and the 300 °C-annealed Niy5CosMnsg7In 33, re-
spectively. One can find that the degree of the L2; order gets
smaller with low temperature annealing.

Along with the reduction of the L2 order degree, we
found that the Ty shifts to lower temperatures, and the shift
gap can be as large as 30 K when the sample is annealed at
300 °C for 3 h. Meanwhile, a slight widening of the hys-
teresis gap appears for the annealed samples. The shift of
Tu can be ascribed to the stress relaxation and the atomic or-
der modification upon annealing. The stress formed during
the quenching process is relaxed to some extent depending on
the annealing temperature and duration, which may modify
atomic site/ordering, Mn—Mn distance, and lattice symmetry.
As a result, the Mn—Mn exchange coupling, the Fermi sur-
face, and the Brillouin zone boundary may be changed 33841
These results together lead to the reduction of 7. From
thermal magnetization curves, we notice that the magnetiza-
tion change across the martensitic transformation under 5 T
is nearly the same (~ 100 A-m”>-kg™!) for the as-prepared,
250 °C-annealed, and 300 °C-annealed Nig5CosMn3671In33
samples. The resulting large Zeeman energy toAM - H pushes
Tu to lower temperatures at a rate of 4.0 K/T, 5.4 K/T, and
6.8 K/T, respectively. The driving rate does not drop but shows
a small increase upon annealing. These findings demonstrate
that the annealed samples still retain strong metamagnetic
properties. Hence, large MCE and MR effect can be expected
even for the annealed samples.

Niy5CosMnse 7Ings.3 as-prepared

40

H=5T 250 °C
annealed |
IN 9 g
307 300°Cc i G L
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X
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Fig. 15. Magnetic entropy change AS as a function of temperature un-
der a field change of 0-5 T for the as-prepared, 250 °C-annealed, and
300 °C-annealed NigsCosMnsg 7In;3 3 samples. The solid line and the
patterned areas correspond to the effective AS and the refrigeration ca-
pacity, respectively.0]

Shown in Fig. 15 are the AS curves obtained by using
Maxwell’s relations. The effective inverse AS (the plateau
height, not the spikel’>73l) is about ~ 20 J-kg=!.K~!, ~
17 Jkg " K~', and ~ 15 J’)kg~'-K~!, and the correspond-
ing half-peak width is ~ 20 K, ~ 27 K, and ~ 34 K,
for the as-prepared, 250 °C-annealed, and 300 °C-annealed
Although the
magnitude of the effective AS is somewhat reduced, the tem-

Nig5CosMnsg 7Ing33 samples, respectively.

perature span is broadened.

We also investigated the transport properties for the as-
prepared and the annealed samples.>>! The MR is —67%,
—72%, and —69%, and the temperature span is 20 K, 29 K,
and 32 K, for the as-prepared, 250 °C-annealed, and 300 °C-
annealed Niy5CosMnjg6Injz 4 samples, respectively. Note
that annealing at low temperature can slightly enhance the MR
and broaden the temperature region of the large MR.

Furthermore, we fabricated ribbons with B2 structure
through forced disordering of atomic occupations by the melt-
spun technique.>*! The Tj; of NigsCosMnsg s5Inj3.5 bulk and
two ribbons fabricated by two different melt-spun speeds
(10 m-s~! and 20 m-s_l) is located at 314 K, 256 K, and
236 K, respectively. This confirms that 7y reduces with the
reduction of the degree of atomic ordering. Our research
shows that the metamagnetic behavior weakens for both rib-
bons, and their AS decreases significantly. The effective ASegre
is 6.4 J’)kg=!-K~! and 5.9 J-kg~!-K~! under a field change of
0-5 T for 10 m-s~!' and 20 m-s~! ribbons, respectively. By
employing magnetic measurements, we observed abnormal
increases in the saturation magnetization of low temperature
martensite for these two ribbons. A detailed analysis indicates
that there are two reasons. One is the enhancement of the FM
exchange interaction between Mn—Mn caused by the atomic
disordering in the martensite; the other is the contribution from
the residual FM parent phase due to the incomplete transition
caused by the increase of remnant internal stress, which hin-
ders the martensitic transition. In addition, we found that the
20 m-s~! ribbon shows an MR as large as —60% in a wide
temperature span from 10 K to 175 K, which is closely related
with the enhancement of saturated magnetization at low tem-
perature.

3.6. Magnetoresistance and magnetocaloric proper-
ties involving strong metamagnetic behavior in
Niys(Co;_,Fe,)sMnjzg ¢In;3 4 with Fe/Co co-doping
The previous studies indicate that the Co doping can work

as an FM activator through modulating the atomic occupa-

tions and enhance the FM properties of the parent phase in
many Mn-rich metamagnetic NiMnCoZ (Z=In, Sb, Sn, Ga)
alloys.[*9°%1 However, the Fe atom acts in an opposite way,
even though it is a close neighbor of Co in the periodic table
and has a similar number of valence electrons and a similar
atomic radius. In most cases, the incorporation of Fe atoms
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weakens the FM properties due to the introduced AFM Fe—
Mn coupling. Iron is not a good choice to optimize functions
(such as shape memory effect, MCE, MR) and adjust the tran-
sition temperatures. It has been experimentally observed®!]
that the substitution of Fe for Ni in stoichiometric Ni,MnGa
causes a sharp decrease of magnetization. However, a recent
investigation'®!) indicates that with the substitution of Fe for
Ni in Mn-rich NiMnGa ribbons, the magnetization increases
greatly rather than decreases, implying that the Mn—-Mn AFM
coupling has been changed into an FM coupling.

We introduced Fe atoms in the functional compo-

(471 and investigated the effect

sition Nig5CosMn366Ini3.4
of Co/Fe co-doping on atomic occupations, martensitic
transformation, and functional properties.*!! Quinary alloys
Niys5(Coj—_Fe,)sMn3g6Injz4 (x = 0, 0.02, 0.05) were pre-
pared by an arc-melting technique. XRD patterns detected the
coexistence of body-centered tetragonal martensitic structure
and body-centered cubic austenitic structure for all samples,
noting that Ty is close to room temperature. Upon Fe doping,
the lattice parameter a of the austenitic structure is nearly un-
changed (note that Fe has an atomic radius similar to that of
Co), but the parameter ratio c¢/a of the bct martensitic struc-
ture monotonously decreases with Fe doping. The reduction
ratio is about 0.83% as the Fe content increases from x = 0 to
x = 0.05, indicating that the symmetry of the bct martensitic
structure is enhanced.
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Fig. 16. (a) Temperature dependence of ZFC and FC magnetizations
(M-T curves) measured under 0.01 T, and (b) the comparison of M-T
curves measured under 5 T and 0.01 T for Nigs5(Coy — Fey)sMn36 6Ini3 .4
(x =0, 0.02, 0.05) alloys. Inset of panel (a) displays the dependences
of the martensitic transformation temperature 7y and the Curie temper-
ature Tc of the parent phase on the Fe content. Arrows indicate heating
and cooling paths. (3

Figure 16(a) displays temperature dependent ZFC and FC
magnetizations'®>! measured under 0.01 T. One can find that
the Tc of the parent phase shifts notably to a lower temper-
ature while the martensitic temperature Ty shifts to a higher
temperature with Fe doping. This fact suggests that a higher
Fe content stabilizes the martensitic phase and the PM parent

phase. The inset of Fig. 16(a) schematically shows the depen-
dences of Ty and T¢ on the Fe content. Note that both Ty and
Tc are sensitive to the Fe concentration. A small amount of Fe
doping (x = 0.02) can cause a big shift (8 K) of the Ty from
279 K to 287 K, and a shift (6 K) of the Tc from 378 K to
372 K. Further increasing the Fe doping to x = 0.05 does not
shift 7y very much (4 K from 287 K to 291 K) but notably
lowers T from 372 K at x = 0.02 to 359 K at x = 0.05. Fig-
ure 16(b) presents the comparison of M—T curves measured
under 5 T and 0.01 T. Note that a small amount of Fe doping
(x = 0.02) does not cause much change of the saturated mag-
netization for either the martensitic or the parent phase. Fur-
ther increasing Fe content to x = 0.05 causes a slight drop of
the magnetization of the parent phase, but the magnetization
of the martensitic phase remains unchanged. The difference
of magnetization (AM) across the martensitic transformation
remains large, which demonstrates that the Fe-doped samples
retain strong metamagnetic properties.

We examined the change of valence electron concentra-
tion, e/a, with Fe doping in Nigs(Coj_,Fe,)sMnsg ¢In;3 4.
The change of e/a is very small due to the small amount of
Fe doping and the close number of valence electrons between
Fe and Co. The maximal change of e/a is only 0.03% as the Fe
content increases from x = 0 to x = 0.05. With a slight reduc-
tion of e/a with Fe doping, Ty does not decrease but shows a
notable increase; meanwhile the 7¢ of the parent phase notably
decreases. This fact conflicts with the general dependences of

40411 50 we conclude that the little change

Ty and Tc on e/al
of e/a due to Fe doping does not dominate the alteration of
Ty and Tc. However, the fact that the average e/a changes
little does not mean that the electronic structure is unchanged
with Fe doping. The comprehensive effect from the changes of
electronic structure and atomic occupations, altering of struc-
ture symmetry, and introduced Fe—-Mn AFM coupling must be
responsible for the shifts of Ty and T¢ and the change of the
magnetic properties.

To help one intuitively understand the magnetic struc-
ture and the atomic occupation upon Fe doping, fig-
ure 17 schematically displays a rough schema of the mag-
netic structure and the atomic sites of cubic austenite
phase for Mn-rich NisgMnys,Inys_, and Fe/Co co-doped
Niso_,(Fe,Co)yMnysInys_. In Mn-rich alloys, the extra
Mn occupying the In sites prefers an AFM coupling with the
nearest Mn atoms in both the austenite and the martensite
phases!® (Fig. 17(a)). Cobalt atoms work as an FM activator
and tune the Mn-Mn AFM into an FM coupling in Mn-rich
Heusler alloys,*>3°! where the magnetic moment is mainly
confined to the Mn site while Co and Ni contribute little to
the total moment.!®®! The arrows in Fig. 17 indicate the direc-
tion of the magnetic moment. The small arrow at the Co (Ni)
site indicates a small moment. We suppose that the introduced
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Fe atoms substituting for Co randomly occupy the Ni sites.
Cobalt atoms tune the Mn—Mn coupling from AFM to FM in
general, while Fe atoms play a similar role in Mn-rich NiFeM-
nGa ribbons'®! and assist the tuning process, but the Fe—Mn
coupling is still AFM (Fig. 17(b)). As a result, the magnetiza-
tion of the parent phase remains large and the metamagnetic
behavior remains strong upon Fe doping. However, due to the
Fe—Mn AFM coupling, the 7¢ of the austenite phase decreases
and the saturated magnetization reduces as the amount of Fe
doping becomes large.

Co(Ni)

® Or‘ﬁ T. Ni

@\ (1@ M @ re(Ni)
f

. . In .

(b) Ni5[],y(CO,Fe)yMIIQ5+mIIIQ571

® O o
I f
o9 '@
P @
® 00
(a) NisoMnas,Inos_,

Fig. 17. Magnetic structure sketch and atomic sites of the top view
of the cubic austenite phase for (a) Mn-rich NisoMnys,Inps_, and
(b) Fe/Co co-doped Nisg_y(Fe,Co)yMnys ; Inys_,. Arrows indicate the
moment direction. Mn(In) indicates that the In site is occupied by Mn.
Co(Ni)/Fe(Ni) indicates that the Ni site is occupied by Co/Fe 53]

Niy5(Coy—oFe,)sMnsg gIngz.g
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Fig. 18. Magnetization isotherms for Nigs(Co;_ Fey)sMnse ¢In;3 4
((a) x =0 and (b) x = 0.05), and the magnetic entropy change AS
as a function of temperature under different magnetic fields for (c)
x =0 and (d) x = 0.05. The shadow area indicates the direct RC
evaluated by integrating the area under the AS curve from 77 to 7>
(T, — Ty half-maximum width). Arrows indicate field changing
paths 53!

Figures 18(a) and 18(b) shows the representative mag-
netization isotherms measured around the martensitic tran-
sition for x = 0 and 0.05 samples, respectively. Note that
the field-induced metamagnetic transition becomes notably
steeper with Fe doping but the hysteresis loss (enclosed area
in a field cycle) gets smaller. The maximal hysteresis loss is
153 J-kg~! and 110 J-kg~! for samples x = 0 and 0.05, respec-
tively. Figures 18(c) and 18(d) show the AS curves calculated
by using Maxwell’s equations. The effective AS (not the spike,
but the high plateau valuel’>73!) is 19.5 J' kg ! -K~! (~ 269 K)
and 18.7 J'’kg~!-K~! (~ 281 K) under a field change of 0-5 T

for x = 0 and 0.05 samples, respectively. Note that the effec-
tive AS is nearly unchanged upon Fe doping, and the effective
refrigerator capacity of the Fe-doped sample (x = 0.05) is en-
hanced by ~ 15% compared to that of its mother compound
due to the reduction of the hysteresis loss.

With Ty shifting to a lower temperature under an external
field, a negative MR~ (Rst — Ror)/Ror is observed.>3! The
maximal MR related to the field-driven metamagnetic transi-
tion under 5 T is about —76.5% (244 K), —73.0% (262 K), and
—73.2% (266 K) for x = 0, 0.02, 0.05 samples, respectively.
The MR magnitude remains large while 71 varies near room
temperature with tuning Fe doping. The temperature scope is
about 50 K from ~ 240 K to ~ 290 K where the large MR
(from —70% to —77%) appears.

4. Summary

1) A positive AS as large as 4.1 J-kg~!-K~! under a field
change of 0-0.9 T was first observed in a conventional poly-
crystalline alloy Nis; sMnj;7Gays g with martensitic transi-
tion Ty at ~ 197 K in 2000. Both the martensite and the
austenite exhibit the FM behavior, but the enhanced magnetic
anisotropy due to the lower structural symmetry of the marten-
site makes it harder for the magnetization to saturate than that
in the austenite. The fundamental change of magnetic proper-
ties across the martensitic transition is responsible for the large
AS.

2) Through adjusting the Ni:Mn:Ga ratio to affect the va-
lence electron concentration e/a, Ty was successfully tuned
to room temperature, and a large magnitude negative AS was
observed in a single crystal Nis; ¢Mno3 1Gazs3z. Because
of the change of magnetic anisotropy upon the martensitic
transition, cross points appear in the M—H curves measured
It is located at B ~ 0.23 T for
Nisp 6Mnp3 1Gayg 3 single crystal, and the magnitude of neg-

at different temperatures.

ative AS reaches 18.0 J-kg~!-K~!, which is roughly compa-
rable with that of GdsSi»Ge, and notably exceeds that of Gd
near room temperature.

3) NiMn-based metamagnetic Heusler alloys with rich
Mn content show a huge shape memory effect and a dif-
ferent mechanism from that of the conventional alloys.
NisoMns34Ing is the only metamagnetic composition that ex-
hibits a field-induced structural transition in NispMnso_,In,,
but its Ty locates at 180 K, still far below the room tempera-
ture. Through changing the Mn content but fixing the In con-
tent, a strong metamagnetic behavior was realized in the close
compositions Nisg_,Mn3s;,In;s. For an optimized composi-
tion with Ty at 285 K, a huge AS (~ 21 J-)kg~!-K~!) involving
the field-induced metamagnetic behavior was observed near
room temperature. Its temperature span could be as wide as
~15K.
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4) Through tuning compositions around the ratio
NisoMn34Inie, a small thermal hysteresis (< 2 K) was ob-
served in metamagnetic alloys Nis; Mng9_,In, (x = 15.6, 16.0,
16.2). However, the magnetic hysteresis is not trivial but can
be as large as ~ 77 J-.kg~! (258 K) in a field cycle. The differ-
ent hysteresis behaviors in temperature and field cycles may
indicate the different nucleation mechanisms under different
external perturbations.

5) For the metamagnetic alloys, the Co doping can work
as an FM activator through modulating the atomic occu-
pations and can enhance the difference of Zeeman energy
UoAM - H across the martensitic transformation. We studied
MR and MCE for the novel compositions Nig5CosMnsg_,In,
(x = 13.3, 13.4, 13.5) that show extremely huge FM shape
memory effects due to the incorporation of Co atoms. An MR
as large as —80% was observed along with the field-induced
metamagnetic transitions. This can be ascribed to the elec-
tron scattering around the grain boundary, the electron—spin
scattering, and the changes of conducting electronic density of
state. Associated with the metamagnetic behavior, the maxi-
mal AS was about ~ 22 J J-’kg~!-K~! under a field change of
0-5T.

6) By inserting hydrogen into metamagnetic alloys
NisiMngo_,In, (x = 16.2, 16.6), the interstitial compounds
NisiMnyo_,In,Hs were fabricated. The introduction of H
atoms does not change the L2; structure but shifts Ty to a
lower temperature. Similar to the Fe—H system, where the
charge transfer from Fe to H leads to a decrease in metal-
lic bond strength, the addition of H into NiMnIn may also
make the system less metallic and hence cause a decrease in
e/a and Ty;. Furthermore, the Mn—Mn distance is elongated
upon the interstitial H doping. As a result, the martensitic
phase favors the FM coupling, thus leading to an enhance-
ment of the saturated magnetization of the martensitic state.
However, Nis;Mnyg_,In,Hg compounds still retain the meta-
magnetic properties and large MCE. By controlling the H con-
tent, an extended temperature range having large MCE can be
achieved.

7) Through low temperature annealing, a modulation of
atomic ordering, martensitic transition temperature Tj;, and
a metamagnetic behavior was realized for the metamagnetic
alloys NigsCosMnsg_,In, (x = 13.3, 13.4). According to the
classical method, the degree of the L2;-type order, Sy, was de-
termined from the XRD intensity ratio of the superlattice and
the fundamental reflections 7(111)/7(220). It was found that
Sy reduces from 0.86 to 0.77 and Ty reduces from 319 K to
289 K when the as-prepared sample is further post-annealed at
300° for 1 h. Meanwhile, the strong metamagnetic behavior is
retained, and hence the MR and the MCE associated with the
metamagnetic transition remain large.

8) The effects of Fe doping on atomic occupation, meta-

magnetic behavior, magnetocaloric and transport properties
were investigated in Nigs(Coj_,Fe,)sMnsg ¢In;3 4 metamag-
netic alloys. The introduced Fe atom plays a role similar to
that of Co and assists the conversion of the Mn—Mn coupling
from AFM to FM. As a result, a small amount of Fe doping can
tune Ty while maintaining the strong metamagnetic behavior,
which indicates excellent functions at tunable temperatures,
such as shape memory effect, MR, and MCE. A more inter-
esting finding is that magnetic hysteresis gets smaller with Fe
doping, as a result, the effective refrigeration capacity can be
enhanced by ~ 15% when the Fe doping is x = 0.05.
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