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Ni-Mn-In magnetic shape-memory Heusler alloys exhibit generally a large thermal hysteresis at their first-
order martensitic phase transition which hinders a technological application in magnetic refrigeration. By
optimizing the Cu content in Ni,Cu,Mn; 4_,Iny¢, we obtained a thermal hysteresis of the martensitic phase
transition in Ni;Cup,Mn; Inge of only 6 K. We can explain this very small hysteresis by an almost perfect
habit plane at the interface of martensite and austenite phases. Application of hydrostatic pressure does not
reduce the hysteresis further, but shifts the martensitic transition close to room temperature. The isothermal
entropy change does not depend on warming or cooling protocols and is pressure independent. Experiments in
pulsed-magnetic fields on Ni,Cu,Mn, »Ing ¢ find a reversible magnetocaloric effect with a maximum adiabatic

temperature change of —13 K.

DOLI: 10.1103/PhysRevMaterials.3.122401

In the recent past, tremendous efforts have been made to
replace the conventional vapor-based refrigeration by mag-
netic cooling technology based on the magnetocaloric effect
(MCE), which has the potential of lower costs and being
more environmentally friendly [1,2]. The MCE manifests
itself as a change in the temperature of a material exposed
to a change of magnetic field. It is quantified in terms of
an isothermal entropy or an adiabatic temperature change
[3,4]. One material class with very promising properties is
the magnetic shape-memory Heusler compounds [5-9]. Much
effort is currently devoted to reduce the thermal hysteresis
in Heusler materials in order to exploit the large magnetic
moment change and the sharp martensitic transition near room
temperature that these materials exhibit and, in this way, to
obtain a large and reversible MCE. This can be done up
to a certain extent by applying either chemical substitution
(pressure) or external (hydrostatic) pressure. A reduction of
the size of the thermal and magnetic hysteresis is then a
result of an improved compatibility between austenite and
martensite phases by changes in interatomic distances [8—12].

Intermetallic Heusler compounds are an exciting class of
materials due to their multifunctional properties, such as
giant magnetocaloric effect [8,13], large zero-field cooled
exchange bias [14,15], giant tunable exchange bias [16], spin-
glass behavior [17], large magnetoresistance [18], large mag-
netostriction from a modulated structure [19-21], magnetic
antiskyrmions [22], and large canting angles between the
magnetic moments [23]. These properties can be achieved
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via tuning multiple parameters, such as number of valence
electrons, atomic positions, degree of atomic disorder, and
the type and strength of exchange interactions between the
atoms in the flexible structure of the Heusler compounds [24].
In particular, Ni-Mn-based magnetic shape memory Heusler
compounds are the subject of special interest thanks to the
coexistence of structural and magnetic transitions from a
high temperature cubic austenite phase to a low temperature
martensite phase, which makes these materials promising
candidates for applications as magnetic actuators and energy
conversion devices [25,26]. In particular, the thermal hystere-
sis, Curie and martensitic transition temperatures, martensitic
structure, field-induced strain, magnetocrystalline anisotropy,
and other material properties in the Heusler compounds are
extremely sensitive to their composition [7,21,27-31].

Recent studies provide evidence for an influence of chem-
ical and hydrostatic pressure on the size of the thermal hys-
teresis and reversibility of conventional and inverse MCE in
Ni-Mn-based magnetic shape-memory Heusler compounds
[9-11]. In the Ni-Mn-In magnetic shape-memory Heusler ma-
terials, the Ruderman-Kittel-Kasuya-Yosida interaction be-
tween neighboring Mn atoms plays an important role for es-
tablishing ferromagnetism in the austenite phase. The driving
force for maintaining the instability of the cubic austenite
phase is the Jahn-Teller splitting which arises due to the
hybridization of the Ni 3d states and the 3d states of antifer-
romagnetically coupled Mn atoms at In sites. Any variation
in the stoichiometry or substitution of another element which
has different valence electrons in the same state affects the hy-
bridization between Ni and In, resulting in changed properties
of the martensitic phase transition [31-33].

In the present Rapid Communication, we investigate the ef-
fect of both chemical and hydrostatic pressure on the thermal
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hysteresis, magnetic-entropy change, magnetostriction, and
MCE in Ni,Cu,Mn; 4_,Ing¢. By optimizing the Cu content,
we reduced the size of the thermal hysteresis down to 6 K
in NiyCug,Mn; ;Ing ¢, which also shows the largest ordered
moment in the martensitic phase in the whole series. The Cu
substitution causes a large reduction of the thermal hysteresis,
which indicates the approach of compatibility of austenite and
martensite phases by forming an almost perfect habit plane
at their interface, i.e., an undistorted interface between the
parent austenite and the low temperature martensite phase.
The deviation from the ideal compatibility condition is only
0.02% for x = 0.2. To further optimize the properties we
applied hydrostatic pressure on Ni;Cug,Mn; ;Ing¢. Contrary
to our expectation and previous studies on Ni-Mn-In magnetic
shape memory Heusler compounds [8,10,34], application of
hydrostatic pressure does not reduce thermal hysteresis any-
more. However, we observe a strong shift of the martensitic
transition up to room temperature. We can relate the pressure-
induced shift of martensitic transition and the unaffected size
of the thermal hysteresis to an enhancement of hybridiza-
tion of 3d' states of Cu atoms at the antiferromagnetically
coupled Mn atoms at In sites. The entropy change during
warming and cooling protocols is almost independent of the
applied pressure. The field-induced magnetocaloric transition
in Ni,Cup,Mnj Ing ¢ displays a large magnetostriction and a
reversible MCE.

Polycrystalline ingots of Ni-Cu-Mn-In were prepared by
arc-melting off-stoichiometric amounts of the constituent el-
ements under argon atmosphere and subsequently annealed
for 3 days followed by quenching in an ice/water mixture.
The composition of the prepared ingot was determined by
energy dispersive x-ray analysis. The temperature-dependent
x-ray diffraction (XRD) experiments were conducted on an-
nealed powder to reduce the residual stress generated during
grinding using a Huber G670 camera (Guinier technique,
A =1.54056 A CuKa; radiation). The magnetic proper-
ties were investigated utilizing physical and magnetic prop-
erty measurement systems (Quantum Design). Magnetization
measurements under hydrostatic pressure were performed in
a homemade CuBe piston-cylinder-type pressure cell built
to fit in the sample space of the MPMS. A piece of the
Ni;Cu,Mn; 4_,Ing ¢ ingot together with a small piece of Sn as
a manometer was loaded in the pressure cell. At low tempera-
tures the superconducting transition of Sn was used to deduce
the pressure inside the cell [35]. It is worth noting that there is
a pressure drop in the pressure cell due to cooling. Therefore,
the pressures stated in this work, which were obtained from
the superconducting transition of Sn (3.7 K at ambient pres-
sure), are actually slightly lower than the pressures at which
the sample was measured around room temperature. However,
this pressure difference does not affect the conclusions drawn
in this Rapid Communication since the rate at which the
transition temperatures shift with pressure is unaffected by the
shift of the absolute values due to the pressure drop. Pulsed
magnetic-field experiments were performed at the Dresden
High Magnetic Field Laboratory using a home-built setup for
the magnetocaloric measurements [4] and a resistive strain-
gauge technique for the magnetostriction experiments.

Figure 1 displays the temperature dependence of the
magnetization M(T) for four different compositions of
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FIG. 1. Temperature dependence of the magnetization M (T') at
0.01 T for four different compositions of Ni,Cu,Mn, 4_,Ingc mea-
sured during FC and FCW.

Ni,Cu,Mnj 4_,Ingg, x = 0.1, 0.15, 0.2, and 0.25, measured
at 0.01 T during cooling in magnetic field, field-cooling
(FC) protocol, and subsequently upon heating to the starting
temperature gain, field-cooled warming (FCW) protocol. Cu
substitution up to x = 0.2 results in a shift of the martensitic
transition to lower temperatures. At a little higher Cu sub-
stitution level of x = 0.25 only the ferromagnetic ordering
is maintained without any structural transition resulting in
a slightly higher Curie temperature and a larger magnetic
moment, similar to the Co,-based ferromagnetic Heusler com-
pounds in which T¢ o« M was found [36]. The obtained Curie
temperatures T¢, the martensitic transition temperatures upon
cooling Ty and warming Ty 4, and the width of thermal
hysteresis ATy, obtained from the austenitic and martensitic
start (A; and M;) and finish (A; and My) temperatures by
AThyse = [(As +Afp) — (Mg + My)]/2, are given in Table I. In
Ni;Cug,Mn; 2Ing ¢ we find a shift of the martensitic transition
temperature with a magnetic field of about 2.5 K/T.

The observation of a sharp martensitic transition with
a very small thermal hysteresis of about 6 K and high
magnetic moment favors a large MCE. We note that our
value for the size of the hysteresis is comparable with
the best values found in other Heusler compounds, such

TABLE 1. Characteristic temperatures of the investigated
Ni,Cu,Mn; 4_,Inge samples. Ty, 4 represents the transition temper-
ature from the martensite to the austenite upon warming and 7_y, the
corresponding transition temperature upon cooling. 7 is the Curie
temperature in the austenite phase and ATy the width of the thermal
hysteresis.

x 0.1 0.15 0.2 0.25
Tya (K) 312 307 284

Tyw (K) 305 303 282

e (K) 317 312 303 318
ATpy (K) 8 7 6
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FIG. 2. Diffraction patterns of Ni,Cug,Mn;,Ing¢ collected in
the (a) austenite (335 K) and the (b) martensite (240 K) phase.
The experimental data, fitted curves, and residues are shown by
black circles and red and green lines, respectively. Blue ticks mark
the Bragg-peak positions corresponding to the L2, cubic structure
and the orange ticks the ones corresponding to the 3 modulated
monoclinic structure.

as NiggCo3Mn35Cuslnyy [37], Nigs 5Co65Mn3o5Snjgs [38],
Ni50,7Mn33,4In15,6V0,3 [39], and Ni51Mn33A4In15,6 [40] There-
fore, we studied the geometric compatibility of the austen-
ite and martensite structures in NiCug,MnjInge. XRD
patterns were recorded in both phases as shown in Fig. 2.
The austenite phase exhibits an L2; cubic structure (space
group Fm3m) with lattice constant a = 6.0231 A, while the
martensite phase shows a 3M modulated monoclinic structure
(space group P2/m) with lattice constants a = 4.4104 A,
b=5.6423 A, c = 13.0449 A, and B = 93.0208°. We note
that a small fraction of the cubic phase coexists at 240 K
due to residual stress which could be generated upon grinding
the ingot into powder. Chemical pressure modifies the lattice
constants but the modulated structure is similar to that re-
ported in the Ni-Mn-In Heusler family at ambient pressure [5].
The middle eigenvalue of the transformation matrix between
the martensite and the austenite phases, calculated using the

lattice parameters above, is 0.9998. That is a deviation of only
0.02% from unity. This is one of the smallest deviations of
the middle eigenvalue to date observed in magnetic shape-
memory Heusler compounds [8-10,39,40]. The closer this
value is to unity, the better is the compatibility between
austenite and martensite structures. As a result the interface
between austenite and martensite phases consists of an almost
perfect habit plane, which leads to a better reversibility of the
structural transition and a reduced hysteresis.

A reduction in the size of the hysteresis upon application
of external pressure has been observed in a number of com-
pounds belonging to the family of the Ni-Mn-based mag-
netic shape-memory alloys, such as Nigs7Co4,Mn3z66In;35
[41], Nigs2Cos.1Mnzg7Ini3 [8], NisoMnssIngs [34], and
NiysCosMn3gSby, [6]. This suggested the possibility of a
further reduction of the already small hysteresis of the marten-
sitic transformation in Ni,Cup,Mn; Inge by external pres-
sure. In contrast to that, we found that application of pressure
shifts the martensitic transition in Ni,Cug,Mn; »Ing¢ toward
higher temperature, but without affecting the size of the ther-
mal hysteresis significantly [see Fig. 3(a)]. The martensitic
transition temperature depends almost linearly on pressure
with slopes of dTy.4/dp ~ 1.86 K/kbar and dTy y/dp =~
1.98 K/kbar upon warming and cooling, respectively [see
inset of Fig. 3(a)]. Simultaneously, the Curie temperature
remains almost unchanged. As a consequence the maximum
change in magnetization decreases upon increasing pressure,
since the ferromagnetic ordering in the austenitic phase is not
completed before the transition to the martensitic phase takes
place upon decreasing temperature. Since the martensitic
phase possesses a smaller volume than the austenitic phase,
applied hydrostatic pressure stabilizes the martensitic phase.
That explains the shift of the martensitic transition toward
higher temperatures by an enhancement of the hybridization
between the 3d and 3p states of Mn and Cu [32,33]. The
results indicate that increasing pressure does not affect the
formation of the habit plane between austenite and martensite
phases in NiyCug,Mn; »Ing .

We recorded the temperature dependence of the magnetiza-
tion M(T) at different applied fields up to 2 T in order to cal-
culate the isothermal entropy change AS), using the Maxwell
relation: ASy = S(T, H) — S(T,0) = [/ (2MTH)), a1, At
ambient pressure we find a maximum isothermal entropy
change ASy =~ 22.5J kg™ K~! upon warming and of —25
J kg~ K=" upon cooling. Figures 3(b) and 3(c) display the
ASy(T) upon warming and cooling for different applied
pressures. Within the error bars, |ASy (T)| exhibits similar
maximum values for data recorded for different applied pres-
sures upon warming and cooling. The maximum difference
between highest and lowest value of |ASy (T)| at different
pressures is about 2 J kg ! K.

So far we have shown that the magnetocaloric properties
of NiCu,Mn4_,Ing¢ can be optimized by substituting Mn
by Cu. In that way we obtained the lowest thermal hysteresis,
an almost ideal compatibility condition, and the reversibility
of the isothermal entropy change for x = 0.2. Furthermore,
application of hydrostatic pressure on NiyCug,MnjInge
shifts its martensitic transition to room temperature without
changing the size of the hysteresis and the magnitude of
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FIG. 3. (a) M(T) curves recorded during FC and FCW protocols
under different applied pressures in a magnetic field of 0.01 T for
Ni,Cug,Mn, »Ing 6. The inset shows the shift of the martensitic phase
transition with pressure. (b) and (c) Magnetic entropy change for a
magnetic-field change from 0 to 2 T at different applied pressures for
warming and cooling protocols, respectively.

the isothermal entropy change. Motivated by these promising
results, we now turn to detailed studies of the isothermal
magnetization in static fields and of the magnetostriction and
adiabatic temperature change in pulsed magnetic fields on
NipCug,Mn 3Inge. The results are presented in Fig. 4. All
experiments were carried out at the same temperatures below
the reverse martensitic transition temperature 7,.4. Before
each measurement, the sample first was warmed up to the
austenitic phase and then cooled down to the fully martensitic
phase followed by warming to the target temperature.
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FIG. 4. (a) Isothermal magnetization data M(H) measured in
static magnetic fields and (b) relative length change Al/ly(H) and
(c) adiabatic temperature change both recorded in pulsed magnetic
fields. All data are shown for the same temperatures below Ty4 =
284 K. Before each measurement the sample was warmed up to the
austenitic state followed by cooling down to the martensitic state
before the target temperature was approached upon warming. The
arrows indicate the direction of the field sweeps.

Isothermal magnetization M (H) measurements were car-
ried out in static magnetic fields up to 14 T at temperatures
below the reverse martensitic transition temperature 7.4
in order to investigate the field-induced reverse martensitic
transition from the martensitic to the austenitic phase and to
determine the corresponding critical fields. Since the temper-
atures were reached upon warming, the sample was always in
the fully martensitic state and 14 T were sufficient to observe
the full reverse martensitic transition at all temperatures.

The magnetostriction was recorded in magnetic-field
pulses of 30 T. The relative length change is determined
as Al/ly = (I — ly)/lp, where [y is the length of the sample
before the magnetic-field pulse. As expected from the M (H)
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data, a full reverse martensitic transition is present at the
investigated temperatures below Tj;.4. The recorded relative
change in length of Al ~ 1.5% at the magnetic-field-induced
transition is large in comparison with other Heusler com-
pounds [19,42—44]. In addition, the data also display a large
irreversibility, i.e., the contraction of the sample upon field
removal is only about 67% of the expansion upon application
of the field. We will discuss this observation below.

As in case of the magnetostriction, the direct adiabatic tem-
perature change AT,4(H) was also determined in magnetic-
field pulses of 30 T. We find an almost reversible MCE
independent of the initial temperature within the error bars
of the experiment [45-48]. Due to the large magnetic fields,
AT, (H) displays a complex behavior. During the upsweep
of the magnetic field the sample first cools down followed
by a weak increase in AT,y. A similar behavior is found
during the downsweep, but with a pronounced minimum in
AT,q(H) which shifts to lower fields upon increasing the
initial temperature of the experiment. Simultaneously, the
maximum cooling effect increases upon approaching Tjs.4 to
about 13 K at 280 K. In magnetic shape-memory Heusler
alloys the MCE due to the reverse martensitic transforma-
tion has two main contributions: a structural and a magnetic
[4,8,41]. The structural contribution leads to an inverse MCE
(cooling upon increasing field) and the magnetic contribution
to a conventional MCE (warming upon increasing field). The
competition of both effects leads to the observed behavior of
ATy(H).

The MCE is reversible at all investigated temperatures
below the reverse martensitic transition temperature Tps_4, in
contrast to the observed irreversibility in the magnetostriction
data. The reversible MCE indicates that upon removal of the
field the sample transforms back to a fully martensitic phase
and that no fraction of the austenitic phase is arrested as
observed in other Heusler alloys [24]. The irreversibility in
Al/ly originates, therefore, most likely from an alignment
of the martensitic variants along the magnetic field. After
reaching the initial temperature following the precooling pro-
tocol described above, the martensitic variants are randomly
oriented. However, on the downsweep of the field from the
field-induced austenitic phase the forming martensitic variants
align along the field leading to a final length of the sample
significantly larger than the initial length. The contraction
of Al/ly from the austenite to field-aligned martensite upon
decreasing field is only about 2/3 of the expansion from ran-
domly oriented martensite to austenite upon increasing field.

To summarize, we have shown that Cu substitution on
the Mn site reduces the thermal hysteresis in the Ni-Mn-In
magnetic shape-memory Heusler family. The smallest thermal
hysteresis of 6 K was obtained in Ni;Cug,Mn;;Ings. The
strongly reduced hysteresis can be explained solely based on

the almost perfect compatibility of austenite and martensite
phases as evidenced by our XRD data. While Cu substitution
has a strong effect on both martensitic transition temperature
and thermal hysteresis, application of hydrostatic pressure
only shifts the martensitic transition up in temperature with-
out affecting the formation of the habit plane at the inter-
face of austenite and martensite phases. At only 7 kbar we
find the martensitic transition close to room temperature in
Ni;Cug,Mn; 5Inge. The shift of martensitic transition with
pressure is directly related to the smaller unit-cell volume of
the martensitic phase as compared to that of the austenitic
phase. However, the compatibility condition of cubic austenite
and monoclinic martensite structures is not affected by hy-
drostatic pressure as indicated by the similar values of the
maximum isothermal entropy change during warming and
cooling protocols at different pressures.

The hysteresis of the martensitic transition is related to
the energy barrier between austenitic and martensitic phases.
The geometrical compatibility between the phases is just
one of many factors which influence the energy barrier and,
therefore, the thermal hysteresis. By adjusting the Cu content
we already obtained an almost perfect compatibility condi-
tion. Application of external pressure can only affect the
lattice parameters and in that way adjust compatibility of
the martensitic and austenitic phases. Since the compatibility
condition is almost perfectly met at ambient pressure, the
hysteresis could not be improved further by application of ex-
ternal pressure. However, we still observe a quite pronounced
hysteresis which strongly points at other factors contributing
to the hysteretic behavior.

Finally, we can conclude from our direct adiabatic mea-
surements of the temperature change across the martensitic
transition that the MCE in Ni,Cuy,Mn; ,Ing¢ is reversible,
even though the magnetostriction is not reversible due to an
aligning of martensitic variants in applied magnetic field. Our
results help to unveil the nature of the first-order martensitic
phase transition in Ni-Mn-In-based magnetic shape-memory
Heusler alloys and highlight that the mechanism responsible
for the reduction of the hysteresis of the martensitic phase
transition is not universal and must be investigated thoroughly
for different alloy compositions.
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