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With the development of magnetic refrigerant technology, the magnetic substances owning large magnetocaloric effect

(MCE) with nearly zero thermal hysteresis are desired. Although Ni-Mn based Heusler alloys have been found to produce

large MCE and attracted increasing attention recently, the occurrence of thermal hysteresis accompanying MCE due to the

nature of first-order phase transition limits its application in the magnetic refrigeration. Up to now, an effective theory or

method to eliminate this thermal hysteresis is still lacking. Here we propose to utilize the feature of magnetic transition at

morphotropic phase boundary (MPB) to eliminate the thermal hysteresis and thus design a MPB-involved phase diagram

in Heusler alloys of NispMn3¢Sby4.,In, (x=0-14). As theoretically expected, the magnetic transition at MPB really yields a MCE

with a negligible thermal hysteresis (~ 0K) and the refrigerant capacity arrives at a maximum value of 108.2 J kg'1 at the

composition of x=9. Our findings provide an effective way to design the large MCE materials with zero thermal hysteresis.

1 Introduction

Magnetocaloric effect (MCE) is a magneto-thermodynamic
phenomenon occurring in magnetic materials; it is often
manifested as an adiabatic temperature change or isothermal
entropy variation induced by external magnetic field. Based on
this MCE, magnetic refrigeration is being developed to be an
environmentally friendly refrigeration technology with high
efficiency and therefore has gained strong scientific interests.
12 Generally speaking, MCE is an intrinsic property of all
magnetic substances but being particularly pronounced in the
vicinity of transition temperature Tc of magnetic first-order
transition, where magnetization sharply changes with
temperature and external field.>* For these materials, such as
GdsGe,Si,,” LaFei;;Sizs,° MnAs;,Sb,,’ NissMnso,Sn,,® etc., a
magnetic transition from paramagnetic or
antiferromagnetic state to ferromagnetic state yields a
significant giant MCE under an external field. However, high
refrigeration efficiency also relies on the reversibility of

first-order
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magnetizing the refrigerant; such

reversibility is far from guaranteed due to the nature of first-

and demagnetizing

order transition. Since there is an energy barrier between high-
temperature phase and low-temperature phase at Curie
temperature (T) during first-order transition, a large thermal
hysteresis must be induced by supercooling and superheating
to run a refrigerating cycle, leading to lower refrigeration
efficiency. reported that the thermal hysteresis
dissipated most of the energy during cycling refrigeration
work, and only ~5% of the corresponding entropy change (AS)
could contribute to magnetic refrigeration prototype.9 Finding

It was

an approach to eliminate (or reduce) the thermal hysteresis
large refrigerant capacity
becomes urgent before this magnetic refrigeration can be
widely put into service. Although several methods have been
successfully employed to eliminate the thermal hysteresis (by
doping foreigner elements or changing annealing
conditions),w’11 an effective theory and its corresponding
method are still lacking.
Recently, the morphotropic phase boundary (MPB)
attracted significant interests in both ferroelectrics and
ferromagnets owing to its contribution to designing materials
with  both highly properties (e.g. large
piezoelectricity and magnetostriction) and small thermal
hysteresis.u'13 This is due to the feature of phase transition at
MPB. To well describe this feature, we use the sixth order
Landau polynomial to calculate energy potential as follows:™*
= fo + Am? + Bm* + Cm® + B'(m?mZ + mZm32 + m?m2)
+ C'm2mim? €))

and simultaneously retain the

has

responsive
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Fig. 1 Feature of magnetic transitions in MPB-involved phase diagram: (a) MPB-involved phase diagram mimicking our previously reported Th;.,Dy,Co, system. (b)
Calculated landscape of energy potential at T, MPB and triple point, which are marked as 1, 2 and 3 in Fig. 1(a). (c) Energy versus order parameter (magnetization)
demonstrating the transition barrier of magnetic transitions at Tc, MPB and triple point.

where f, is the free energy of paramagnetic phase, m is the
order parameter of magnetization vector, m; is the component
of magnetization along the x; direction, and A, B, B’, C and C’
are Landau coefficients linked to temperature and composition.
By choosing appropriate coefficients, a phase diagram
mimicking our previously reported MPB-involved phase
diagram in Tb,.,Dy,Co, system can be drawn in the Fig. 1a.®
The landau parameters used in equation (1) are adjusted as
follows: A=4.124x107x (T-55-50c), B=-4x |c-0.3|, C=12.94, B'=-
(c-0.3)-0.003%(T-70), C'=-4x(c-0.3), where c is the composition
and T is the temperature. Such parameters were chosen to
produce a phase diagram similar to that of Tb1l-xDyxCo2
system and the calculation performed here can only be
regarded as a qualitative analysis rather than a quantitative
one. As seen, it is a typical MPB-involved phase diagram,
where the T, line and MPB line converge to a triple point of
coexistence of cubic (C), tetragonal (T) and rhombohedral (R)
phases, and the corresponding landscape of energy potential
at T, MPB and triple point are depicted respectively in the Fig.
1b1, 1b2 and 1b3. Compared with the magnetic transition at T,
a magnetic transition at MPB demonstrates a flat potential
well and hence the R and T phases can be switched to each
other easily. As a result, the highly responsive properties (e.g.
magnetostriction) can be easily triggered by a small magnetic
field at the MPB composition. Meanwhile, it is interesting to
note that the transition barrier between high-temperature
phase and low-temperature phase is much lower than that of
magnetic transition at T, and furthermore gradually decrease
to zero at the triple point, as shown in Fig. 1c1, 1c2 and 1c3.
This implies that the magnetic transition at MPB is a second-
order transition (or weakly first-order transition) and thus

2| J. Name., 2012, 00, 1-3

exhibits zero (or small) thermal hysteresis. Based on the above
analysis, we propose to utilize the feature of magnetic
transition at MPB to design MCE materials to possess both
large refrigerant capacity and nearly zero thermal hysteresis.
Among a large number of MCE materials, Heusler alloys are
the ideal candidates for designing a MPB-involved phase
diagram due to their rich physics of phase transitions coupled
to the magnetization and crystal structure;le‘17 thus the
diversity of their magnetic transitions can be easily controlled
by tuning chemical compositions.l&19 Recently, it has been
reported that Heusler alloys of NisoMnsq,In, and NisoMnsq.,Sb,
will undergo a magnetically martensitic transition (MMT) at
the range of x<16.5 and y<15.5, respectively.m‘20 Interestingly,
these two MMTs share the same parent phase with cubic L2;
crystal structure at high temperature, but showing different
crystal structures and magnetic properties in martensitic state
at low temperature. This situation about phase transitions in
Heusler alloys is analogous to our understanding of MPB, and
thus we designed a magnetic MPB-involved phase diagram in
Heusler alloys of NisgMn3eSbqa.,In, (x=0-14). As expected, the
magnetic transition at MPB really yields a MCE with a
negligible thermal hysteresis (¥0 K) and furthermore the
refrigerant capacity (RC) achieve maximum value of 108.2 JKg'1
with a wider working temperature range at the composition of
x=9. These results provide an effective way leading to large
MCE materials with zero thermal hysteresis.

2 Results and discussion
2.1 Temperature Dependence of Magnetization and Heat Flow

Fig. 2 depict the magnetization curves as a function of
temperature M-T and DSC of different compositions, providing

This journal is © The Royal Society of Chemistry 20xx
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structural and magnetic phase transitions details. Herein, the
M-T curves were measured under field cooling (FC) and zero
field heating (FH) at low applied magnetic field (100 Oe) from 5
K to 400 K. The alloys contained various transitions, and as
seen, each transition is significantly influenced by the
compositions. The transition from paramagnetic to
ferromagnetic first occurred at Curie temperature in austenitic
state (TA=331K) for the sample x=0. As temperature further
decreased, a sudden drop in magnetization was observed,
where the sample underwent a magnetic martensitic
transformation (MMT) at 250K. Accordingly, two exothermic
and endothermic peaks appeared during the cooling and
heating processes in the corresponding DSC curves. The
presence of a distinct hysteresis between the FC and FH is a
strong evidence of first order transition, consistent with the
observed thermal hysteresis (~20 k) in DSC. The MT can be
however, the
martensite start temperature (T, and austenite finish

observed in all the present compositions,
temperature (T,) moved upward as In substitution rose,
coinciding with the calorimetry peak.

Interestingly, a new magnetic transition absent in previous
compositions was appeared from the alloys with x=5, named
Curie temperature in martensite state (TM), During transition,
the magnetization kept increasing as temperature decreased
to below T4, possibly related to another magnetic transition
from a weak magnetic state to ferromagnetic state. With
further increasing In content, a spin glass state begins to
appear, which can be verified by two typical characters of spin
glass (i.e., deviation between zero field cooling (ZFC) and FC
curves, and the frequency dependence of ac susceptibility
below the glass transition temperature T,); for instance, such
two characters of spin glass are demonstrated at the
composition of x=14 as shown in the Fig. 2c. The emergence of
spin glass can be ascribed to the presence of competitions
between antiferromagnetic state and ferromagnetic state.
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Fig. 2 (a) Temperature dependence of magnetization under FC and FH processes
measured in presence of 100 Oe external magnetic field of selected compositions. (b)
Temperature dependence of magnetization under ZFC and FC processes measured in
presence of 100 Oe external field as well as the temperature dependence of ac
susceptibility measured at 10 Oe ac field with different frequencies for the sample
with composition of x=14. (c) DSC measurement during cooling and heating processes
at the rate of 10 K/min of selected compositions.

This journal is © The Royal Society of Chemistry 20xx

2.2 Crystal symmetry and evolution
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Fig. 3 The XRD spectra of NisoMn3gSbia4In, alloys with composition of x=14, x=9, and
x=0 at different temperatures .

To determine the crystal symmetry of all phases, XRD spectra
were conducted to observe the temperature dependent
structure change in Fig. 3. As seen, the alloys of x=14 and x=0
both exhibit the same L2; cubic crystal structure in austenitic
state at T>T,, However, they display different crystal
structure in martensitic state at lower temperature: the
sample of x=0 demonstrates a modulated four-layered
orthorhombic structure (40) and the samples of x=14 display a
modulated seven-layered monoclinic structure (7M), which are
well agreed with previous reports.w’Zl'23 Thus, it is expected to
trace a transition from 7M to 40 in these compositions. From
the M-T curves, the TM associated a magnetic transition
appeared at the composition from x=5 to x=9 is then
considered.

Due to the small crystal symmetry difference, high-resolution
synchrotron X-ray diffraction experiments (beamline
ChemmatCARS, 15-ID-D, Advanced Photon Source (APS),

10 /nm v

(d)
100K

Fig.4 Temperature dependence of TEM micrograph and selected area electron
diffraction patterns (SAED) of selected compositions at x=0 and x=14. a) For x=0 at
T=300 K). b) For x=0 at T=100 K). c) For x=14 at T=573 K). d) For x=14 at T=100 K .

Argonne National Laboratory) were performed particularly. As
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expected, it is well indexed as L2; austenitic phase with cubic
structure at 300K in the x=9 alloy. When temperature
decreases to 250K (T,,>T>TM), the XRD profiles are clearly
indicated as 7M modulated martensitic structure due to the
disappearance of L2,(200) reflection anappearance of three
characteristic 7M reflections. With further lowering
temperature to 100K (<TM), the XRD profiles can be denoted
as 40 modulated martensitic structure due to the appearance
of 40 (102) reflection. Further,
microscope (TEM) was applied to observe the temperature
dependent structure change. Fig. 4 exhibits TEM
microstructure with temperature change of selected samples
at the composition of x=0 and x=14. As seen in Fig. 4a and 4c,
both samples exhibit the same L2; cubic crystal structure in
austenitic state at T < Ty, and with temperature decreasing to

transmission electron

T < Ty, both samples undergo a martensitic transition from
austenite to martensite and therefore manifest the martensitic
variants structure (i.e., ferroelastic domains) as shown in Fig.
4b and 4d. The crystal structure evolution above is
prominent signature of MPB-involved phase diagram.

one

2.3 Phase diagram
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Fig. 5 MPB-involved phase diagram in Heusler alloys of NisgMnzgSbig4Iny (x=0-14).

Fig. 5 shows our results of designed magnetic phase diagram in
Heusler  NisgMnzeSbqsyn,  (x=0-14)  alloys their
corresponding measurement of transition temperature. As
seen, it is a typical MPB-involved phase diagram and the two
lines of phase transitions, one is a magnetically martensitic
transition (MMT) from high-temperature austenite to low-
temperature martensite and the other is a ferromagnetic
transition in martensitic state (FTMS) from antiferromagnetic
phase to ferromagnetic phase, intersect at the triple point at

and

the composition of x=5. The transition temperatures (i.e., start
temperature Ty, of MMT, and Curie temperature TM of FTMS)
were determined by the measurement of temperature
dependent magnetization (M-T curve) as shown in the Fig. 2a.

It is seen that the T, is increased with the increase of In
content in all the composition from x=0 to x=14; on the

4| J. Name., 2012, 00, 1-3

contrary, the TM starts from the triple point at x=5 and then it
is decreased with the increase of In content until x=11. As a
result, a MPB line in the Fig. 5 is composed of transition
temperatures of T and T,. It is interesting to note, whether
the transition at MPB is a FTMS or a spin glass transition, no
thermal hysteresis (or small thermal hysteresis) occurs in the
M-T measurement during the FC/FH cycle (see the Fig. 2a) due
to the nature of a second-order (or weakly first-order)
transition as we described in Fig. 5. Compared with the
transition at MPB, the MMT at Ty is a typically first-order
transition, accompanied by the exothermic and endothermic
peaks as well as a large thermal hysteresis during cooling and
heating process as shown in the DSC measurement (Fig. 2c).
Obviously, this indicates that the magnetic refrigeration
caused by a MMT will inevitably bring out the thermal
hysteresis; by contrast, the magnetic refrigeration will produce
nearly zero thermal hysteresis if it is driven by the magnetic
transition at MPB.

Apparently, the MPB line is a phase boundary to separate the
40 and 7M structure and one endpoint of MPB line intersects
with T, line to form the triple point. From the MPB-involved
phase diagram, it can be concluded that two different
magnetic states varying compositions is the precondition of
constructing MPB, and the small crystal structure difference is
another prominent signature factor. The crystal structure
change at MPB reveals the strong coupling of magnetization
and crystal structure, which further indicates that a large MCE
can be induced by the magnetic transition at MPB.
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Fig. 6 Magnetocaloric effect near MPB and TMs of selected sample with composition
at x=9. (al) Isothermal magnetization curves at different temperatures during cooling
and heating processes near MPB. (a2) Magnetic entropy change AS versus
temperature under 5 Tesla during cooling and heating processes near MPB. (b1)
Isothermal magnetization curves at different temperatures during cooling and heating
processes near TMs' (b2) Magnetic entropy change AS versus temperature under 5
Tesla during cooling and heating processes near TMs'

2.4 Magnetocaloric effect

Fig. 6 illustrates the magnetocaloric effect (MCE) both at MPB
and T, of selected sample with composition at x=9. As
described above, this sample undergoes a magnetically
martensitic transition (MMT) at T, and a ferromagnetic
transition in martensitic state (FTMS) at MPB in turn with
temperature decreasing from the high-temperature austenitic
state. To evaluate the effect of thermal hysteresis on the MCE

This journal is © The Royal Society of Chemistry 20xx
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of these two magnetic transitions, the isothermal
magnetization (M-H) curves during cooling and heating
processes in the vicinity of TM and T, are shown in Fig. 6al
and 6b1l, respectively. It is clearly seen that these two
magnetic transitions exhibit different magnetization behaviour
during cooling and heating processes: the M-H curves coincide
well with each other for a FTMS at MPB (Fig. 6al) but have
tremendous mismatch for a MMT at T, (Fig. 6b1). According
to these M-H curves, the temperature dependent magnetic
entropy change AS during cooling and heating processes can

be estimated by using the Maxwell relationship and are
correspondingly plotted in Figure 6a2 and 6b2, respectively. It

is

transition at MPB, which can be more effectively used in
magnetic refrigeration technology.

2.5 Discussion

To search for the maximum MCE occurring at MPB, we
measure the MCE along the MPB line in Fig. 5 at the
composition from x=5 to x=11 as shown in Table 1. It is seen
that all the MCEs induced by FTMS at MPB were accompanied
with zero thermal hysteresis; by contrast, the corresponding
MCEs induced by MMT at T,,; were accompanied with large
thermal hysteresis. This is obviously due to the feature of
magnetic transition at MPB as we described above. The

Table 1 Comparison of the MCE performance near MPB and Ty, during cooling and heating processes of selected compositions, including magnetic entropy change AS,

refrigerant capacity RC, thermal hysteresis AT

MCE near MPB

MCE near Ty,

NisoMn3eSbya. In,

|AS]| RC
(kg K?) (kg™
x=5 0.2 7.9
x=7 0.8 49.7
x=9 1.2 108.2
x=11 0.7 313

AT |AS| RC AT
(K) (I Kg'K) (kg™ (K)
~0 4.5 40.6 10.7
~0 4.7 44.7 9.4
~0 8.3 84.1 7.4
~0 1.4 13.4 2.0

noted that the AS values at MPB during cooling and heating
processes overlap mutually (Fig. 6a2); this is obviously due to
the second-order (or weak first-order) nature of magnetic
transition occurring at MPB and thus there is almost no
thermal hysteresis accompanying the FTMS. On the contrary,
an irreversible AS curves at T, are obtained during cooling
and heating processes (Fig. 6b2), which is attributed to the
first-order nature of MMT at T),s and hence there exists a large
hysteresis in reduce the
refrigerant efficiency.

As a figure-of-merit of refrigeration, the refrigerant capacity
(RC) is used to evaluate the magnetocaloric effect, referring to
a measurement of heat transport between hot and cold

thermal refrigeration cycle to

reservoirs in an ideal refrigeration cycle. Generally, the RC
value can be calculated by the following equation:

T,
RC = f ASy(T)dT

T,

2>

where T; and T, are the temperatures of the cold and hot
reservoirs in refrigeration cycle, respectively. Although the
maximum value of AS (~1.2 Jkg'lK"l) at MPB of selected sample
with composition at x=9 is smaller than that of MMT at Ty, its
refrigerant temperature range (~140 K) is much wider than
that of MMT and thus it may result in a large RC value. The
shadow area under AS peaks in Fig. 6a2 and 6b2 respectively
represents the RC value occurring at MPB and Ty . By
calculating, the RC value at MPB can achieve 108.2 J kg'l,
which is much higher than that of MMT (~84.1 Jkg'l). It is
worth to note that such a RC value was strikingly higher than
that of many other Ni-Mn based Heusler alloys, such as
NisoMn3gSby, (40.5 Jkg™) and Nigg gCO1 ,Mnassinis s (76.6 Jkg™),
and even comparable to Ni;MnggsCrposin (153.91 Jkg'l).z“"26
Surely, this result demonstrates that the large MCE with nearly
zero thermal hysteresis can be induced by the magnetic

This journal is © The Royal Society of Chemistry 20xx

maximum MCE at MPB occurs at the composition of x=9 and
both AS and RC value simultaneously achieve the maximum.
To our knowledge, however, the underlying physics of
maximum MCE at x=9 is unclear, and it deserves to be further
investigated. But, we note that there exists a ferromagnetic
transition in austenitic state (FTAS) at T/ from paramagnetic
phase to ferromagnetic phase, which is measured and drawn
as a dash line in the Fig. 5. Such a FTAS is merged with T line
into the triple point in the austenite just at the composition of
x=9, resulting in a unique change of abrupt peak in the M-T
curve as shown in Fig. 2a. This implies that the magnetization
becomes extremely sensitive to the temperature and magnetic
field; thus it may give rise to the large MCE at the composition
of x=9. A detailed study is still in progress and will be reported
elsewhere. In a word, the MPB-involved phase diagram with a
unique triple-point provides a method to design the magnetic
materials with largely MCE with zero thermal hysteresis.

3 Conclusions

In summary, we design a MPB-involved phase diagram in
Heusler alloys NisgMn3Sb,,0n, (x=0-14) and report a large
MCE with nearly zero thermal hysteresis induced by magnetic
transition at MPB. Such a MCE at MPB is caused by a second-
order (or a weak first-order) FTMS from an antiferromagnetic
phase to a ferromagnetic phase. The maximum RC value
occurs at the composition of x=9 and can achieve 108.2 J kg'l,
which is much higher than that of first-order MMT in the same
alloy. Obviously, our results provide a method to utilize the
feature of MPB-involved phase diagram to fabricate the
magnetic materials with largely zero-thermal-hysteresis
magnetocaloric effect and thus promote their potential
application in the refrigerator technology.

J. Name., 2013, 00, 1-3 | 5
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4 Experimental

The ingots of NisgMn3Sby,,In, (x=0-14) alloys were prepared
by arc melting of high-purity Ni (99.9%), Mn (99.9%), Sb (99.9%)
(99.9%) in To ensure the
composition homogeneity, all the ingots were melted many

and In argon atmosphere.
times and the weight loss was less than 0.5%. After melting, all
the samples were sealed into the silica tubes in vacuum and
then were annealed at 1173 K for 24 hours for further
composition homogeneity. The measurements of magnetic
properties, including magnetic hysteresis loops,
magnetization-temperature (M-T) curve and ac susceptibility
out by the

interference device (SQUID). To check the thermal hysteresis,

were carried superconducting quantum
the M-T curves were measured both under the field-cooling
(FC) process and field-heating (FH) process by applying 100 Oe
external field. To determine the spin glass transition at the
samples with the composition from x=12 to x=14, the M-T
curves were also measured both under the zero-field-cooling
(ZFC) process and field-cooling (FC) process. The Differential
scanning calorimetry (DSC) was used to check the first-order
transitions. The X-ray diffraction (XRD) measurements were
performed on a Bruker D8 X-ray diffractometer using Cu-Ka
radiation with A=1.5406 A. To detect the unremarkable
structure change of x=9, we measured this sample using the
synchrotron radiation with A=0.41328 A (beamline
ChemmatCARS, 15-ID-D, Advanced Photon Source (APS),
Argonne National Laboratory). The structural changes of
magnetic transitions in MPB-involved phase diagram were
observed by transmission electron microscope (TEM, JEOL
JEM-2100). To study the MCE behaviour, the magnetic entropy
change of AS were estimated from M-H isotherms by using

Maxwell relationship:

AS(T,H) = [} Gon dH (3)

from O to 5 Tesla. The refrigerant capacity (RC) was calculated
by integrating the area under AS vs T curves, using the
temperature range at half-maximum of the AS peak suggested
by Gschneidner et al.”’
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