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Abstract

Employing the principle of isostructural alloying, a series of unprecedentedly wide
Curie-temperature windows (CTWs), covering the ultimate temperature range of first-order
magnetostructural phase transitions (MSTs), are realized between 40 and 450 K for the
strongly-coupled MSTs in a single host system Mn,.,Fe,NiGe;.,Si,. Throughout the wide
CTWs, the highly tunable MSTs show large magnetization jump, low-field effects,
high-temperature giant magnetocaloric effects and robust functional stability, providing
important properties to phase-transition-based magneto-multifunctional applications,
including field-driven shape memory, magnetic cooling/heating and energy conversion. The
unprecedentedly wide CTWs open up a design platform for magneto-multifunctional
multiferroic alloys that can be manipulated in a quite large temperature space in various

scales and patterns, and by multiple physical fields.
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A coupling of ferroelasticity and ferromagnetism'"? can lead to a multiferroic behavior

of first-order magnetostructural phase transition (MST) in magnetoelastic materials.

Attractive physical effects, such as ferromagnetic shape memory,””! magneto-strain,!

),[5’ 6] 71" and exchange bias,[g] are observed

magnetocaloric effect (MCE magnetoresistance,
based on the MSTs. These effects are receiving increasing attentions from the applications in
actuating,”” sensing,"”) magnetic cooling,'"! heat pump!'?! and energy conversion.""”! As an
important class of MSTs, ferromagnetic martensitic transformations (FMMTs) are widely
found in Heusler, Fe-based, and MM'X alloys, and produce diversiform physical
discontinuities due to the significant alterations in crystallographic, electronic, orbital and
magnetic structures in the systems. Extraordinary magneto-multifunctional properties emerge
thereby and can be tuned in different ways.

Profiting from FMMTs, the magnetic-field-induced shape memory effect and giant
magneto-strain/magnetostriction have been extensively studied with promising potential in
micro-mechanical controls and strain outputs. The magnetocaloric effect (MCE),!"¥ which
happens in a magnetic transition, can be enhanced appreciably by first-order FMMTs with

[15-17

great changes in structural entropy in spin-lattice coupled systems. I Materials bearing

FMMTs are thus further considered as candidates for caloric applications, probably combined

18,19

with mechanocaloric or electrocaloric effects.!'™ ') Very recently, an inspiring application of

(20211 ysing  first-order FMMT ferromagnets driven by

electric power generation,
high-temperature heat resources, becomes increasingly attractive for the energy conversion,

which demonstrates an exciting advance in magneto-multifunctionalities of magnetoelastic

alloys.



For all the magneto-multifunctionalities, the magnetostructural coupling plays a
fundamental role since only in this case can the structural and magnetic transitions modulate
each other. In order to approach FMMTs, the martensitic transformations should happen
below the Curie temperature (7¢) of the system so that the transition couples with magnetic
state changes. Along with the increasing demands of diversified functional applications,
searching for new materials with highly tunable FMMTs, especially in a much wider working
temperature range, is ever growing. However, challenges exist in practice. One challenge is to
enlarge the magnetization change (AM) across FMMTs to maximize the magnetic-energy
change especially in a moderate magnetic field. The other challenge is to broaden the
temperature range where the FMMTs can take place, similar to the case in magnetocaloric
materials Gd-Si-Ge between 20 and 290 K,m] or the case in Mn-Fe-P-As between 150 and
350 K.**! For first-order FMMTS, the structural transitions are often limited in a temperature
range between just above room and liquid-nitrogen temperatures. If 7¢c of an FMMT material
could be tailored to higher temperatures, the temperature space in which magnetostructural
coupling can occur will be expanded largely.

As a rising family of FMMT materials, the hexagonal MM'X (M, M' = transition metals,
X = carbon or boron group elements) compounds have been intensively studied in recent
years.”>?"! The FMMTs in these compounds are characterized by small thermal hysteresis,
high temperature-sensitivity, high Curie-temperatures, gigantic anisotropic strains, huge
volume expansions, large magnetization jump, magnetic-field-induced shape memory effects,

and giant MCEs,* ***% which collectively make MM'X compounds rather different from the

conventional FMMT materials (for example, Heusler alloys). Many methods, including



physical pressure, chemical modification, atom-vacancy introducing, and quench-relaxation

[26-29) e proposed

annealing, have been adopted to tune the FMMTs. In our previous works,
an isostructural alloying principle to guide the chemical substitution during the material
design. On this principle, we alloyed two isostructural compounds that have the same crystal
structure but distinct phase stability and different magnetic behaviors together to form a new
compound, by which we were able to manipulate both the phase transition and the magnetic
exchange interactions simultaneously in a material host. Recently, this effective principle has
generated active influences on design and realization of the desired MST materials.[**°!

In the light of this principle, in our previous work** we have alloyed MnNiGe with
isostructural FeNiGe (Mn,.,Fe,NiGe) and established a stable magnetostructural coupling in a
broad Curie-temperature window (CTW)), as illustrated in left diagram in Scheme 1, in which
tunable large MCEs have been obtained. Upon increasing Fe content (y), 7; of FMMT was
efficiently lowered below Tc™ of martensite (point B in Scheme 1) and was continuously
decreased down to the magnetic-frozen temperature (7., point C in Scheme 1) of the
spin-glass-like austenite. Simultaneously, for martensite phase introducing of Fe atom
gradually converted the spirally antiferromagnetic (AFM) coupling to ferromagnetic (FM)
one, with 7" becoming 7¢“, and finally resulted in a high magnetization when y > 0.22
(near point C at y; = 0.26, deep blue region in the left diagram in Scheme 1). As a result, a
CTW was established between Tc™ ~ 350 K and 7,* ~ 70 K. In the CTW, the strong
ferromagnetism of martensite, featured by decreasing saturation field (Hs) and increasing
1261

saturation magnetization (Ms), shows a positive correlation with Fe content. This wor

provides a fundamental understanding on the tuning of magnetostructural coupling under the
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Scheme 1. A schematic of the alloy design indicated by the structural and magnetic phase diagram for
MnNiGe-FeNiGe (Mny.Fe,NiGe) isostructural system (Left) and Mny.Fe,NiGe-MnNiSi (Mn;.,Fe,NiGe.,Six
termed as (y, x)) one (Right). Curve ABC represents T, curve of martensitic structural transition from
Ni>In-type hexagonal parent phase to TiNiSi-type orthorhombic martensite. T; curve crosses
Curie-temperature curve (TCM) of martensite at point B and magnetic ordering temperature (TgA) of
austenite at point C. Between 7™ and TgA (points B and C), a Curie-temperature window (CTW) and
tunable PM-FM-type FMMTs were realized by Liu et al.l?® Right part of the schematic shows the desired
phase diagram in this study produced by isostructurally alloying Mny_,Fe,NiGe with MnNiSi. In this phase
diagram, T, and ™ are simultaneously expected to increase and cross over (point D) at high
temperatures. A much wider CTW (between points C and D) is highly desired. Various Fe content (y1, y5,...)

corresponds to a series of expected phase diagrams and CTWs.

isostructural alloying principle and opens up a way to explore large CTWs for
strongly-coupled MST materials.

In this work, in line with the important success mentioned above, we design new
material systems step by step by taking the strategy shown in Scheme 1. If one keeps the
strong ferromagnetism around point C, at the same time tailors the transition (7t) to high
temperatures, one may obtain a series of strongly-coupled MSTs with low-field effects and
large AM. Tc™, which determines the upper critical temperature (7", point D) of the CTW,

should be simultaneously raised from point B' to high temperatures. By achieving this,



abundant magneto-multifunctional applications can be expanded and promoted freely over a
very broad temperature range from cryogenic to high temperatures.

According to the isostructural alloying principle, to realize the above purpose the
isostructural counterpart to Mn;_Fe,NiGe system must meet three conditions: 1) A high T,
which allows us to tailor the FMMT (Ty) of the alloyed system from low to high temperatures;
2) A high Tc™, to upraise the 7., of CTW; 3) A strong ferromagnetic coupling in martensite
phase, to gain large AM, low Hs and desired magneto-multifunctional effects. Among
NiyIn-type hexagonal compounds, MnNiSi can be identified as a promising isostructural
counterpart. Both its 7; and 7¢™ are as high as 1200 K and 600 K, respectively."” ** Its
martensite phase is a strong ferromagnet with a low Hg and a large Ms. The high 7; hopefully
drives up the FMMT from point C (Scheme 1) continuously to high temperatures with
increasing alloying level of Si content (x) (red line with dual-arrows, Scheme 1). Similarly,
TcM may be upraised as well. It is desirable that 7; and Tc™ curves would cross over at high
temperatures, resulting in a brand-new CTW between two far-apart points C and D.

After determining the isostructural counterpart MnNiSi, Mng 74Fe(26NiGe was taken as
the first starting alloy. For MnNiSi, we just alloyed it with Mng74Fe(26NiGe by simply
substituting Ge for Si atoms. An isostructural system of Mny 74Fe26NiGe;.Si, was created.
Although the FMMTs vanish in Mn,.,Fe,NiGe compounds when y > 0.26 (for example, y =
0.36, 0.46, 0.55), these compositions were further taken as our starting alloys, with a
consideration that an intrinsic strong ferromagnetism can be expected owing to the
ferromagnetic coupling between Fe-Mn atoms in the martensite form.”® In this work,

dual-variable Mn,_,Fe,NiGe..Si, (y = 0.26, 0.36, 0.46, 0.55; 0 <x < 1) systems were studied



systematically. A crystallographic and magnetic phase diagram was proposed in Figure 1a
and 1b, based on the data from the structural (XRD), magnetic (M(T) curve) and thermal
(DSC) measurements (more data in Supporting Information, Figures S1, S3, S5 and S6).

The alloy series of (y = 0.26, x) is taken as an example (Figure 1a). Upon introducing Si
atoms on Ge sites, 7t begins to increase from low temperature of 74 K for x = 0 to high
temperature up to 1000 K for x = 1.0, which is very close to 7; (~ 1200 K) of stoichiometric
MnNiSi.?”! Meanwhile, 7cM is also increased, indicating Si substitution results in a
significant enhancement in magnetic exchange interactions between Mn/Fe-Mn/Fe atoms in
martensite phase. One can further see that the slope of 7i-(Si) x curve is much larger than that
of TcM-(Si) x one. This implies that the Si substitution imposes more influence on the
structural transition than on the magnetic coupling. The crossover point D mentioned in
Scheme 1 appears at 434 K, which is much higher than 7c™ (350 K) of starting alloy
Mnl_yFeyNiGe.[%] For higher Fe contents (v = 0.36, 0.46, 0.55), a similar behavior is observed.
Both 7; and Tc™ are simultaneously raised to high temperatures simply by Si substitution and
the crossover points are thus obtained above 400 K.

An amplified phase diagram is depicted in Figure 1b. For the alloy series of (y = 0.26,
x), a CTW with a width of 360 K between the lower critical temperature (7 ") ~ 74 K and
T.."* ~ 434 K is obtained. From Figure 1b, one sees that 7,,"" (crossover point) goes along a
kappa-like curve with a maximum value 448 K in (y = 0.46, x) series, while with increasing
Si content T, Crdn further decreases from 74 K to about 38 K. These T, Crdn, below which the
displacements of alloy atoms will be frozen, are the lowest transition temperatures reported in

first-order FMMT systems. As an important result, a series of unprecedentedly wide CTWs
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Figure 1. (a) Structural and magnetic phase diagram of MnFe,NiGey,Six (y, x) system. (b) CTWs

constructed by different Fe and Si contents. Inset shows the Fe-content (y) dependence of CTW width.

Red diamond symbol denotes the upper and lower critical temperatures (Tcr”p/Tcrd”) of CTWs. (c)

Thermomagnetic curves of (y = 0.36, x) series in magnetic field of 1 kOe (upper panel) and 50 kOe (lower

panel). (d) Martensitic structural transition from hexagonal parent phase to orthorhombic martensite. (e)

Saturation field and saturation magnetization of Mn,Fe,NiGe (left panel, data from ref. [26]) and

saturation field, saturation magnetization and magnetization difference (AM) across the FMMTs (right

panel). (f) Si-content (x) dependence of isothermal magnetization curves at 5 K for (y = 0.26, x) series. (g)

Partial density of states (PDOS) and (h) contours of spin electron density of (y = 0.5, x = 0.5) alloy.



with a maximal width of 405 K between T, Crdn and 7.,"® are obtained in Mn,;Fe,NiGe;_,Si,
system (also see inset to Figure 1b). These CTWs span from below liquid nitrogen
temperature (~ 38 K) to room temperature and to the highest temperature of 448 K, which are
much wider than the temperature distribution ranges of many other FMMTs. [!7- 2224 2731.33-36]
This is the first realization that highly tunable MSTs can be gained in such wide temperature
range in one material system. A strong magnetostructural coupling of ferroelasticity and
ferromagnetism in Mn;.,Fe,NiGe;.Si, system is thus obtained over a quite large range,
connecting the ultralow and the high temperatures. In Figure 1b, between the window
boundaries (T"-T.."") (the light-yellow region), the strongly-coupled MSTs can be obtained
in any composition point with random (y, x) values.

The MST behaviors within the CTWs are presented by magnetization measurements.
Figure 1c¢ shows the thermomagnetic M(T) curves of (y = 0.36, x) alloy series (more data in
Supporting Information, Figure S3). The M(T) curves with abrupt magnetization jump from
paramagnetic (PM) state to FM one, and clear but small thermal hysteresis demonstrate the
first-order FMMT behavior between 0.15 < x < 0.60. During the Si substitution, the FMMT
can be tailored from 51 K to high temperatures, showing a high tunability. These transitions
involve two structures, NizIn-type hexagonal parent phase and TiNiSi-type orthorhombic
martensite, as illustrated in Figure 1d (see structural analysis by XRD in Supporting
Information, Figure S1). The FMMT occurs from the parent phase to the martensite via
distortions of Ni-Ge/Si hexagonal rings and Mn/Fe-Mn/Fe zigzag chains, with a giant volume
expansion of around 3% (more data in Supporting Information, Figure S2 and Table S1).

Based on this structural transition, a high temperature-sensitivity and a large magnetization



jump in a very narrow temperature region can be observed. Furthermore, very high
magnetizations are seen even in a low field of 1 kOe. Large AMs across the FMMTs up to 65
emu/g are measured in the CTW, as shown in Figure le (more data in Supporting
Information, Table S2). These ideal features will promote the magneto-multifunctional
properties such as giant MCEs and electric power generation at low fields with low energy
consumptions, especially in a wide temperature range including the important
high-temperature region. For higher Si substitution with x = 0.65 and 0.70, the thermal
hysteresis becomes zero in the M(T) curves as the MST decouples above the upper critical
temperature (7¢,"” ~ 448 K).

In order to understand the origin of ferromagnetism in martensite phase, the magnetizing
behavior at 5 K of Mn,.,Fe,NiGe,..Si, was analyzed. Here we first look back the magnetic
properties of Mn;Fe,NiGe.”* As shown in the left part of Figure le, Ms increases to a
plateau with a value of about 2.65 pg upon increasing Fe content (y). Fe substitution can
efficiently convert AFM couplings in MnNiGe to FM ones. Hs decreases monotonically and
reaches a minimum of 5 kOe at y = 0.24 where the AFM coupling is almost overcome by FM
couplings. In Mn; Fe,NiGe system, the high magnetization and low saturation field are
achieved gradually with increasing Fe substitution. After introducing Si at Ge site, in sharp
contrast, the Mn;_,Fe,NiGe,_Si, (y = 0.26, 0.36, 0.46, 0.55) coheres the lowest /s and highest
Ms of Mn,Fe,NiGe system and maintains them at values of Hs ~ 1.35 kOe to 2.12 kOe and
Mg ~ 2.2 to 2.6 ug. M(H) curves of (y = 0.26, x) (0.10 < x < 0.60) series are given in Figure
1f (more data in Supporting Information, Figure S4). One can see all samples are easily

magnetized in a low magnetic field and gain large saturation magnetizations of about 80
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emu/g (~ 2.6 pg). The features of low Hs and high Ms in Mn, Fe,NiGe,..Si, are highly
expected to facilitate the magneto-multifunctional properties, especially the desired low-field
effects.

The magnetic structure in martensite phase of Mn; Fe,NiGe,..Si, system was further
revealed by first-principles calculations. Figure 1g shows the partial density of states (PDOS)
of 3d-metal atoms in (y = 0.5, x = 0.5) alloy, from which one sees the remarkable spin
polarizations on both Mn and Fe atoms. This accounts for the large magnetic moments of ~
2.8 ug and ~ 1.8 pg on Mn and Fe atoms, respectively (Supporting Information, Table S3).
Compared with Mn atom, Fe atom has a weaker polarization and a clear PDOS peak exists
well below the Fermi level in spin-down state, which results in a smaller moment on Fe atom.
Ni and Ge/Si atoms carry near-zero moments (Table S3) as the spin polarizations are very
weak due to strong covalent bonds between Ni-Si/Ge atoms. Figure 1h depicts the spin
electron density of sample (y = 0.5, x = 0.5), which shows the magnetization distribution in
the compound. Strong localization of (positive) spin electron density values exist around both
Mn/Fe atoms, indicating significant localized moments with a parallel alignment in the
zigzag chains. In Mn;.,Fe NiGe,..Si,, the magnetizations, mainly originating from Mn and Fe
moments with FM exchange interactions, keep high and stable values during the whole Si
substitution.

In this section, we present the desired magneto-multifunctional properties in CTWs.
Isothermal M(H) curves across the FMMT of sample (y = 0.26, x = 0.30) were measured
(Figure 2a). As illustrated, a metamagnetic behavior is observed between 338 K with a

critical field (H.) of about 35 kOe and 332 K with a rather low H. of ~ 5 kOe. This



metamagnetic behavior indicates the magnetic-field-induced martensitic structural transition
from PM hexagonal parent phase to an energy-favored FM orthorhombic martensite. We
further characterized the MCEs upon this FMMT. The magnetic entropy changes (AS,,) of (y
= 0.26, x = 0.30) alloy were derived from the loop-measured M(H) curves using Maxwell
relation (See Experimental Section). As shown in Figure 2b, a value of AS,, ~ -37 J kg K!
was obtained at AH ~ 50 kOe and T ~ 335 K, showing a giant conventional (negative) MCE.
Noticeably, the alloy shows a giant AS,, of -17 J kg™ K'' at a moderate field change of AH ~
20 kOe and T ~ 333 K. These giant MCEs are benefited from the abrupt and large

magnetization changes during the FMMTs as well as the low Hs as discussed above.
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Figure 2. (a) Magnetic isotherms of alloy (y = 0.26, x = 0.3) at various temperatures around T:. (b)
Isothermal magnetic entropy changes (AS;,) of alloy (y = 0.26, x = 0.3). (c) Isothermal magnetic entropy
changes (AS,,) of (y = 0.36, x) series. (d) Maximum of AS, for (y = 0.36, x) series as a function of magnetic
field change (AH). Symbols refer to experiment data and the corresponding linear fitting is shown as well.
Fitting formula is -AS,, = kAH. (e) Si-content dependence (x) of k and refrigerant capacity (RC) of (y = 0.36,

X) series.

To systematically study the dependence of MCE on the composition, we chose alloys
with (y = 0.36, x = 0.2, 0.3, 0.4, 0.5, 0.6) in the CTW to perform the isothermal M(H) curves
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and calculated the corresponding AS;,, as shown in Figure 2c. It is evident that AS;(x)
depends on temperature very weakly in the temperature range between 120 and 440 K, and
takes a value of -30 J kg™ K™ at a field change of 50 kOe, and a value of -12 T kg K™ at a
moderate field change of 20 kOe. High-temperature giant MCEs, are clearly obtained in these
materials. Such large MCEs are rarely found above water boiling point (see refs. [39-41]). It
is important to note that these giant MCEs spanning the whole CTWs are composed of the
caloric effects from both the structural and magnetic transitions and more importantly two
caloric effects are locked in the same sign owing to the concurrent breaking in
crystallographic and magnetic symmetries. This locked effect would greatly enhance the total
caloric outcome of strongly-coupled MSTs.!®*"]

To clearly present the dependence of maximum of -AS;, on the AH, we re-plotted those
values of Figure 2c¢ in Figure 2d with the corresponding fitting curves. A linear relationship
between maximum of -AS,, and AH is clearly observed up to AH = 50 kOe. This indicates
that the temperature dependence of magnetization across the FMMTs is field independent,!**!
which may be attributed to the specific characteristics of the fist-order transitions in these
materials. The data in Figure 2d can be fitted to a linear dependence, -AS,, = kAH, where the
coefficient x can be considered as the factor that describes how strong the maximum of -AS,,
depends on AH. The values of x obtained from fitting are plotted in Figure 2e, as a function
of x, with the integrated refrigerant capacity (RC) that measures the effectiveness of a
magnetic refrigerant. The high values of ¥ and RC obtained on (y = 0.36, x) series as shown

in Figure 2e, indicate clearly the large MCEs throughout the wide CTWs.

As well known, the functional fatigue behavior is critical for practical



43441 In order to investigate the fatigue characteristics on

phase-transition-based applications.
the FMMTs, thermal cycling tests were performed on DSC for some compositions of (y =
0.26, x = 0.15, 0.25) and (y = 0.36, x = 0.60). Figure 3a, 3b and 3¢ show cycle-dependent
calorimetric curves of alloy (y = 0.26, x = 0.15). Exothermic (endothermic) peak on cooling
(heating) represents forward (reverse) martensitic transitions. During 93 cycles in this study,
the transition calorimetric profiles were unchanged, particularly in the peak positions and
peak heights, which demonstrates that the phase transitions possess good reversibility and
stability. The same thermal-cycling experiments were carried out on other two alloys (y =
0.26, x = 0.25) and (y = 0.36, x = 0.60). The associated shift of 7, absolute and normalized
latent heats (AE) are presented in Figure 3d and 3e (more data in Supporting Information,

Table S4). For the transitions at low (218 K) and room (299 K) temperatures (y = 0.26, x =

0.15, 0.25), T; keeps almost unchanged throughout the whole cycling process with a small
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Figure 3. Functional fatigue behavior of Mny.Fe/NiGey.,Six (y, X) system. (a), (b) and (c) DSC data of
thermal cycling with 93 times around T; of alloy (y = 0.26, x = 0.15). An enlarged image of cycles from 80
to 89 is shown in (b). (d) Shift of T;, (e) absolute (lower panel) and normalized (upper panel) latent heats
(AE) upon cooling of alloys (y = 0.26, x = 0.15), (y = 0.26, x = 0.25) and (y = 0.36, x = 0.60) deprived from
DSC data.
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fluctuation less than 0.5 K (for sample with x = 0.25, the shift of 73 ~ 0.1 K after 93 cycles),
indicating an even better functional stability than the excellent Ni-Ti-Cu/Pd alloys."****! This
stability is further confirmed by a slight decay (3% ~ 5%) in AE following by a saturation
tendency. Even for the transitions at 420 K (147 °C) in alloy (y = 0.36, x = 0.60), only very
slight changes of 7; (~ 0.8 K) and AE (~ 7%) can be observed. These slightly enlarged
changes may be ascribed to the atom motions by high-temperature thermal activation. It is
clear that the studied alloys show a potentially robust functional stability even at high
temperatures, which will benefit the multifunctional applications of the materials.

Figure 4 shows a general comparison of the maximum entropy changes (|AS|max) of our
materials and several well-known MCE materials based on current statistical data
(Supporting Information, Table S5). The graphic is in general consistent with the one
reported by Franco ef al.'*! In this graphic, low- and room-temperature MCEs are observed
in many rare-earth and Mn-based compounds, including the first-order FMMT materials such
as Heusler and MM'X alloys. However, the MCEs in each family (usually composed of
several material members) are limited in narrow temperature spans since many MSTs can
only be tuned in a limited temperature range. It can be seen that different families show their
dissimilar transition temperatures but most giant MCEs occur below 370 K. In particular, the
MCEs of MM'X alloys also exist mainly in a relatively narrow range around room
temperature. In sharp contrast, our Mn;.Fe,NiGeSi, single material system strikingly
shows giant MCEs over the very wide temperature range from 40 to 450 K. Within these
wide CTWs, the magneto-strain-based applications in forms of bulks, particles or composites

can also be designed. It is further conceivable that large MCEs and barocaloric effects tuned
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Figure 4. A statistical graphic of absolute values of maximum entropy changes (| AS|max) for AH = 50 kOe
versus peak temperature for different families of magnetocaloric materials, including the present
(Mn,Fe)Ni(Ge,Si) system. Detail data and relevant references are included in Supporting Information,
Table S5. Here, RE refers to rare-earth elements, Hex to hexagonal structure, and X to p-block elements.

by applying pressure!'™ ** and table-like MCEs produced by composition-gradient

composites*”! can be freely designed at any desired temperature within such broad range. In

addition to the use as magnetic refrigerant, the giant MCE materials can also be applied as
promising working substances for magnetic heat pumps or electric power generations.!'* "
For these applications, the MSTs are required to occur at high temperatures in order to gain
the heats efficiently and cyclically from ambient environments, driven by hot water or vapor
from sea surface (30 ~ 40 °C) or geothermal spring (50 ~ 100 °C), or by the exhausted heats
from applications of hypercritical CO, (~ 120 °C), automobile and industrial production (100
~ 500 °C). For the high-temperature MSTs between 373 and 448 K, furthermore, the

corresponding materials show an increasingly low cost due to the high-level Si-substitution

for expensive Ge element.
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In conclusion, applying the principle of isostructural alloying, we have successfully
realized the strongly-coupled magnetostructural transitions within a series of unprecedentedly
wide Curie-temperature windows, with widths as large as 400 K, in a single host system
(Mn,Fe)Ni(Ge,Si). This work reveals clear physical pictures of the tuning route in material
design and the Curie-temperature windows for phase transitions. The combination of
low-field large MCEs, locked caloric effects, wide working temperature, and robust
functional stability makes the materials promising for various smart applications including
shape-memory/strain-based output,'* solid-state multi-caloric cooling/heating!'” and energy
conversion.”*”! The unprecedentedly wide Curie-temperature windows provide a broad design
platform of magnetostructural transitions for tunable magneto-multifunctional properties of
the rare-earth-free Mn-based (Mn,Fe)Ni(Ge,Si) multiferroic magnetoelastic alloys. The

strongly-coupled magnetostructural transitions can be manipulated in frameworks of

29, 47] [18, 34, 48]

compositional engineering,' pressure modulations, and low-dimensional

forming'™® * for potential applications, including strain-based composites,”® *"! functional

[46, 52 [53,54]

devices, I'and multiferroic heterostructures.

Experimental Section

Experimental Methods: Highly purified metals were arc-melted under argon
atmosphere. Each ingot was melted for four times and was turned over after each melting
process. As-cast ingots were annealed in evacuated quartz tubes filled with high-purity
argon at 1123 K for 5 days and cooled down to room temperature slowly. Powder x-ray
diffraction (XRD) analysis were performed on a Rigaku D/max 2,400 X-ray diffractometer
with Cu-Ka radiation at room temperature. Magnetic measurements including
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thermomagnetic curves and isothermal magnetization curve, were carried out on a
superconductive interference device (SQUID) magnetometer and physical property
measurement system (PPMS, Quantum Design). Thermomagnetic curves with temperature
above 400 K were performed on a PPMS plus vibrating sample magnetometer (VSM) with a
maximum field of 50 kOe. Thermal analysis were performed using differential scanning
calorimetry (DSC STA 449 F3 Jupiter and DSC 214 Ployma, NETZSCH). The ramping rate is 5 K
min™. By adding an apparatus involving two permanent magnets, the gravity change caused
by magnetic transition can be detected on the thermogravimetric analyzer. The magnetic
entropy changes (AS,) across magnetostructural transitions were derived from the

magnetization curves using the Maxwell relationt*!:

H( oM . . T
AS (T,H)=S (T',H)-S (T,0)= —— | dH . The RC is defined as RC=| |AS, |dT,
m m m 0 aT i Ti m

where T; and T, are two temperatures of the half maximum of AS(T) peak.[”] To avoid fake
AS,, values, the temperature loop process method”® was applied to measure the isothermal
magnetization curves with an interval of 2 K for these FMMTs with a clear thermal
hysteresis.

Calculation Methods: The first-principles calculations on density of states (DOS),
magnetic moment distribution and spin electron density (SED) were performed using
ultrasoft pseudopotential method based on the density function theory (DFT).[SG] The
exchange and correlation energy were treated using the generalized gradient
approximations. 500-eV cutoff-energy in the plane-wave basis and 120 k-points in the

irreducible Brillouin zone were used for a good convergence of the total energy. The



total-energy difference tolerance for the self-consistent field iteration was set at 1x10° eV

atom™.
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X-ray diffraction (XRD) structural analysis. The powder X-ray diffraction measurements
for y =0.26, 0.36, 0.46 and 0.55 with various x in Mn;.,Fe,NiGe;.,Si, system were performed
on well-grinded powders. Upon the measurements, the scanning speed was set as 5 degree
per minute. And the diffraction peaks from Cu Ko, radiation were carefully deducted. The
data are shown in Figure S1 below. Good diffraction quality was obtained for the samples
with low-Si substitution to high-Si substitution for y = 0.26, 0.36, 0.46 and 0.55. The
NiyIn-type hexagonal parent structure and TiNiSi-type martensite structure are well identified
in the diffraction patterns. The Miller indices (hkl), and (hkl), for parent and martensite
structures were indexed. The results indicate that Mn;.Fe,NiGeSi, alloys can well
crystallize the desired phases for the strong degree of substitution with y = 0.26, 0.36, 0.46,
0.55 and 0 < x < 1, which provides a critical fundament for the realization of our

strongly-coupled magnetostructural transitions in an extremely wide temperature range.

After careful examinations, nevertheless, two extra small diffraction peaks were
observed at around 37.6° and 45.4° in the XRD patterns of some alloy compositions (as
pointed out with ¢ in Figure S1). In the present work, the samples were prepared by slow
cooling with furnace after annealing, in order to get the equilibrium phase transitions without
stress and disorders in samples. This impurity phase with very small amounts probably result
from the precipitate during cooling process. Nevertheless, from the diffraction intensity the
phase proportion of this impurity phase is rather low. One can see that, in general, this
impurity phase imposes little influence on phase transitions and magnetic properties of the
samples, which has also been evidenced by the regularity of Si-content dependence of both
martensitic transition temperature and Curie temperature shown in the phase diagram and the
M-T curves in Figure 1. Importantly, the highly tunable phase transitions and giant
magnetocaloric effects were obtained in such an unprecedentedly wide temperature range. It
is hopeful to avoid this small-amount impurity phase by quenching the samples after
annealing. Further optimizations and enhancements are expected in the important physical

properties obtained in present work.
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Figure S2. Si-content dependence of lattice constant and cell volume across the with
martensitic transitions for (a) Mng74Feg26NiGe;xSix, (b) MnggsFeg36NiGe;xSix, (¢)
Mngs4Fe46NiGerxSix, (d) MnggsFepssNiGe;xSix. The hexagonal parent and
orthorhombic martensite phase are represented by subscript “h” and “0”, respectively.

Lattice constant and cell volume across the martensitic transitions. The lattice constants
of Mn,.,Fe,NiGe,.Si, alloys are deprived from fitting the XRD patterns in Figure S1, as
depicted in Figure S2. The dash lines refer to the estimated data points. From the results, the
lattice constants for both the parent and martensite phases decrease with increasing Si content
for various y values, which can be ascribed to the smaller atom size of Si compared to Ge.
The axes and volumes of the two structures are related as a, = cpn, bo = an, co=\/3ah, and V, =
2V, and the distortion way of the lattice when the martensitic transition occurs are indicated
by the arrows. Upon the martensitic transition, the extension along cy reaches 12.37%, and
the volume expansion is as large as 2.81% for y = 0.26. The detailed data of the lattice

constants and volumes are shown in Table S1.
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Table S1. Lattice constants and cell volumes of parent and martensite phases for
Mn;.Fe/NiGe.xSix alloys.

X an Ch cvlan |2 do b, Co Vs AV **
[A] | [A] A1 | [A] | (A1 | [A] | [A] [70]
0.05 | 4.0814 | 5.3125 | 1.3016 | 76.6373 - - - - -
0.15 | 4.0745 | 5.3020 | 1.3013 | 76.2288 - - - - -
¥=0.26 | 0.25 | 4.0585 | 5.2782 | 1.3005 | 75.2918 | 5.9311 | 3.7058 | 7.0434 | 77.4045 2.81
0.35 - - - - 5.9148 | 3.6923 | 7.0226 | 77.4045 -
0.45 - - - - 5.8952 | 3.6796 | 7.0034 | 76.6834 -
0.2 | 4.0633 | 5.2614 | 1.2949 | 75.2289 - - - - -
0.3 | 4.0561 | 5.2544 | 1.2954 | 74.8637 - - - - -
0.4 | 4.0380 | 5.2323 | 1.2958 | 73.8849 - - - - -
y=0361 05 | 4.030% | 5.208* | 1.297* | 73.521* | 5.8898 | 3.6886 | 7.0134 | 76.1850 | 3.6

0.6 - - - - 5.8386 | 3.6629 | 6.9798 | 74.6362 -
0.7 - - - - 5.8093 | 3.6462 | 6.9491 | 73.5958 -
0.85 - - - - 5.7971 | 3.6319 | 6.9269 | 72.9214 -

0.35 | 4.0459 | 5.2051 | 1.2865 | 73.7887 - - - - -
0.47 | 4.0258 | 5.1860 | 1.2882 | 72.7893 - - - - -
¥=0.46 | 053 | 4.0191 | 5.1766 | 1.2880 | 72.4158 - - - - -
0.6 | 4.012* | 5.169* | 1.288* | 72.061* | 5.8004 | 3.6636 | 6.9774 | 74.1361 2.8
0.7 - - - - 5.7755 | 3.6513 | 6.9546 | 73.3278 -
0.8 - - - - 5.7605 | 3.6455 | 6.9379 | 72.8469 -
0.5 4.02 | 5.1573 | 1.2829 | 72.1781 - - - - -
y=0.551 0.6 | 4.0123 | 5.1559 | 1.2850 | 71.8823 - - - - -
0.7 | 4.000* | 5.153* | 1.295* | 71.402* | 5.7159 | 3.6765 | 6.9680 | 73.2145 2.5
0.8 - - - 5.7157 | 3.6546 | 6.9477 | 72.5638 -

*the estimated data.
**A Vo-h = VO/Vh— 1.

29



Magnetic measurements. The thermomagnetic curves (Figure S3) and isothermal
magnetization curves (Figure S4) were measured for y = 0.26, 0.36, 0.46 and 0.55 with
various x in Mn;,Fe,NiGe;,Si, system. The thermomagnetic curves show that the
magnetostructural transition temperature can be continuously tuned within a wide

temperature range.
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Figure S3. Thermomagnetic curves of Mn; Fe/NiGe;.,Six for (a) y = 0.26, (¢) y = 0.46,
and (e) y = 0.55, under magnetic field of 1 kQe, and for (b) y = 0.26, (d) y = 0.46, and (f) y
= (.55, under magnetic field of 50 kQOe.
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Figure S4. Isothermal magnetization curves of Mn;,Fe,NiGe.,.Siy for (a) y =0.36, (b) y =
0.46, and (c) y = 0.55, at S K.

Thermal Measurements. Thermal analysis were performed on differential scanning
calorimeter (DSC) for representative alloys with magnetostructural transition temperature
from high (above room temperature, Figure S5) to low (Figure S6) temperatures. By adding
an apparatus involving two permanent magnets to the high-temperature DSC, magnetic
transition can be detected according to the thermal gravity (TG) change on the
thermogravimetric analyzer. The big exothermic (endothermic) peak upon cooling (heating)
on DSC curves indicates the (inverse) martensitic transitions.
This first order phase transition shows apparent thermal hysteresis. In contrast, the rather
small but observable peaks with no thermal hysteresis on DSC curves result from the
magnetic transition at Curie temperature. The magnetic transitions (including magnetic
ordering at Curie temperature and magnetostructural transitions) can be also revealed by the
abrupt TG signal changes on corresponding TG curve. For a magnetostructural transition, the
coupling of martensitic and magnetic transitions leads to a simultaneity between big
exothermic peak on DSC curve and gravity change on TG curve upon cooling, as instance for
the alloy (y = 0.36, x = 0.60) in Figure SS5.
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Figure S5. High-temperature DSC curves and relevant TG curves for
Mn;.Fe/,NiGe.,Six for (a) y = 0.26, (b) y = 0.36, (c) y = 0.46 and (d) y = 0.55. FM, PM, T
and Tc¢" refer to ferromagnetic, paramagnetic, martensitic transition temperature and
Curie temperature of martensite, respectively. The red and blue lines correspond to

heating and cooling process respectively.
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Figure S6. Low-temperature DSC analysis for selected samples of Mn;.,Fe,NiGe.,Siy for
(a) y=0.26, (b) y=10.36, (c) y = 0.46 and (d) y = 0.55.

Table S2. Parameters of Mn; Fe/NiGe.,Six. AM is magnetization change across the

martensitic transitions, T is martensitic transition temperature, T

lower and upper critical temperatures of CTWs, respectively.

and T.,"" are

y AM T Ta™ Ter™? CTW width
[emu g”'] K] [K] [K] [K]
0.00 - 74 74
0.05 58.1 113
0.15 66.4 218
y=0.26 0.25 62.2 299 360
0.35 61.2 358
0.40 43.2 396
0.45 - 434 434
0.15 - 51 51
0.20 58.5 120
0.30 64.9 212
y=0.36 0.40 59.8 270 397
0.50 54.5 348
0.60 44.9 426
0.63* - 448+ 448+
0.30 - 40
0.35 57.4 118
0.40 65.1 161
y=10.46 0.47 61.9 230 405
0.53 62.7 276
0.60 55.0 342
0.70 44.7 398
0.75 32.8 445
0.45 - 38 38
0.50 53.1 114
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0.60 59.5 209
y=0.55 0.70 55.4 310 386
0.80 433 397
0.82* - 424* 424*
*Extrapolated data.

Table S3. Calculated magnetic moments of MngsFesNiGegsSips.*

Miotar [18] Mwmn [p8] Mpr. 5] Mni [ps] Mg [us]  Ms; [us]
2.36 2.74 1.74 0.12 -0.02 -0.02
2.76 1.76 0.14
0.12
0.12

*The energy favored atom configuration was chosen here. ps is Bohr magneton.

Table S4. Latent heats (AE), corresponding magnetostructural transition temperatures
(T¢) and estimated total entropy changes (AS) of several representative compositions of
Mn;.Fe/NiGe.xSix deprived from DSC data shown Figure S5 and S6.

X AE [J g T [K] AS=AE/T [T Kg' K]
0.15 10.8 218 49.54
0.25 16.2 299 54.18
0.35 18.3 358 51.12
y=0.26 0.60 16.4 561 29.23
0.70 18.5 632 29.27
0.85 18.1 861 21.02
1.00 14.9 995 14.97
0.30 12.9 212 60.85
0.40 15.6 270 57.78
0.60 26.6 426 62.44
y =0.36 0.65 20.7 466 44.42
0.70 20.3 494 41.09
0.85 23.2 632 36.71
1.00 19.3 866 22.29
0.47 13.3 230 57.83
0.60 19.0 342 55.56
y = 0.46 0.75 21.3 444 47.97
0.80 21.8 488 44.67
0.90 23.2 570 40.70
1.00 29.7 648 45.83
0.60 10.2 209 48.80
0.70 19.7 310 63.55
y =0.55 0.84 21.9 443 49.44
0.90 22.1 487 45.38
1.00 22.7 554 40.98
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Table SS. Absolute value of maximum entropy changes (JAS|) versus peak temperature
for different magnetocaloric materials at field change AH = 20 kOe and AH = 50 kOe.

. TIK] | AS|[JKg'K"] | TIK AS|[J Kg' K
La(Fe,Si);; based (lAH|=20 kgOe) L |(A|H[=50gk0e)] Ref
LaFe; 4Si; 6 208 | 143 208 19.4 (
LaFe 53Si; 17 175 | 21.2 175|278 (21
LaFe; 5Si; 3 183 | 229 183 | 26.0 (21
LaFe; ¢Sij4 188 | 229 188 |26 21
LaFe,; sSi; s 194 |208 194 | 248 21
LaFe; 4Sii6 199 | 142 199 18.7 21
LaFe,; 3Sii 7 206 | 11.9 206 17.6 21
LaFe;5Si; s 210 |75 210 13 21
LaFe,; oSizo 21 |4 221 7.9 21
LagoPro 1Fey 5Siy s 191 |24 191 26.1 (3]
Lag-ProsFe;; sSit s 185 |28 185 |305 (3]
Lag sProsFeiy sSit s 181 |30 181 | 324 (3]
LagoNdo Fey; sSi; 5 192 |23 192 25.9 3]
Lag;NdsFe;; sSi 5 188 |29 188 32 (3]
LaoCeosFe; sSi s 173|238 B3]
Lag7ProsFey;»Sit g 204 | 144 204 19.4 4]
Lao -ProsFer1 oSizo 218 |62 218 11.4 4]
Lao-ProsFer; 4Sits 198 |12 204 17 5]
Lag 7Pro 3Feq134Cug 06511 6 210 12 5]
Lag 7Pro 3Feq1.06Cug 34511 6 230 5 51
LaosGdoFe1 4Sirs 200 14.8 (61
LaFe07C00.5Si1 5 285 |7 285 13.5 (7
Lao sPro.2Fe 0.7C00.5Si1 5 280 | 7.2 280 | 13.6 (7
Lag ¢Pro.4Fe10.7C005Si1 5 274 | 7.4 274 14.2 7]
Lag sPro sFe1.sC00.5Si 5 272 | 8.1 272 14.6 7]
La(Fe06C00.04)1 9511 1 243 | 16.4 243 |23 (8]
La(Fe.04C00.06)1.9Si1.1 274 | 122 274 | 19.7 (8]
La(Fe9:C00.08)1.0511 1 301 | 8.7 301 15.6 (8]
LaFe,;,C007Si1 1 274|203 l
LaFe0.95C00.22Si1 5 242 |63 242 11.5 (10]
LaFe; 15Coo71Al] 17 279 | 4.6 279 |91 (10]
La(Feo05C00.02)117Al 13 198 |59 198|106 (10]
LaFey; 5SiisHos 224 17.4 (1]
LaFe; 5Sii sHo 272 16.9 (i
LaFey; 5Si; sH, 5 288 17.0 (i
LaFey; 5Si;sH, g 341 20.5 (1]
La(Feo.0oMng 1)1 7Si; 3Hs 336 | 16 336 | 234 (12]
La(Feg.osMno 02)11.7Si1 3Hs 312 | 13.0 312 | 177 (12]
La(Feg.o7Mng 3)11.7Si1 3H; 287 | 11.0 287 | 159 [12]
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[13]

LaFe,; 5Si; sCo 225 |18 225 | 228
LaFe; 5Si; sCoss 241 |74 241 12.7 (13]
LagsGdooFeq1 4511 6Bo.o3 204 16 6]

LagsGdg2Fei1.4511.6Bo.os 205 15 t61

LagsGdooFe 14511 6Bos 222 6.6 6]

Gd 295 10.5 [14]
Gdy(Si,Ge), T[K[ | |AS| _[J Kg'K'[ | TIK] | |AS|[J Kg"' K[ Ref

(AH=20 kOe) (AH=50 kO¢)

GdsSi,Ge, 276 | 14 276 18 (1]
GdsSi; sGers 243 | 13 243 |20 (1]
GdsSiy 346 | 4.2 346 | 8.2 (17]
GdsSiy 336 | 8.2% (18]
GdsSiz sGeg s 331 | 7.3* (18]
GdsSisGe 323 | 8.7* (18]
GdsSiysGey 5 313 | 9.4% (18]
GdsSiz06Ger 04 306 | 9.4% (18]
GdsSi,Ge, 276 19* (18]
GdsSi; 72Ge s 246 | 40* (18]
GdsSi;Ges 140 | 72% (18]
GdsSigeGes g 130 | 32% (18]
GdsSigsGes 121 22% (18]
GdsSig33Ges 67 68 38 (18]
GdsSig15Ges s 40 24 (18]
Gds(Geg.9175510.0825)4 76 61 (9]
Gds(Geg 75Si025)s 143 |69 (19]
Gds(Geg 57Sio.43)s 244 | 40 (19]
Gds(Geo. 5S10.5)4 277 19 [19]
GdsSiz.0sGe o 279 9.2 (20]
GdsGes 20 17 (18]
GdsGey 40 26 (19]
Gd,.5Th, 5Siy 280 |4 280 |8 (17]
Gd;Tb,Sis 296 | 4.1 206 | 8. (17]
Gd; sTb; sSiy 311 |45 311 9.5 (17]
Gd4Tb,;Sis 318 |4 318 |82 (17]
GdasTbo 5Sis 334 | 4.1 334 |82 (17]
Gd4Th; Sy 291 |3 291 6.1 (17]
Gd,25Tbg 75Sis 304 | 3.6 304 |75 (17]
Gd, 5Thy sS4 316 |4 316 |8 (17]
GdsGe oSirFeq | 300 |8 (21]
GdsSiz02Ge 9xMng 6 275 11.6 (20]
GdsSi; 97Ge; 57Mng.16 294 |7 (20]
GdsSi 985Ger.985Gao 03 276 8.4 [22]
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[22]

GdsSi 975Gey 975Gag o5 297 |65

GdsSi 035Ge; 935Ga 13 297 | 6.1 (22]
RE<(Si,Ge), T[K] | |AS| _[J Keg'K'l | TIK] | |AS|[J Kg' K] Ref

(AH=20 kOe) (AH=50 kOe)
TbsSi,Ge, 102 |10 102 |22 (23]
TbsSiy 225 |5 225 10 (23]
TbsGes 90 1 90 4 (23]
TbsSi,Ge, 102 13 (24]
DysSiy 141 12.8 (23]
Dys(Sis sGeo.s) 136 | 11.9 (23]
Dys(SizGe) 65 33.2 (23]
Dys(Siz;Ge; 5) 56 7.0 (23]
Dys(Si;Ge») 54 7.0 (23]
Dys(SiGes) 50 7.0 (23]
DysGey 46 7 (23]
HosSi,Ge, 25 58.5 (26]
TbsSis 223 |45 223 |9 (17]
TIK] | AS|JKg' K] | T[K] | |AS|[J Kg" K]
Hex RE compounds (AH=20 kO¢) (AH=50 kO¢) Ref
GdRhSn 16 4 16 6.5 (27]
HoPdAl (hexagonal) 10 3 10 13.7 (28]
HoPdAl (orthorhombic) 12 11.4 12 22.8 (28]
TbPdAl 43 5.9 43 11.4 (29]
HoCuSi 8 16 8 34 (30]
HoNiCuln 10 12.5 10 20.2 (31]
Enln 46 7.9 46 16 (32]
Tb,In 165 |3.5 165 | 6.6 331
Dy,In 130 | 4.6 130 |92 (34]
Ho,In 85 5.0 85 11.2 (3]
GdCoAl 100 | 4.9 100 | 10.4 (36]
TbCoAl 70 53 70 10.5 (36]
DyCoAl 37 9.2 37 163 (36]
HoCoAl 10 12.5 10 215 (36]
(Gdo sDyo.25Er925)CoAl 45 6.3 45 14 (36]
RECo, TIK] | |AS|[JKg' K" | TIK] | |AS|[J Kg' K] Ref
(AH=20 kO¢) (AH=50 kO¢)

GdCop,Mn; 3 300 | 3.35 (37]
GdCog¢Mn, 4 270 |3.82 (37]
GdCop4Mn, ¢ 210 | 3.86 (37]
GdCog,Mn; 5 140 | 4.11 (37]
HoCo, 75 225 (38]
DyCo, 140 | 11 [38]
TbCo, 227 |65 (38]
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[39]

ErCo, 33.6 |38

Er(Cog.95Si.05)2 60 22 (39]
Er(Cog.35Sig.15)2 63 8 (39]
Er(Co0.975510.025)2 48 32 (38]
Dyo.7Y.3Co; 115 15 (38]
Dyo.9Y.1Co; 130 14 (38]
Ho(Co0.95S10.05)2 100 20 (38]
Ho(Co0.975510.025)2 80 23 (38]
ErCo, 38 23 (401
Er(CogosFeg.05)2 70 13 (40]
Er(CogoFeq.1), 150 6.5 [40]
ErCo; sMny, 86 6.97 [41]
HoCo; sMny 156 5.36 (41]
DyCo, sMng 220 4.57 [41]
TbCo; sMng 312 3.2 (41]
MnFeX (Fe,P type) TIK] | |AS|[JKg"' K"l | TIK] | |AS|[J Kg' K] Ref

(AH=20 kOe) (AH=50 kOe)
MnFePg 45Aso.55 305 | 14.5 309 |18 (42]
MnFePg sAso s 288 | 16 288 |21 [43]
Mn; Feg.oPo sAso s 280 |26 280 |28 (431
Mn; 3Feq 1Pg 6Sio2Geo 15 246 | 2.5 246 5.7 [44]
Mn; sFeq sPo 6SioGeo. 15 285 |53 285 11 [44]
Mn;  Feg.oPo 6Sio2Geo 15 325 | 12 325 16 [44]
Mn FePy ¢Sig2Geo. 15 333 |11 333 17.5 (44]
Mn, sFe.75Po 55105 304 31 (4]
Mn, »5Feq 70Po.5Sio 5 285 27 (4]
Mn, 3Feg.65P0 55105 269 21 (4]
Mn, »5Feg 7P 55510 45 246 33 [43]
Mn, »5Feq 7P 45810 55 323 19 (4]
Mn; 5Feq 5P 75Geo s 288 | 203 288 25 (461
MnAs TIKI | AS|UKg K'] | TIK] | AS|DKg' K] | o
(AH=20 kOe) (AH=50 kOe)

MnAs 315 |38 315 |41 [47]
MnAs 317 |41 (48]
MnAs.95Sby 0 308 32 (48]
MnAs g5Sbo.i5 260 30 (48]
MnAsq.70Sbo 30 225 |23 225 27 (48]
MnAso6Sbo4 214 |7 214 |14 (48]
MnAs .95Sbo 05 310 | 27 310 33 [47]
MnAsgoSbo 285 |25 285 32 (471
Mny 994Cro g0sAS 292 13.7 [49]
Mny 99Crg01As 267 20.2 [49]
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T [K]

IAS| [J Kg' K|

T [K]

IAS| [J Kg' K]

, .
MM’X (Ni;In type) (AH=20 kO¢) (AH=50 kO¢) Ref
MnNij 77Feq.;Ge 265 |7 265 19 (5]
Mnj sFeo 1sNiGe 203 |13 203 |31 (5]
Mn 93Cro 03CoGe 300 |22 (51]
Mno.04Tio 06CoGe 232 11.3 (52]
MnCoGeog0Alo01 357 | 29.2 (53]
MnCoGegosAlo.02 323|359 (53]
MnCoGeg97Alg03 180 |57 (53]
Mno.9Coo {NiGe 236 | 40 [54]
Mno065C0Ge 289 | 10 289 |26 (53]
Mn; sNig sGe 135 | 14 135 |27 [56]
Mn; 045Nig gs5Ge 160 |12 160 |25 (56]
(MnNiSi)g s6(FeNiGe)q 44 187 | 115 (57]
(MnNiSi)o ss(FeNiGe)o.s 192 10.8 (57]
(MnNiSi)os2(FeNiGe)g 4 174 |84 (57]
Mn soCro 11NiGe 275 | 11 275 |28 (58]
Mno,.9>Ctig.0sCoGe 321 |21 321 53.3 (5]
Mno.01Ctig.09C0oGe 2890 | 16 280 | 412 (5]
Mno.sCuo 1CoGe 249 |15 249 | 364 (5]
MnCoGeBy,» 287 |21 287 | 473 (60]
MnCoGeBo,o;3 275 | 16 275|377 (60]
MnCoGeBoos 260 |34 (60]
Heusler alloys TIK] | |AS|[JKg"' K" | TIK] | |AS|[J Kg' K] Ref
(AH=20 kOe) (AH=50 kOe)
NisoMn37Sn;3 189 |18 (61]
NisoMnssSn15 307 15 (61]
Niss sMno3 1Gasas 304 |65 304 18 (62]
NiMng 755Cug245Ga 298 |29 298 | 45 (63]
NiMng -sCug2sGa 308 |29 308 | 65 (63]
Ni;Mng 74Cug26Ga 302 |25 302 |43 (63]
NisoMnsInyg 243 243 |8 (64]
NisoMnssIn;4Ga, 275 275 |9 (64]
NiMn; »Gag s 352 |73 [65]
Ni;oMn; 3Gaos 365 | 9.6 [65]
NissMng;CosSnyy 188 |18 188 |33 [66]
NisoMn3;Sn;3 280 0.2 [67]
NisoMy355n13 270 |22 (67]
NissMn3oSn;3 226 12 (67]
NissMnaoSnys 187 | 34 (67]
NiggMna;Sn;s 132 11 (671
NissMnueSny; 205 10.4 (68]
NissMngeSniosAlos 236 | 8.1 (68]
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NissMnggSnyoAl, 264 |39 (68]
NissMngeSnoAl, 297 1.4 (68]
Nis;Mns; sInig. 253 19.2 [69]
Nis;Mns; sInig.H; 4 245 17.5 [69]
NissaMnys 1Sny; s 260 | 10.6 (70]
NissMnsosFes oSn11 6 284 | 6.4 (70]
NisssMnssFeg 7Sny; 5 293 | 5.6 (70]
NisCoMns7Sn3 290 |3 200 |9 (71]
Nis7CosMns7Sn 3 255 |3 255 |9 (71]
NisFe;Mns;Sn;s 240 |6 240 16 (71]
Nis;FesMn3;Sn;3 175 |11 175 |30 (71]
Niss sMnyGasa g 313 | 40 313 85 (72]
NisiMnso.4Ini66 246 | 16 246 17.2 (69]
Nis;Mns; 4Ini66Hs > 219 9 219 13 [69]
NissMng,CosSny 220 19 (73]
Nis»CosMns3oFe,Gays 205 |11 205 31 (74]
NissCosMn3sSbi, 295 [323 (73]
Nis;MnysGas, 355 | 16 355 | 30 (76]
TIK] | AS|JKg' K] | TIK] | |AS|[J Kg" K]

Present work (AH=20 kOe) (AH=50 kOe¢)

Mno sFeo 36NiGeo sSio.» 127|107 127|279

Mno sFeo36NiGeo -Sio 3 219 | 114 219|336

Mno sFeo 36NiGeo 6Sio4 277 | 11.6 277 | 305

Mn ssFeo 36NiGeo 5Sio 5 353 | 9.6 353 | 24.7

Mn 6sFeg 36NiGeo 4Sio. 437 |76 437 | 274

*the data calculated from the entropy change per unit volume with assuming density of 7.5 g cm™
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