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Unprecedentedly Wide Curie-Temperature Windows as
Phase-Transition Design Platform for Tunable
Magneto-Multifunctional Materials

Zhi-Yang Wei, En-Ke Liu,*

Yong Li, Gui-Zhou Xu, Xiao-Ming Zhang, Guo-Dong Liu,

Xue-Kui Xi, Hong-Wei Zhang, Wen-Hong Wang,* Guang-Heng Wu, and Xi-Xiang Zhang

A coupling of ferroelasticity and ferromagnetism™? can lead to
a multiferroic behavior of first-order magnetostructural phase
transition (MST) in magnetoelastic materials. Attractive phys-
ical effects, such as ferromagnetic shape memory,®l magneto-
strain, magnetocaloric effect (MCE),>®l magnetoresistance,”!
and exchange bias,!® are observed based on the MSTs. These
effects are receiving increasing attentions from the applications
in actuating,””’ sensing,'% magnetic cooling,!! heat pump,*2
and energy conversion.¥ As an important class of MSTs, fer-
romagnetic 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-multifunc-
tional properties emerge thereby and can be tuned in different
ways.

Profiting from FMMTS, the magnetic-field-induced shape
memory effect and giant magnetostrain/magnetostriction have
been extensively studied with promising potential in microme-
chanical controls and strain outputs. The MCE,** which hap-
pens in a magnetic transition, can be enhanced appreciably by
first-order FMMTs with great changes in structural entropy in
spin-lattice coupled systems.!'>~7] Materials bearing FMMTs
are thus further considered as candidates for caloric applica-
tions, probably combined with mechanocaloric or electrocaloric
effects.'®19 Very recently, an inspiring application of electric
power generation, 22! using first-order FMMT ferromagnets

Z.-Y. Wei, Dr. E.-K. Liu, Y. Li, G.-Z. Xu, X.-M. Zhang, E
Dr. X.-K. Xi, Dr. H.-W. Zhang,

Dr. W.-H. Wang, Prof. G.-H. Wu

State Key Laboratory for Magnetism

Beijing National Laboratory for T
Condensed Matter Physics E
Institute of Physics

Chinese Academy of Sciences

Beijing 100190, P. R. China

E-mail: ekliu@iphy.ac.cn; wenhong.wang@iphy.ac.cn

Y. Li, Prof. G.-D. Liu

School of Materials Science and Engineering

Hebei University of Technology

Tianjin 300130, China

Prof. X.-X. Zhang

Division of Physical Science and Engineering

King Abdullah University of Science and Technology
Thuwal 23955-6900, Saudi Arabia

DOI: 10.1002/aelm.201500076

Adv. Electron. Mater. 2015, 1, 1500076

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

driven by high-temperature heat resources, becomes increas-
ingly attractive for the energy conversion, which demonstrates
an exciting advance in magneto-multifunctionalities of magne-
toelastic alloys.

For all the magneto-multifunctionalities, the magnetostruc-
tural 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 transfor-
mations should happen below the Curie temperature (T¢) of the
system so that they couple with magnetic state changes. Along
with the increasing demands of diversified functional applica-
tions, 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 tempera-
ture range where the FMMT5 can take place, similar to the case
in magnetocaloric materials Gd-Si-Ge between 20 and 290 K,23]
or the case in Mn-Fe-P-As between 150 and 350 K.l For first-
order FMMTs, the structural transitions are often limited in a
temperature range between just above room temperature and
liquid-nitrogen temperature. If Tc 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 ele-
ments) compounds have been intensively studied in recent
years.”>’l 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,2024-30 which collec-
tively make MM’X compounds rather different from the con-
ventional FMMT materials (for example, Heusler alloys). Many
methods, including physical pressure, chemical modification,
atom-vacancy introducing, and quench-relaxation annealing,
have been adopted to tune the FMMTs. In our previous
works, 229 we proposed 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
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Scheme 1. A schematic of the alloy design indicated by the structural
and magnetic phase diagram for MnNiGe-FeNiGe (Mn,_Fe,NiGe) iso-
structural system (left) and MnyFe,NiGe-MnNiSi (MnyFe,NiGe;,Si,
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
(TM) of martensite at point B and magnetic ordering temperature (Tg A of
austenite at point C. Between TcM and TA (points B and C), a Curle tem-

perature window (CTW) and tunable PM FM-type FMMTs were realized
by Liu et al.?® Right part of the schematic shows the desired phase dia-
gram in this study produced by isostructurally alloying Mn,_,Fe,NiGe with
MnNiSi. In this phase diagram, T, and TcM 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, y2,---) corresponds to a series of expected phase diagrams and CTWs.

material host. Recently, this effective principle has generated
active influences on design and realization of the desired MST
materials.[30-3¢)

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), T; of FMMT was efficiently
lowered below TcM of martensite (point B in Scheme 1) and
was continuously decreased down to the magnetic-frozen tem-
perature (T, point C in Scheme 1) of the spin-glass-like aus-
tenite. Simultaneously, for martensite phase introducing of Fe
atom gradually converted the spirally antiferromagnetic (AFM)
coupling to ferromagnetic (FM) one, with T\M becoming TV,
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

M~ 350 K and T,* = 70 K. In the CTW, the strong ferromag-
netism of martensite, featured by decreasing saturation field
(Hs) and increasing saturation magnetization (Ms), shows a
positive correlation with Fe content. This work?®l provides a
fundamental understanding on the tuning of magnetostruc-
tural coupling under the 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 fer-
romagnetism around point C, at the same time tailors the
transition (T;) to high temperatures, one may obtain a series of
strongly coupled MSTs with low-field effects and large AM. TcM,
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which determines the upper critical temperature (T,"?, point D)
of the CTW, should be simultaneously raised from point B” to
high temperatures. By achieving this, abundant magneto-mul-
tifunctional 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 purposes the isostructural counterpart to Mn;_Fe NiGe
system must meet three conditions: (1) A high T, which allows
us to tailor the FMMT (T;) of the alloyed system from low to
high temperatures; (2) A high Tc™, to upraise the T,"P of CTW;
(3) A strong ferromagnetic coupling in martensite phase, to
gain large AM, low Hg and desired magneto-multifunctional
effects. Among Ni,In-type hexagonal compounds, MnNiSi can
be identified as a promising isostructural counterpart. Both its
T, and TcM are as high as 1200 and 600 K, respectively.l?”38! Tts
martensite phase is a strong ferromagnet with a low Hg and
a large M. The high T, 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, Tc™ may be upraised as well. It is
desirable that T, and TcM curves would cross over at high tem-
peratures, resulting in a brand-new CTW between two far-apart
points C and D.

After determining the isostructural counterpart MnNiSi,
Mny 74FeqsNiGe was taken as the first starting alloy. For
MnNiSi, we just alloyed it with Mng;,Feq,cNiGe by simply
substituting Ge for Si atoms. An isostructural system of
Mny 7,Feq ,NiGe,_,Si, was created. Although the FMMTs vanish
in Mn,; FeNiGe 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.?¢l
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,b, based on the data from the structural (x-ray diffrac-
tion (XRD)), magnetic (M(T) curve), and thermal (differential
scanning calorimetry (DSC)) measurements (more data in Sup-
porting 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, T, 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
T, (=1200 K) of stoichiometric MnNiSi.l’”] Meanwhile, Tc™
also increased, indicating Si substitution results in a signifi-
cant enhancement in magnetic exchange interactions between
Mn/Fe-Mn/Fe atoms in martensite phase. One can further
see that the slope of Ti-(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 mag-
netic coupling. The crossover point D mentioned in Scheme 1
appears at 434 K, which is much higher than TcM (350 K)
of starting alloy Mn;Fe,NiGe.”l For higher Fe contents
(y = 0.36, 0.46, 0.55), a similar behavior is observed. Both T;
and TcM are simultaneously raised to high temperatures
simply by Si substitution and the crossover points are thus
obtained above 400 K.
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Figure 1. a) Structural and magnetic phase diagram of Mn,_Fe NiGe;,Siy (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 (T,“P/T.,@") 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 transi-
tion from hexagonal parent phase to orthorhombic martensite. e) Saturation field and saturation magnetization of Mny_,Fe,NiGe (left panel, data from
ref.?8l 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.

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 (T,9") = 74 K and
T.,"P = 434 K is obtained. From Figure 1b, one sees that T_"P
(crossover point) goes along a kappa-like curve with a max-
imum value 448 K in (y = 0.46, x) series, while with increasing
Si content T, further decreases from 74 K to about 38 K.
These T.%, 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 with a maximal width of
405 K between T,,4" and T.,"P 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 tempera-
ture and to the highest temperature of 448 K, which are much
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wider than the temperature distribution ranges of many other
FMMTs.[17:22-2427-31.33-36] Thig ig 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,,4"-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 lc shows the thermo-
magnetic 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
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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, NijIn-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 can be
observed. Furthermore, very high magnetizations are seen even
in a low field of 1 kOe. Large AMs across the FMMTSs 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 tempera-
ture 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 decou-
ples above the upper critical temperature (T,"P = 448 K).

In order to understand the origin of ferromagnetism
in martensite phase, the magnetizing behaviors at 5 K of
Mn, ,Fe NiGe, ,Si, were analyzed. Here we first look back
the magnetic properties of Mn; Fe,NiGe.?*) As shown in the
left part of Figure le, Mg increases to a plateau with a value
of about 2.65 pp upon increasing Fe content (y). Fe substitu-
tion can efficiently convert AFM couplings in MnNiGe to FM
ones. Hg 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 magneti-
zations and low saturation fields 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 Hg and highest Mg of Mn,_,Fe NiGe system
and maintains them at values of Hg = 1.35 to 2.12 kOe and
Mg = 2.2 to 2.6 pg. M(H) curves of (y = 0.26, x) (0.10 < x < 0.60)
series are given in Figure 1f (more data in Supporting Informa-
tion, Figure S4). One can see all samples are easily magnetized
in a low magnetic field and gain large saturation magnetiza-
tions of about 80 emu g! (2.6 pg). The features of low Hg and
high Mg 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-princi-
ples 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 pp and =1.8 pg on Mn and Fe atoms, respectively (Sup-
porting 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 (Supporting Information, Table S3) as the
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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 magneti-
zation 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. ITn Mn,_Fe,NiGe,.,Si,, the mag-
netizations, 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 magnetic functional
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 indi-
cates the magnetic-field-induced martensitic structural transi-
tion 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 the Experimental Section).
As shown in Figure 2b, a value of AS,, = -37 ] kg™! K! was
obtained at a field change AH =50 kOe and T = 335 K, showing
a giant conventional (negative) MCE. Noticeably, the alloy
shows a giant AS,, of =17 ] kg™! K'! at moderate AH = 20 kOe
and T = 333 K. These giant MCEs are benefited from the abrupt
and large magnetization changes during the FMMTSs as well as
the low Hg as discussed above.

To systematically study the dependence of MCE on the com-
position, 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 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 ] kg™! K at AH = 50 kOe, and a value of —12 ] kg™! K™
at moderate AH = 20 kOe. High-temperature giant MCEs are
clearly obtained in these materials. Such large MCEs are rarely
found above water boiling point (see ref. 39-41). It is impor-
tant 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 cou-
pled MSTs.[02%]

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 k can be considered as the factor that describes how
strong the maximum of —AS,, depends on AH. The values of k
obtained from fitting are plotted in Figure 2e, as a function of
x, with the integrated refrigerant capacity (RC) that measures

Adv. Electron. Mater. 2015, 1, 1500076
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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=10.26, 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 cor

e) Si-content dependence (x) of k and refrigerant capacity (RC) of (y =0.36,

the effectiveness of a magnetic refrigerant. The high values of k¥
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 phase-transition-based applications.*3*4 In order to
investigate the fatigue characteristics on the FMMTs, thermal
cycling tests were performed on DSC for some compositions

Q

responding linear fitting is shown as well. Fitting formula is —AS, = kAH.
X) series.

of (y = 0.26, x = 0.15, 0.25) and (y = 0.36, x = 0.60).
Figure 3a,b,c shows 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 pro-
files were unchanged, particularly in the peak positions and
peak heights, which demonstrate that the phase transitions
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Figure 3. Functional fatigue behavior of Mn,Fe,NiGe,,Si, (y, x) system. a
x=0.15). An enlarged image of cycles from 80 to 89 is shown in (b).
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—c) DSC data of thermal cycling with 93 times around T; of alloy (y = 0.26,

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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possess good reversibility and stability. The same thermal-
cycling experiments were carried out on other two alloys
(y=10.26, x = 0.25) and (y = 0.36, x = 0.60). The associated shift
of T, absolute and normalized latent heats (AE) are presented
in Figure 3d,e (more data in Supporting Information, Table S4).
For the transitions at low (218 K) and room (299 K) tempera-
tures (y = 0.26, x = 0.15, 0.25), T; keeps almost unchanged
throughout the whole cycling process with a small fluctua-
tion less than 0.5 K (for sample with x = 0.25, the shift of T, =
0.1 K after 93 cycles), indicating an even better functional sta-
bility than the excellent Ni-Ti-Cu/Pd alloys.*3*4 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 T, (=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 applica-
tions of the materials.

Figure 4 shows a general comparison of the maximum
entropy changes (|AS|y.,) of our materials and several well-
known MCE materials based on current statistical data (Sup-
porting Information, Table S5). The graphic is in general con-
sistent with the one reported by Franco et al.l 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 consist 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 par-
ticular, the MCEs of MM'X alloys also exist mainly in a rela-
tively narrow range around room temperature. In sharp con-
trast, our Mny_Fe NiGe,,Si, single material system strikingly
shows giant MCEs over the very wide temperature range from
40 to 450 K. Within these wide CTWs, the magnetostrain-based
applications in forms of bulks, particles or composites can
also be designed. It is further conceivable that large MCEs and
barocaloric effects tuned by applying pressurel’®34 and table-
like MCEs produced by composition-gradient composites*’]

T T T T [ Gdy(Si,Ge),
1} RE(Si,Ge),

H
=3
T

[] Hex RE compounds
|

w
=
T

RECo,
i La(Fe,Si),; based

4[] MnFeX (Fe,P type)
1 MnAs

[AS|max (J Kg™" K™
S

Heusler alloys
MM’X (Ni,In type)

[] (Mn,Fe)Ni(Ge,Si)
(Present work)

=y
=3
T

o

0 100 200 300 400 500
T(K)

Figure 4. A statistical graphic of absolute values of maximum entropy
changes (JAS|ma) for AH = 50 kOe versus peak temperature for dif-
ferent 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.
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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 gen-
erations.'>?% For these applications, the MSTs are required
to occur at high temperatures in order to gain the heats effi-
ciently 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 pro-
duction (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.

In conclusion, applying the principle of isostructural alloying,
we have successfully realized the strongly coupled magneto-
structural 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 com-
bination 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 multicaloric
cooling/heating,'¥) and energy conversion.?” The unprec-
edentedly 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 manipu-
lated in frameworks of compositional engineering,?**/I pres-
sure modulations,83448 and low-dimensional forming!** for
potential applications, including strain-based composites,>%>!]
functional devices,**>2 and multiferroic heterostructures.?3>4

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 d and cooled down to room temperature slowly. Powder XRD
analysis were performed on a Rigaku D/max 2,400 X-ray diffractometer
with Cu-Ka radiation at room temperature. Magnetic measurements
including 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 was 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 relation:™l AS ( H) = Spn(T,H) = Sim(T,0) = ( )dH
The RC is defined as RC= '[ | AS, |dT, where T; and T, are two
temperatures of the half maximum of AS m(T) peak.'l To avoid fake AS,,
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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).® The exchange and correlation
energies 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 1 x 107 eV per atom.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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