<]
TUDelft

Delft University of Technology

Giant reversible magnetocaloric effect in MnNiGe-based materials
Minimizing thermal hysteresis via crystallographic compatibility modulation

Liu, Jun; Gong, Yuanyuan; You, Yurong; You, Xinmin; Huang, Bowei; Miao, Xuefei; Xu, Guizhou; Xu, Feng;
Bruck, Ekkes

DOI
10.1016/j.actamat.2019.05.066

Publication date
2019

Document Version
Final published version

Published in
Acta Materialia

Citation (APA)

Liu, J., Gong, Y., You, Y., You, X., Huang, B., Miao, X., Xu, G., Xu, F., & Brick, E. (2019). Giant reversible
magnetocaloric effect in MnNiGe-based materials: Minimizing thermal hysteresis via crystallographic
compatibility modulation. Acta Materialia, 174, 450-458. https://doi.org/10.1016/j.actamat.2019.05.066

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.actamat.2019.05.066
https://doi.org/10.1016/j.actamat.2019.05.066

Acta Materialia 174 (2019) 450—458

journal homepage: www.elsevier.com/locate/actamat

Contents lists available at ScienceDirect

Acta Materialia

Full length article

Giant reversible magnetocaloric effect in MnNiGe-based materials: N
Minimizing thermal hysteresis via crystallographic compatibility

modulation

Check for
updates

Jun Liu *°, Yuanyuan Gong * ", Yurong You ?, Xinmin You °, Bowei Huang °, Xuefei Miao ?,
Guizhou Xu ?, Feng Xu ", Ekkes Briick "

2 MIIT Key Laboratory of Advanced Metallic and Intermetallic Materials Technology, School of Materials Science and Engineering, Nanjing University of
Science and Technology, Nanjing 210094, People's Republic of China
b Fundamental Aspects of Materials and Energy (FAME), Delft University of Technology, Mekelweg 15, 2629 JB Delft, the Netherlands

ARTICLE INFO

Article history:

Received 15 April 2019
Received in revised form

27 May 2019

Accepted 30 May 2019
Available online 1 June 2019

Keywords:

Magnetocaloric effect
Magnetostructural transformation
Thermal hysteresis

Reversibility

Geometrically nonlinear theory of
martensite

ABSTRACT

MnMX (M = Co or Ni, X = Si or Ge) alloys with strong magnetostructural coupling exhibit giant magnetic
entropy change and are currently extensively studied. However, large thermal hysteresis results in
serious irreversibility of the magnetocaloric effect in this well-known system. In this work, we report a
low thermal hysteresis and large reversible magnetocaloric effect in a MnNiGe-based system. The
introduction of Fe into both Ni and Mn sites can establish stable magnetostructural transitions from
paramagnetic hexagonal to ferromagnetic orthorhombic phases. Fascinatingly, a low thermal hysteresis
of 5.2K is achieved in MnggFeq,NigoGe alloy with a large magnetization difference of 62.1 Am?/kg
between the two phases. These optimized parameters lead to a partially reversible phase transformation
under a magnetic stimulus and bring about a large reversible magnetic entropy change of —18.6 Jkg 'K~
under the field variation of 0—5T, which is the largest value reported in MnMX system up to now.
Moreover, this low-hysteresis magnetostructural transformation and large reversible magnetocaloric
effect can be tuned by doping with Si in a wide temperature range covering room temperature. We also
introduce geometrically nonlinear theory to discuss the origin of low hysteresis in MnMX alloys. A strong
relation is found between thermal hysteresis and the change of ¢ axis in the orthorhombic structure
during the transition. Our work greatly develops the potential of MnMX alloys as magnetocaloric ma-
terials and is meaningful to seek or design a MnMX system with low thermal hysteresis.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

systems, including Heusler-type Ni-Mn based alloys [5,6],
(Mn,Fe),(P,Si)-based alloys [7,8], Gds(SioGey) [4], La(Fe,Si)13-based

Due to the environmental friendliness and high theoretical en-
ergy efficiency, solid-state cooling is considered to be a promising
alternative to conventional vapor compression refrigeration that
uses strong greenhouse or flammable gases [1—3]. Since the dis-
covery of giant magnetocaloric effect (MCE) at room temperature
[4], the ways to improve the performance of magnetocaloric ma-
terials has attracted increasing attention and magnetic refrigera-
tion is becoming an active field in materials science. So far, several
classes of first-order magnetostructural transformation (MST)
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compounds [9—11], and MnMX (M = Co or Ni, X = Si or Ge) com-
pounds [12—14], have been reported to exhibit large MCE during
the magnetic-field-induced MST. Among them, MnMX has been
extensively investigated due to its strong coupling between mag-
netic and structural degrees of freedom [15,16]. MnMX experiences
a tunable thermoelastic martensitic transformation from high-
temperature NiyIn-type hexagonal to low-temperature TiNiSi-
type orthorhombic phase [13]. When the transformation temper-
ature (T;) is within the temperature region between the Curie-
temperatures of orthorhombic and hexagonal phases (T°c and
T'), MST between the ferromagnetic (FM) orthorhombic and the
paramagnetic (PM) hexagonal phase can be established [17]. The
accompanied large magnetization difference (4M) between two
phases is helpful for the magnetic-field-induced MST from
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hexagonal to orthorhombic phases, resulting in considerable MCE
[17].

Since the magnetic cooling refrigerator is employed with peri-
odic sweeps of cycles [18], the performance of magnetocaloric
materials under cyclic exposure to magnetic fields is of great sig-
nificance from the viewpoint of application. In MST material, the
pronounced hysteretic phenomenon linked to the first-order
transition leads to the functional degradation of MCE under mag-
netic cycles [19,20]. Therefore, to obtain a reversible magnetic-
field-induced MST as well as the accompanied large MCE, the
thermal hysteresis (4Tyys) should be as low as possible. In most
MnMKX alloys displaying MSTs, the values of ATy are as large as
10—30K [12—16,21]. In that case, the magnetic-field-induced MST
completely disappears during the second field cycle and the
reversible entropy change under the magnetic field variation of
0—5T is negligible [22]. Although replacing Mn by Fe can reduce
ATpys to be lower than 10 K [17], whether the MST can be reversibly
induced by the cyclic magnetic field is ignored in most studies. On
the other hand, the reason why substituting Fe for Mn decreases
ATpys remains unsolved.

Here, we choose MnNiGe as the starting material, which expe-
riences an orthorhombic-hexagonal structural transformation at
about 470K and possesses a helical antiferromagnetic (AFM) state
below 346 K [23,24]. Different from single-element substitution of
Mn with Fe reported before, we introduce Fe into both Ni and Mn
sites and realize a PM-FM-type MST. Fascinatingly, a low ATjys of
5.2 Kis observed in Mng gFeg,NiggGe. Due to this optimization, the
MST can be repeatedly induced by cyclic magnetic fields and a large
reversible entropy change (4S,;) of about —18.6 Jkg~'K~! under the
field change of 0—5 T is obtained. To the best of our knowledge, this
is the largest reversible 4S, reported for MnMX alloys. We also
investigate the origin of this low hysteresis based on crystallo-
graphic theory of martensite. Furthermore, the low-hysteresis MST
as well as the large reversible MCE is not just present in this sin-
gular composition, but can be tuned by Si-doping in a wide tem-
perature range covering room temperature.

2. Experimental

The polycrystalline samples with nominal composition of Mn.-
xFeaxNij_xGe (x=0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16) were
prepared by arc-melting high-purity raw materials under argon
atmosphere for three times. The as-cast ingots were annealed in
evacuated quartz tubes at 1073K for five days, followed by
quenching into water. The crystal structures of all samples were
identified by powder X-ray diffraction (XRD) with Cu-Ka radiation
from Bruker D8 Advance at room temperature. For the temperature
dependent XRD measurement, patterns were collected using a
PANalytical X-pert Pro diffractometer equipped with an Anton Paar
TTK450 low-temperature chamber. The structure refinement of the
XRD patterns was performed using Fullprof's implementation of
the Rietveld refinement method [25]. Microstructural de-
terminations were performed by transmission electron microscope
(TEM) and electron diffraction with a FEI TecnaiG2 20 LaB6TEM. The
TEM sample was cut by focused ion beam (FIB). Elemental mapping
images were also taken by energy-dispersive spectroscopy (EDS) in
the scanning electron microscope (SEM, FEI Quanta 250F). To
confirm T;, differential scanning calorimetry (DSC) measurements
were carried out using a Mettler Toledo DSC 3 with a heating/
cooling rate of 10 K/min.

Magnetic measurements were performed using a cryogen-free
physical property measurement system (PPMS Dynacool™) with
a vibrating sample magnetometer from Quantum Design. The
samples used for magnetic measurements are small bulk pieces of
~10mg. Specifically, for isothermal magnetization (M-B)

measurements around T, the so-called loop process was adopted to
eliminate the influence of thermal history [26]: For each M-B curve,
the sample was initially heated up to the complete hexagonal phase
region. Then the sample was cooled slowly to the target tempera-
ture at 2 K/min. To guarantee the temperature stability of mea-
surement, a waiting time of 300 s was held at the initial and target
temperatures.

3. Results and discussion
3.1. The crystalline structures and microstructures

Stoichiometric MnNiGe alloy crystallizes with the orthorhombic
structure (Pnma, space group 62) at room temperature [22,23].
When Mn and Ni are partially substituted by Fe (the specific atom
occupation is shown in Supplementary Materials, Fig. S1), the rela-
tive stability of crystalline structures changes. Fig. 1a shows the
room-temperature XRD patterns of Mn;_sFe,,Ni;_Ge system. For the
samples with x < 0.04, the orthorhombic phase predominates. With
increasing the substitution level, the intensity of peaks indexed as
hexagonal phase (P63/mmc, space group 194) increases rapidly. For
the sample with x = 0.06, both orthorhombic and hexagonal phases
in coexistence are observed. When the substitution level further
increases, only hexagonal phase is found. The selected area electron
diffraction (SAED) pattern (Fig. 1b) for the sample with x = 0.10 also
indicates a pure hexagonal structure. This pattern is consistent with
the [201] zone axes of NiyIn-type structure. The corresponding TEM
micrograph is shown in Fig. 1¢, where only a few dislocations are
observed (marked by red circles). We confirm that our samples are
highly homogeneous. As shown in EDS mapping (Fig. 1d), constitu-
ent elements distribute uniformly in the selected areas. Here, we
only present the SEM and TEM data for the sample with x = 0.10,
which exhibits the lowest 4Tpys (shown below).

The evolution of structure suggests that T; decreases to be lower
than room temperature with the increase of x. It is well known that
the TiNiSi-type orthorhombic structure is a distortion of the NiyIn-
type hexagonal structure and the reduction of a,/b, (cy/an) ratio
tends to stabilize the hexagonal structure (the lattice constants of
the two structures are related to be: a, = cp, b =ap and ¢, = \/3ah
[22]. The subscripts of 0 and h indicate orthorhombic and hexag-
onal structures, respectively) [27]. As shown in Fig. 1e, the value of
ao/bo (cr/an) decreases evidently with the increase of x, and it
further reveals the decrease of T;. As inferred from the information
before, the decrease of T; is beneficial to achieve the magneto-
structural coupling.

3.2. The achievement of magnetostructural coupling

Temperature dependences of magnetization (M-T curves) under
a high magnetic field of 5 T are shown in Fig. 2a. The reason for us to
choose such a high magnetic field is to reflect how the saturation
magnetization varies with temperature and substitution level. For
the sample with x = 0.02, the structural transformation, manifested
as the hysteretic magnetization discontinuity, occurs at about
380K, which is higher than T°¢ (345 K). When 0.02 < x < 0.14, T; is
reduced to be lower than 345K, and the typical, sharp first-order
MST between PM hexagonal and high-magnetization ortho-
rhombic phase is observed. On further increasing x to 0.16 the
structural transformation will vanish, leaving a smooth magnetic
transition in the stable hexagonal phase. The suppression of the
martensitic transition may be ascribed to the instability of the atom
vibration at 2d site in the parent phase caused by the FM order
when the structural transition is tuned below T¢ (the atom sites in
NiyIn-type structure is shown in Supplementary Materials, Fig. S1)
[17,28]. Since stoichiometric MnNiGe alloy develops a helical AFM
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Fig. 1. (a) Powder XRD patterns for Mn;_yFe,,Ni;_xGe system at room temperature. (b) Electron diffraction patterns of a sample with x = 0.10 along [210] zone axis. (c) Bright field
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article.)

state below the Néel temperature (T°y = 346 K) [23], the observed
high-magnetization in the low-temperature orthorhombic phase is
considerable. Fig. 2b shows M-B curves at 5 K. The magnetization of
the sample with x=0.02 shows a near-linear increase with the
increase of magnetic field, which reflects the helical nature of
antiferromagnetism [17]. With increasing x, a metamagnetic tran-
sition can be observed and the critical field decreases. While a FM
behavior is observed in the sample x = 0.14. It implies that intro-
ducing Fe into both Ni and Mn sites not only reduces T; but also
changes the magnetic ground state, thus T°y gradually becomes T°c.
This is because the introduction of magnetic Fe causes strong FM
couplings of Fe-6Mn configurations out of the instable helical
structures and leads to the collapse of AFM ordering [17]. Based on
this improvement, a large 4M of about 62.1 A m?/kg is obtained in
the sample with x = 0.10 (Fig. 2a), which is favorable in improving
the MCE. Notably, the sample with x = 0.16 displays a lower satu-
ration magnetization, which is ascribed to the stronger Mn-Mn

coupling and wider 3d bandwidth from the closer Mn-Mn sepa-
ration in the hexagonal phase [29].

Based on the M-T curves, the structural and magnetic phase
diagram of Mn;_yFe,xNi;_xGe system is obtained, as shown in Fig. 3.
Here, T; in the cooling (heating) sequence is defined as (Ms + My)/2
((As + Ap[2), where Ms, My, As and Ar correspond to the martensitic
transformation start and finish temperatures, austenitic trans-
formation start and finish temperatures, respectively (shown in
Fig. 2a). These characteristic temperatures obtained from M-T
curves are in accordance with those obtained from the DSC data
(Fig. S2 in Supplementary Materials). In Fig. 3, it can be found that a
large temperature interval of first-order MST from 175 to 345K is
established. In this temperature interval, MST between PM hex-
agonal and FM orthorhombic phase can be achieved. The width of
this temperature interval is comparable to some other MnMX al-
loys, such as MnCoGe-based compounds, Mn_yFexNiGe, MnNiy.
xFexGe and Mn1_4NiCoyGe alloys [17,21,30].
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Fig. 2. (a) M-T curves under the field of 5 T during heating and cooling processes for Mn;_Fe,xNi;_,Ge system. The characteristic temperatures and 4M are indicated in the graph. (b)
M-B curves with increasing and decreasing magnetic fields at 5K for Mn;_,Fe;«Ni;_xGe system.

3.3. The composition optimization and magnetic-field-induced
phase transition

According to Fig. 2a, it is worth noting that the sample with
x=0.10 displays a low ATpys during the MST. The corresponding
value obtained by T; (heating) - T; (cooling)) is 5.2 K. It is known that
ATyys is highly related to the method of calculating the T Based on
the differential curve of the M-T curve, the ATyys is about 4.3 K
(Fig. S3 in Supplementary Materials). Therefore, A4Tpys of the sample
with x=0.10 is much lower than many other MnMX alloys
[12—17,21,22,30]. Fig. 4a further shows the evolution of A4Tyys and
AM for the Mnj.xFeoxNijxGe system. Both the lowest ATpys and
largest AM appear in the sample with x = 0.10, which is beneficial to
achieve a large reversible MCE. To confirm the thermal stability of
the observed low hysteresis, MST in the sample with x=0.10 is
checked under thermal cycles. As shown in Fig. 4b, the DSC curves
under 28 cycles almost overlap and no significant shift of T; is
found, indicating the high thermal stability of the phase trans-
formation and the related 4Tpys. As compared with magnetic data,
the slight deviation of Ty and ATy may arise from different heating/
cooling rates and sample masses [31,32].

For MST materials, in analogy to the stimuli of temperature or
stress, the magnetic field can also overcome the energy barrier
between two phases and trigger a first-order MST. Fig. 4c shows the
M-B curves of the sample with x =0.10 in the magnetic field vari-
ation from O to 5T. Around T, the magnetic-field-induced MST
accompanied by a large magnetic hysteresis is seen, which
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Fig. 3. Magnetic and structural phase diagram for Mn;_sFe,,Ni;_«Ge system.

indicates that the hexagonal phase tends to be transformed into the
orthorhombic phase under a magnetic field. Additionally, a kink in
the low field range of M-B curve is presented. This is attributed to
the metamagnetic transition of the orthorhombic phase from the
nonlinear magnetic structure to the high magnetization state. The
magnetic-field-induced MST can also be observed by comparing
the M-T curves measured under low and high magnetic field. Since
the orthorhombic phase with higher magnetization is stabilized
under a high magnetic field, T; increases as shown in Fig. 4d.

3.4. Magnetocaloric effect and its reversibility

The strong spin-lattice coupling always brings about a large
MCE, in which the latent heat of the first-order transition plays a
major role [7]. On the basis of the M-B curves, an important
parameter on evaluating the MCE A4Sy, is calculated by using
Maxwell relation:

AS — I(%)Bda (1)

Fig. 5a presents the temperature dependence of AS,, under
different magnetic field variations for the sample with x = 0.10. As
the field increases, a larger fraction of the transition would be
involved, leading to the increase of 4S,, and the shift of the peak.
Under a low field change of 0—2T, a maximum 4S, of —12.5
Jkg~ 'K~ is observed. While under a field change of 0—5T, the peak
value reaches —39.6 Jkg~'K~! which is larger than those reported
for MnNiGe-based alloys by the same method [14,17,21,33,34].

However, it is controversial to achieve 4S;, by Maxwell relations
for first-order transition due to the spike effect [35]. Thus, the
transformation mass fraction method (TF_MB) based on M-B
curves is adopted to estimate 4S,, of the sample with x=0.10
[36—38]. The value is calculated by:

ASm = Af+AS; = (f(T, Bf) —f(T, Bi)> .AS; 2)

A4S, is the total entropy change of complete transition that can be
estimated by DSC data [20]. And f(T, B), the mass fraction of
orthorhombic structure, can be given from the formula below by
assuming the magnetization is proportional to the mass fraction of
hexagonal and orthorhombic phases,

Mexp(T, B) — My(T, B)

M, (T,B) — My(T,B) 3

f(T,B) =

where Mexy(T, B) is the measured magnetization at a given
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temperature and magnetic field shown in Fig. 4c. And My(T, B) and
My(T, B) represent the magnetization of pure hexagonal and
orthorhombic phases, respectively. It is well known that My(T, B) of
the ferromagnet depends on both the field and temperature [39].
Here, we only concentrate on the narrow temperature range
around T; where My(T, B) just varies slightly (the details shown in
Supplementary Materials, Fig. S4). Thus for simplicity, My(T, B) is
extracted from a linear extrapolation of the magnetization curve
recorded at 207 K. Due to the rapid change of magnetization at low
fields, the data below 1.0 T is excluded to guarantee the validity of
the magnetization value. This approximation is also adopted to
achieve the magnetization of the pure hexagonal structure with PM
state which is determined by linearly extrapolating the M-B curve
at 232 K. Based on this, the field dependence of the mass fraction of
the orthorhombic phase at different temperatures are calculated
and shown in Fig. 5b. Combined with 4S; that is calculated to be
about —57.5 Jkg 'K~!, 4S,, estimated by the TF_MB method for a

x=0.10
TF_MRB VMethod:
05T

(a) q
[ Maxwell relation: ]
—a— 01T
——02T
30F ——03T
—v—04T
——osT

AS,_ (Jkg'K™")

L L L
215 220 225 230

Temperature (K)

L
210 235

field change of 0—5T as a function of the temperature is shown in
Fig. 5a. When the temperature is below M and in the region where
two structures coexists, the values of 4S, gradually deviates from
those obtained from the Maxwell relation. Nevertheless, a
maximum value of —28.9 Jkg~ 'K~ is still obtained at 221 K.

Large A4Sy, is desirable for magnetic refrigeration but only the
reversible contribution to the MCE is reliable. In MnMX alloys, the
giant 4S;; has been extensively reported while the drawback of its
irreversibility has been seldom proposed. For most MnMX alloys,
due to a large ATyys, the MST cannot be induced by cyclic magnetic
field, resulting in a low reversible 4S,,. However, for the optimized
sample with x=0.10, we will present that the realization of low
AThys can greatly improve the reversibility of magnetic-field-
induced MST as well as large MCE. Fig. 6a shows two cyclic M-B
curves. The data were recorded in two field cycles isothermally for
each measured temperature. Focusing on the second cycle, the
sample still displays an obvious magnetic-field-induced first-order

80

—=—228 K——226 K——225 K——{224 K

—+—223K—<+—22K——21K

Transformation mass fraction ( % )

Fig. 5. (a) Magnetic entropy change 4S,, as a function of temperature under different field change estimated by Maxwell relation. The discrete green stars denote the 4S,, under
0-5T field variation obtained by TF_MB method. (b) The transformation mass fraction of the orthorhombic phase as a function of magnetic field during the first cycle. The grey part
is excluded due to the numerical instability below 1T. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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MST from the hexagonal to the orthorhombic phase which is
manifested by a large magnetic hysteresis. In the subsequent cycles,
the M-B curves almost overlap with that of the second cycle (See
Supplementary Materials, Fig. S5a), indicating a reversible
magnetic-field-induced MST. During the increasing field sequence
of the second cycle, the magnetization under low field is clearly
higher than that during the first cycle. It implies that parts of the
magnetic-field-induced orthorhombic phase remains after
decreasing the field to zero in the first cycle, while the rest that
transforms back to the hexagonal phase can be reproducibly
induced by the magnetic field again. This partial reproducible field-
induced MST gives rise to the reversible 4S;;, which can be esti-
mated by the TF_MB method. Fig. 6b and c show the evolution of
mass fraction of orthorhombic phase under two magnetic cycles and
the corresponding reversible 4S;, under the magnetic field variation
of 0—5T. There already exists a small number of orthorhombic
phase at the start field (1 T) of the first cycle around T;. While at the
initial point of the second cycle, the mass fraction of orthorhombic
phase increases and it originates from residual orthorhombic phase
upon the removal of field during the first magnetic cycle. With
renewed application of magnetic field, for example, the mass frac-
tion can be transformed from 10.9% to 34.6% at 223 K. During this
magnetization process, about 23.7% of orthorhombic phase is
induced as the reversible part, and it brings about reproducible
magnetoresponsive effects. At 222 K, the maximum reversible 4S,
of —18.6 Jkg~'K~! is achieved. This large value keeps stable in the
subsequent cycles (See Supplementary Materials, Fig. S5c). And as
shown in Fig. 6d, the magnetic hysteresis loss, which is detrimental
to the efficiency of magnetic refrigeration, is reduced during the
second field cycle due to the minor loop [19,38]. However, it is
essential to further suppress the hysteresis loss to improve the po-
tential of Mnj_xFe,xNij_xGe as magnetic coolant.

3.5. The origin of low thermal hysteresis

Geometrically nonlinear theory of martensite and the kinematic
compatibility have been exploited as a useful strategy tuning
phase-transforming materials to low thermal hysteresis and better
functional fatigue properties [31,32,40—44]. From the crystallo-
graphic theory of martensite, the geometrical compatibility can be
improved significantly and the hysteresis is greatly reduced if \p =1
where }; is the principal middle eigenvalue of the transformation
stretch tensor U [40,41,44]. This theory has been successfully used
to explain the low ATpys in Heusler as well as Ti-Ni-based alloys
[6,31,32,38,40,41,43], but whether it can be applied to MnMX sys-
tem was up to now unexplored. Here, we introduce this theory to
the hexagonal MnMX system in which a typical thermoelastic
martensitic transition occurs.

According to the crystal relation between orthorhombic and
hexagonal structures, the 3 x 3 transformation stretch tensor U is
given as below (the detail shown in Supplementary Materials):

& 0 0
ap
Co
U=(0 — 0 4
3ar (4)
o o &
Ch

The transformation stretch tensor is diagonal and the universal
eigenvalues should be: A; = bo/an < 1, A2 = ¢o/( 3ap) and A3 = a,/cp > 1,
since the MST is accompanied by a large elongation of the a axis and
contraction of the b axis of the orthorhombic phase [17]. To accu-
rately obtain the value of A, the sample was cooled to a tempera-
ture, at which the hexagonal and the orthorhombic phases coexist,
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Fig. 6. (a) M-B curves measured during the first (solid line) and second (dashed line) cycle at different temperatures. (b) The evolution of mass fraction of orthorhombic phase under
two magnetic field cycles. (c) The 4S,, under the magnetic field variation of 0—5 T by TF_MB methods during first and second cycles. The 4S,, during second cycle is reversible. (d)
Magnetic hysteresis loss under the magnetic field variation of 0—5T during first and second cycles.
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Fig. 7. The relationship between A, and 4Ty in MnMX alloys. The numbers in the
square brackets are the reference numbers [45,46,47,48,49,50].

then XRD measurements were carefully carried out (shown in
Fig. S5). The refinement of the XRD patterns indicates that
an,=4.09124A and c¢;,=5.34767 A for hexagonal phase, while
ao=6.00257 A, bo=3.74432 A and c,=7.09454A for the ortho-
rhombic phase. According to Eq. (4), A» is 1.00117 which is very close
to 1. This small value of | 1-A; | indicates that the geometric
compatibility of two phases is improved, leading to the realization of
low ATpys in the Mng oFep2NipoGe sample. Fig. 7 further shows the
relationship between A and ATjys. It can be indeed found that ATpys
in MnMX alloys gradually increases when A, deviates from 1.
Generally, the geometrically nonlinear strategy proves that the 4Tyys
in MnMX system is determined by the lattice parameter change
along the c axis in the orthorhombic phase and a negligible change
will result in a low ATy, such as that in this work.
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Moreover, the MST with low A4Tyys is not just observed in a single
composition, i.e. Mng gFe2Nigg9Ge, but tunable in a wide temper-
ature region covering room temperature. Fig. 8a shows the M-T
curves for Mng gFeg >Nig oGe1-ySiy (y =0, 0.03, 0.05 and 0.10) alloys,
which were prepared by the same method mentioned in the
experimental part. The introduction of Si increases T; to be higher
than room temperature and keeps A4Tyys nearly unchanged simul-
taneously. The values of ATyys for the samples with y =0.03, 0.05
and 0.10 are 5.7, 4.6 and 4.5 K, respectively. As presented in Figs. 7
and 8b, the obtained low values of ATy are also attributed to 4>
near one. Thanks to the low 4Ty the MSTs in these Si-doped
samples can be induced by cyclic magnetic field (Fig. 8c, Fig. S7a
and Fig. S7b in Supplementary Materials) and the corresponding
maximum values of reversible 4S;;, under a magnetic field variation
of 0—5T increase to —22.8, —22.1 and —24.3 Jkg_'K~! for samples
y=0.03, 0.05 and 0.10, respectively (shown in Fig. 8d).

Fig. 9 shows the reversible 4S;; for some well-known magne-
tocaloric materials. Clearly, the reversible A4S, in MnggFeg .
Nig 9Ge1.Siy (y =0, 0.03, 0.05 and 0.10) alloys is comparable with
Ni-Mn-based Heusler alloys and La-Fe-Si alloys under a field
change of 0—5T. Nevertheless, it is necessary to point out that
under a low field change of 0—2T, or 0—1T used in magnetic
refrigerator prototypes, the reversible MCE in MnMX would
degrade sharply (shown in Fig. S8 in Supplementary Materials).
Therefore, enhancing the sensitivity of T; to magnetic field and
further minimizing ATyys would be the next step to improve the
magnetocaloric performance of MnMX alloys towards practical
applications in the future.

4. Conclusion

In summary, we have investigated crystalline structures, mi-
crostructures, magnetic properties, transformation behavior and
magnetocaloric performance in the low-hysteresis MnNiGe-based
system. When Fe is simultaneously introduced into both Mn and Ni
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Fig. 8. (a) M-T curves for MnggFeq2Nig9Ge1.,Siy (y =0, 0.03, 0.05 and 0.10) alloys. (b) A, and ATy for Mng gFeg 2Nig 9Gey.,Siy alloys. (c) Two cyclic M-B curves for sample y = 0.10
around T,. (d) Reversible 4S,, under the magnetic field variation of 0—5T for samples y = 0.03, 0.05 and 0.10.
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Fig. 9. A statistical graphic of absolute values of reversible 4S,, under 5T versus peak
temperature for well-known magnetocaloric materials. The numbers in the square
brackets are the reference numbers [51,52,53,54,55,56,57,58,59].

sites in MnNiGe alloys, a decrease of T; and the evolution of ferro-
magnetism of the orthorhombic phase lead to the achievement of a
stable magnetostructural transformation. Through tuning of the
composition, a low A4Tpys of 52K together with a large 4AM of
62.1 Am2/1<g is obtained in MnggFe(2NipgGe. Due to these opti-
mizations, a partial field-induced MST can reversibly be triggered.
Therefore, a reversible magnetocaloric effect with a maximum
value of —18.6 Jkg 'K ™! is realized with a field variation of 0—5T.
This is the largest value reported in the MnMX system and com-
parable with many other famous magnetocaloric materials. The
observed low ATpys in this work is explained based on geometri-
cally nonlinear theory of martensite. Our calculations show that
low ATpys can be achieved when the lattice parameter change along
the c axis in the orthorhombic phase is small. Furthermore, the MST
with low 4Tyys can be tuned by Si-doping. Therefore, a large
reversible MCE can be achieved in a wide range of temperatures
covering room temperature. Our work greatly develops the po-
tential of Mn_FepxNixGe1.,Siy as a magnetic refrigerant and may
open up a way to seek a MnMX alloy exhibiting low hysteresis.
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