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Abstract
The phase transitions in MnNiGe compounds were explored by manipulating the heat treatment
conditions and through hydrostatic pressure application. As the quenching temperature
increased, both the first-order martensitic structural transition temperatures and magnetic
transition temperatures decreased relative to those in the slowly-cooled samples. When the
samples were quenched from 1200 ◦C, the first-order martensitic structural transition
temperature lowered by more than 200K. The structural transitions also shifted to lower
temperature with the application of hydrostatic pressure during measurement.
Temperature-dependent x-ray diffraction results reveal that the changes of the cell parameters
resulting from the structural transitions are nearly identical for all samples regardless of the
extensive variation in their structural transition temperatures. In addition, neutron scattering
measurements confirm the magnetic structure transition between simple and cycloidal spiral
magnetic structures.

Keywords: material design, phase transition, high pressure magnetism

1. Introduction

Due to the need to develop energy-efficient and climate-
friendly temperature control devices, the research of magnetic
cooling applications and the associated materials exhibiting
magnetocaloric effects have drawn increasing attention. On
the one hand, the effort of searching for magnetic materi-
als with giant magnetocaloric effects resulting from coupled

∗
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magneto-structural phase transitions has grown [1–9]. On the
other hand, an increasing effort has been put on understanding
the causes of magnetic and structural phase transitions inmany
magnetic materials, including Gd5SixGe4−x [10, 11], Ni–Mn-
based full Heusler alloys [12–22], and intermetallic MnTX (T
= transition metal and X = Ge) systems [23–26].

Among thematerials mentioned above, intermetallicMnTX
systems are of interest because their abrupt volume modific-
ations across first-order martensitic structural transitions dir-
ectly results in giant magnetocaloric and barocaloric effects.
The current work focuses on MnNiGe, which crystallizes in

1 © 2024 IOP Publishing Ltd
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Figure 1. Progression of magnetic and structural phase transitions
in MnNiGe samples prepared by slowly cooling after the melt.

a TiNiSi-type orthorhombic martensite phase (space group:
Pnma) with a cycloidal spiral antiferromagnetic structure
below 245K. As the temperature increases above 245K, its
magnetic structure transforms to a simple spiral antiferromag-
netic structure until it reaches its Néel temperature at 352K.
During this spiral magnetic transition, the direction of the
propagation vector remains the same but the rotation plane of
the magnetic elements change as illustrated in figure 1. As the
temperature continues to increase, its crystal structure trans-
forms from a TiNiSi-type orthorhombic martensite paramag-
netic phase to a Ni2In-type hexagonal austenite paramagnetic
phase (space group: P63/mmc) above 474K [25–27]. The pro-
gression of the magnetic and structural transitions is illustrated
in figure 1.

Previous reports indicate that the magnetic transitions and
martensitic structural transitions in MnNiGe can be con-
trolled through substitution at the Mn [28–39], Ni [27, 33,
37, 40–45], or Ge [46–48] sites. Alternatively, stoichiometry
modification [49], pressure application [24, 38, 44], or rapid
solidification [50] can also affect the structural and mag-
netic phase transitions considerably without introducing other
elements or even without modifying the composition. In

addition, heat treatments have also been proven to be an
effective way to modify the phase transitions, which has been
demonstrated in similar materials such as Mn1−xCoxNiGe
[40, 41], MnCoGe [51], (MnNiSi)0.65(Fe2Ge)0.35 [52], and
(MnNiSi)0.62(FeCoGe)0.38 [53]. However, heat treatment
methods and associated pressure-induced effects have not
been investigated systematically in MnNiGe compounds, in
which the magnetic and structural transitions are decoupled.
It is known that the magnetostructural transitions often coin-
cide with large magnetocaloric effects that can be exploited in
magnetic cooling technologies. Therefore, the motivations for
this study are centered on exploring the relationship between
magnetic, structural, and/or magnetostructural transitions
near room temperature in MnNiGe through the application
of thermal/quenching techniques and/or the application of
hydrostatic pressure.

In the current work, MnNiGe samples were first synthes-
ized by melting elemental Mn, Ni, and Ge together, and then
portions of this sourcematerial were further processed through
annealing, quenching, and/or slow-cooling. The properties of
their phase transitions in response to temperature, hydrostatic
pressure, and magnetic field were investigated. As a result,
both magnetic and structural phase transitions were preserved
in all the samples. However, increasing the quenching temper-
ature drastically decreased the first-ordermartensitic structural
transition temperature (>200K) and decreased the magnetic
transition temperatures to a lesser degree (<50K). When the
sample was quenched at 1200 ◦C, i.e. the upper temperat-
ure limit of the sealed quartz tubes used in this study, the
lowest first-order martensitic structural transition temperat-
ure (329K) was observed, whereas the highest one (474K)
occurred for the samples cooled slowly from 1100 ◦C at
30 ◦C h−1. In addition, two of the samples with lower struc-
tural transitions were selected for temperature-dependent
magnetization measurements under hydrostatic pressure
application. As the hydrostatic pressure increased, the first-
order martensitic structural transition temperatures decreased.

2. Sample preparation

The MnNiGe samples were prepared by weighing equiatomic
amounts of high purity Mn (99.95%), Ni (99.95%), and Ge
(99.999%) elements inside alumina crucibles, whichwere then
sealed in quartz tubes under vacuum. The materials were then
heated to 1100 ◦C and dwelled for 12 h. After naturally cool-
ing down, they were crushed easily with an agate mortar and
pestle. To promote the homogeneity of their chemical compos-
itions, the crushedmaterials were heat treated again at 1100 ◦C
for another 12 h, and then cooled from 1100 ◦C to room tem-
perature at 30 ◦C h−1. The resulting 30 g sample was labeled
as SC1100, where ‘SC’ stands for ‘slowly cooled’, and served
as the source ingot for preparing the other samples.

For different heat treatments, parts of the source sample
were placed in alumina crucibles and then sealed in quartz
tubes under vacuum. The samples were separately heated to
1000 ◦C, 1100 ◦C, and 1200 ◦C for 12 h (labeled as AQ1000,
AQ1100, and AQ1200, respectively), and then quenched.
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Figure 2. Heat flow results on MnNiGe. First-order phase transitions due to the melting/crystallization are observed between 900 ◦C and
1050 ◦C with thermal hysteresis.

Table 1. The heat treatment conditions of the samples and their corresponding properties.

Label Heat treatment (◦C) Spiral trans.a (K) Néel Temp.a TN (K) Struct.b trans. (K) a (Å) b (Å) c (Å) vol./f.u.c (Å3)

SC1100 1100 (slowly cooled) 245 352 474 6.041 3.717 7.078 39.734
AQ1000 1000 (quenched) 235 349 400 6.026 3.720 7.067 39.605
AQ1100 1100 (quenched) 221 345 371 6.021 3.720 7.062 39.540
AQ1200 1200 (quenched) 200 — 329 6.015 3.719 7.055 39.457
a Magnetic phase transition temperatures were obtained from the magnetization experiments shown in figure 3.
b The first-order martensitic structural transition temperatures were extracted from the magnetization and calorimetric results shown in figure 3.
c The cell parameters, i.e. a, b, c, and volume, were estimated from powder diffraction experiments performed at 100 K and the results are shown in figure 7.

The heat treatment conditions of all the samples and their
respective properties are summarized in table 1. These quench-
ing processes have been commonly applied to metallic mater-
ials so that atomic disorder in their liquid configuration could
be preserved at room temperature [54].

Composition analyses were performed using an Epsilon
3XLE, benchtop energy-dispersive x-ray fluorescence spec-
trometer manufactured by Malvern Panalytical Ltd The res-
ults reveal the composition to be Mn32.3Ni34.4Ge33.1 for all the
samples.

3. Thermal analysis

The formation of the MnNiGe compound was explored using
a simultaneous differential scanning calorimeter (DSC) and
thermogravimetric analysis device (model: SDT Q600 man-
ufactured by TA instruments, Inc.). The heat flow experiment
of MnNiGe SC1100 was performed by sweeping the temper-
ature up to 1100 ◦C and back to room temperature as shown in
figure 2. A first-order phase transition peak due to crystalliza-
tion/melting was clearly observed around 1000 ◦C. For those
samples with non-magnetic first-order martensitic structural
transitions above 400K, calorimetric experiments were per-
formed to locate their respective transition temperatures with a
scanning rate of 2 ◦Cmin−1 back and forth for multiple cycles.
These results along with their corresponding magnetization
measurements will be presented in section 4.

4. Magnetization results

Magnetization measurements at ambient pressure and at
applied hydrostatic pressure were obtained using a magnetic
property measurement system with the reciprocating sample
option manufactured by Quantum Design. All iso-field mag-
netizationmeasurements were executed in a constant magnetic
field of µ0H= 0.1 T with a scanning rate of 2K min−1 from
100K to 400K5 back and forth for multiple cycles follow-
ing the conventional field-cooled-warming and field-cooled-
cooling protocols.

4.1. Ambient pressure results

The isofield, temperature-dependent magnetization measure-
ment data shown in figure 3 were collected at ambient pres-
sure. First-order martensitic structural transitions with thermal
hysteresis characteristics were observed for the quenched
samples as well as for the slowly-cooled source sample
SC1100, which shows magnetic and structural transitions
close to those reported previously [25–27].

The first-order martensitic structural transition temperat-
ures extracted from the temperature-dependent magnetization
results and the calorimetric results are tabulated in table 1.
Increasing quenching temperatures drastically decreased the

5 The high-temperature limit of the magnetometer is 400K.
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Figure 3. Temperature-dependent magnetization measurements of
all MnNiGe samples were performed by following conventional
field-cooled-warming and field-cooled-cooling protocols with
µ0H= 0.1 T. Additional calorimetric experiments were performed
for samples SC1100 and AQ1000, and are shown in the upper right
side of this figure because their first-order martensitic structural
transitions occurred above 400K. The temperature sweeping
directions are denoted by arrows in the magnetization results of
sample AQ1200 and calorimetric results of sample SC1100. The
first-order martensitic structural transition shifted to lower
temperature as the quenching temperatures increased.

first-order martensitic structural transition temperatures while
it concurrently decreased the magnetic transition temperatures
of the martensitic phase. When the sample was quenched at
1200 ◦C, the first-order martensitic structural transition tem-
perature occurred at the lowest temperature (329K) of all
samples. On the other hand, the highest structural transition
(474K) was observed for the sample cooled slowly from
1100 ◦C. The phase diagram shown in figure 4 summarizes the
effects of quenching temperature on both first-order martens-
itic structural transitions andmagnetic transitions based on our
experimental results. Although it was not observed here, the
complete absence of the first-ordermartensitic structural trans-
ition is expected if a sufficiently high quenching temperature is
achieved. In that case, only the Ni2In-type hexagonal austen-
ite phase would be observed with its second-order magnetic
phase transition, similar to those reported in [51–53]. These
quenching processes have been commonly applied to obtain
metallic materials with reduced long-range atomic ordering
[54]. A reduction of long-rang ordering often results in a sup-
pression of magnetic and structural ordering, meaning reduced

Figure 4. A phase diagram illustrating the relationship between
quenching temperatures and transition temperatures in MnNiGe.
The first-order martensitic structural transition temperatures are
denoted by solid lines, while magnetic transition temperature are
shown as dashed lines.

transition temperatures or the complete elimination of a phase
transition [54, 55].

4.2. Hydrostatic pressures results

It is known that the structural transition temperatures in
MnNiGe prepared by cooling slowly from the melt decrease
under hydrostatic pressure [24]. Here, a similar decrease
in the structural transition temperature was observed as the
quenching temperature increased. To explore this temperature
shift phenomenon further, samples AQ1100 and AQ1200 with
lower structural transition temperatures were selected for the
experiments under hydrostatic pressure. Magnetization meas-
urements under hydrostatic pressure were performed using a
commercial BeCu cylindrical pressure cell manufactured by
HMD Inc [56, 57]. Daphne 7373 oil was used as the pressure
transmitting medium. The magnitude of the applied pressure
was calibrated by measuring the shift of the superconducting
transition temperature of Sn, which was placed in the cell with
the sample.

The temperature-dependent magnetization results for
samples AQ1100 and AQ1200, which were measured at
ambient pressure and the indicated applied pressures with
µ0H= 0.1 T, are shown in figure 5. With increasing hydro-
static pressure, the magnetic spiral transitions shifted to
higher temperature while the structural transition temper-
atures decreased. In the pressure range we explored, the
linear decreasing rates of the first-order martensitic struc-
tural transition temperatures are −7.1K kbar−1 for samples
AQ1100 and−6.5K kbar−1 for sample AQ1200. Comparable
results of the decreasing first-order martensitic structural
transition temperatures via pressure application were also
observed in Cr-doped and Ti-doped MnNiGe [28–30] as
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Figure 5. The temperature-dependent magnetization data of MnNiGe samples AQ1100 and AQ1200 measured following conventional
field-cooled-warming and field-cooled-cooling protocols at ambient pressure and the indicated applied pressures with µ0H= 0.1 T.

Table 2. The rate of decrease of the first-order martensitic structural transition temperatures via pressure application.

Composition Heat treatment (◦C) Struct. trans. rate (K kbar−1) Reference

MnNiGe 1100 (quenched) −7.1 this work
MnNiGe 1200 (quenched) −6.5 this work
MnNiGe 800 (slowly cooled) −11.1 [24]
Mn0.89Cr0.11NiGe 850 (quenched) −4.6 [28]
Mn0.96Cr0.04NiGe 850 (slowly cooled) −5.3 [29]
Mn0.89Cr0.11NiGe 850 (slowly cooled) −4.6 [29]
Mn0.82Cr0.18NiGe 850 (slowly cooled) −4.8 [29]
Mn0.75Cr0.25NiGe 850 (slowly cooled) −5.3 [29]
Mn0.95Ti0.05NiGe unknown −5.2 [30]

shown in table 2. The spiral magnetic transition temperatures
increased at rates of +4.8K kbar−1 for sample AQ1100 and
+3.8K kbar−1 for sample AQ1200, as illustrated in figure 6.
As observed commonly in other MnTX materials which
show the martensitic structural transition from a TiNiSi-type
orthorhombic to a Ni2In-type hexagonal [51–53] structure, it
is likely that the first-order martensitic transition will no longer
occur (i.e. completely disappears) when sufficiently high

pressure is applied, or when quenched from sufficiently high
temperature.

5. X-ray crystallography

The crystal structures of the MnNiGe samples were iden-
tified using powder x-ray diffraction (XRD) measurements,
which were performed at the National Synchrotron Radiation
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Figure 6. Presure vs. martensitic structural transition temperature
and spiral magnetic transition temperature of MnNiGe samples
AQ1100 and AQ1200. The rate of change of the structural transition
temperatures are −7.1K kbar−1 for AQ1100 and −6.5K kbar−1 for
AQ1200, whereas those of the spiral magnetic transitions are
+4.8K kbar−1 for AQ1100 and +3.8K kbar−1 for AQ1200.

Research Center (NSRRC, Taiwan) on beamline TPS-19A
with wavelength 0.619 92Å at T = 100K. To minimize
the induced stress due to pulverizing, these samples were
thermally cycled across their respective structural transitions
repeatedly until they spontaneously fractured into powders
[58, 59].

5.1. XRD at 100 Kelvin

The XRD results at T = 100K for all samples in figure 7
confirm the highly crystallographic purity of the TiNiSi-type
orthorhombic martensite phase. The respective lattice para-
meters and cell volumes of the major phases are tabulated in
table 1, which were obtained by using general structure ana-
lysis system (GSAS) software [60–63]. As the quenching tem-
perature increased, the cell volumes per MnNiGe formula unit
decreased. As the volumes decrease, the first-order martens-
itic structural transition temperatures decrease, which has been
commonly observed in MnTX-type materials [51–53] because
the Ni2In-type hexagonal austenite phase is known to have
a smaller volume than that of the TiNiSi-type orthorhombic
martensite phase.

5.2. XRD across the structural transition

To identify the crystal structure changes across the first-order
martensitic structural transitions, we performed temperature-
dependent XRD experiments. It is known that the TiNiSi-type
orthorhombic martensite phase can be considered as a distor-
tion of the Ni2In-type hexagonal austenite phase through the
relations [23]

Figure 7. Powder x-ray diffraction results of MnNiGe samples at
100K for different thermal treatments. The highly crystallographic
purity of the TiNiSi-type orthorhombic martensite phase was
verified by these results. For comparison, the simulation pattern of
the TiNiSi-type orthorhombic structure is shown in the top panel.

Figure 8. The illustration of the first-order martensitic structural
transition between the TiNiSi-type orthorhombic martensite phase
and the Ni2In-type hexagonal austenite phase drawn in a polyhedral
view by VESTA [64]. A structural deformation occurs along aorth
(i.e. chex) and borth (i.e. ahex) during the structural transitions.

aorth ↔ chex
borth ↔ ahex

and corth ↔
√
3ahex.

This distortion is illustrated in figure 8. Based on these trans-
formations, the crystal parameters/volume across the first-
order martensitic structural transitions of all the samples
are presented in figure 9. As the temperature increased
through the structural transitions, a distortion from the low-
temperature TiNiSi-type orthorhombic martensite phase to
the high-temperature Ni2In-type hexagonal austenite phase
occurred with a 10.4% reduction along aorth and 7.5% expan-
sion along borth, as shown in figure 9. The changes in cell
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Figure 9. Cell volumes/parameters for all the MnNiGe samples obtained from temperature-dependent XRD. It is observed that the changes
in cell parameters/volumes due to the first-order martensitic structural transitions for these four samples remain nearly identical, ≈1.8%,
although these structural transitions occurred at different temperatures.

volumes across the first-order martensitic structural transitions
for these samples are nearly the same (≈1.8%) although their
transition temperatures are significantly separated, compar-
able to previously reported results [25].

6. Entropy estimate

The total entropy across first-order transitions can be estimated
by using the Clausius-Clapeyron relation [65]

∆S0→P =
∆V

∆Tstruct./∆P

if ∆Tstruct./∆P and ∆V are known, where ∆Tstruct./∆P is the
rate of change of the first-order martensitic structural trans-
ition temperatures with the hydrostatic pressures. The volume
changes across the first-order martensitic structural transition
are 1.8% from section 5.2 and the linear rates of change of
the first-order martensitic structural transition temperatures
from section 4.2 are∆Tstruct./∆P=−7.1Kkbar−1 (AQ1100),
and −6.5K kbar−1 (AQ1200). With these experimental res-
ults, we found ∆S≈ 36 J (kg ·K)−1 for sample AQ1100,
and 40 J (kg ·K)−1 for sample AQ1200. This entropy sug-
gests the possibility of a substantial barocaloric effect (up to
40 J (kg ·K)−1) for this sample.

7. Magnetic structures analysis

Previously reported neutron diffraction experiments revealed
that slowly-cooled orthorhombic MnNiGe has a simple spiral
antiferromagnetic structure at room temperature which trans-
forms to a cycloidal spiral antiferromagnetic structure below
245K [25, 26, 32, 45, 66, 67]. However, the dependence of
these magnetic structures on the synthesis conditions is relat-
ively unknown, such as the effect of quenching, as was applied
in the current study. Hence, our quenched sample AQ1200 and
slowly-cooled sample SC1100 were chosen to perform time-
of-flight experiments on the POWGEN diffractometer at the
Spallation Neutron Source, Oak Ridge National Laboratory,
USA [68]. The experiments were performed at 300K and
100K for these two samples. The experimental results are
shown in figure 10 as black circles for samples (a) SC1100
at 300 K, (b) SC1100 at 100K, (c) AQ1200 at 300K, and (d)
AQ1200 at 100K.

To determine the nuclear and magnetic structures of the
samples, Rietveld refinements were performed using the pro-
gram FullProf using the conical magnetic model which is
commonly used to describe spiral magnetic structures [45,
69, 70], and assuming that only Mn atoms carried magnetic
moments. The refinement results are shown in figure 10, in
which the circles are observed data, the solid lines are calcu-
lated data, the vertical bars represent the Bragg positions of
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Figure 10. Rietveld refinements of the neutron diffraction patterns for samples (a) SC1100 at 300K, (b) SC1100 at 100K, (c) AQ1200 at
300K, and (d) AQ1200 at 100K. The black circles and solid red lines are the results from the observation and calculations, respectively. The
vertical bars represent the Bragg positions of the proposed nuclear (blue) and magnetic (brown) structures in the orthorhombic martensite
phase. The bottom green lines are the differences between observed and calculated data. For all the cases, the propagation vectors along the
orthorhombic a-axis were found. The refinements suggest a simple spiral antiferromagnetic structure at 300 K and a cycloidal spiral
antiferromagnetic structure at 100K for both samples SC1100 and AQ1200.

their corresponding nuclear and magnetic structures, and the
bottom solid lines show the difference between observed and
calculated data. The refinement suggest that the propagation
vectors were along the orthorhombic a-axis regardless of the
heat treatments and experimental temperatures. A cycloidal
spiral antiferromagnetic structure with the propagation vec-
tor τ∥aorth = 0.20 was found at 100 K for both samples, while
a simple spiral antiferromagnetic structure with the propaga-
tion vector τ∥aorth = 0.24 was found at 300K for both samples.
These findings were consistent with other reports [25, 32, 45,
66, 67] for samples prepared through slowly-cooling. Other
than the differences of their lattice parameters, no obvious
changes of the magnetic structures were observed between the
two samples under different heat treatments based on our neut-
ron patterns analysis.

8. Conclusions

The structural and magnetic properties of MnNiGe upon
the systematic variation of heat treatment conditions and
hydrostatic pressure application were studied. In the sample

quenched from 1200 ◦C, the first-order martensitic structural
transition between the TiNiSi-type orthorhombic martens-
ite phase and the Ni2In-type hexagonal austenite phase
decreased drastically (>200K) compared to the samples
that were cooled slowly. As the materials were quenched
from higher temperatures, the first-order martensitic struc-
tural transition temperatures reduced, and is expected to be
completely absent if higher quenching temperatures could be
reached. Similarly, as applied hydrostatic pressures increased,
the structural transition temperatures decreased linearly by
rates up to −7.1K kbar−1, and presumably for sufficiently
high pressures, only the Ni2In-type hexagonal austenite phase
with a second-order magnetic transition will be present.
Although the shifts of the phase transition temperatures
due to the heat treatment were clearly observed, the neut-
ron scattering results suggest little to negligible effects on
their magnetic structures. With respect to possible mag-
netocaloric applications, our findings demonstrate that the
proper heat treatment, pressure application, or both can
induce the occurrence of magnetostructural transitions at room
temperature. In addition, based on the Clausius-Clapeyron
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relation and our experimental results, an entropy change
due to the barocaloric effects up to 40 J (kg ·K)−1 is
possible.

Data availability statement

The data cannot be made publicly available upon publication
because they are not available in a format that is sufficiently
accessible or reusable by other researchers. The data that sup-
port the findings of this study are available upon reasonable
request from the authors.
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