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Tuning martensitic transitions in (MnNiSi)q ¢5(Fe>Ge)o 35 through heat

treatment and hydrostatic pressure

Jing-Han Chen,"® Ahmad Us Saleheen, Sunil K. Karna,' David P. Young,'
Igor Dubenko,? Naushad Ali,? and Shane Stadler’
1Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803, USA

2Department of Physics, Southern Illinois University, Carbondale, Illinois 62901, USA
(Received 9 August 2018; accepted 1 November 2018; published online 28 November 2018)

A first-order magneto-structural transition from a ferromagnetic orthorhombic TiNiSi-type martensite
phase to a paramagnetic hexagonal Ni,In-type austenite phase was observed in (MnNiSi)g ¢5(Fe,Ge)o 3s.
In this work, we demonstrate that the first-order magneto-structural transition temperature for a given
composition is tunable over a wide temperature range through heat treatment and hydrostatic pressure.
The first-order transition temperature was reduced by over 100 K as the annealing temperature went
from 600 to 900 °C, and this first-order transition was converted to second order when the sample was
annealed at 1000 °C. The maximum magnetic-induced isothermal entropy change with ygAH =7T
reaches —58 J/kg K for the sample annealed at 600 °C, and the relative cooling power reaches 558 J/kg
for the sample annealed at 700 °C. Similar to the influence of annealing temperatures, the first-order
martensitic transition temperatures were reduced as the application of hydrostatic pressure increased
until they were converted to second order. Our results suggest that the (MnNiSi)g ¢5(Fe,Ge)o 35
system is a promising platform for tuning magneto-structural transitions and the associated magne-
tocaloric effects. Furthermore, a similar heat treatment methodology or application of hydrostatic
pressure can be applied to MnNiSi-based shape memory alloys to tailor their working transition

temperatures. Published by AIP Publishing. https://doi.org/10.1063/1.5051551

l. INTRODUCTION

Magnetic refrigeration based on the magnetocaloric effect
(MCE) is generally considered as a potential substitution for
conventional vapor compression systems due to its predicted
high efficiency and environmental friendliness.'™ The perfor-
mance of MCE materials can be quantified as the magnetic
entropy change in an isothermal process or the temperature
change in an adiabatic process.’ The search for magnetocaloric
materials for magnetic refrigeration applications has intensified
since a giant MCE in Gds(Si,Ge)s with a first-order transition
near room temperature was discovered.'®

Intermetallic Mn7X (T = Co, Ni and X = Ge, Si) systems
have drawn increasing attention recently due to their giant
MCEs caused by first-order magneto-structural transitions from
a NipIn-type hexagonal structure (space group: P63 /mmc) to a
TiNiSi-type orthorhombic structure (space group: Pnma)."' ™"
Considerable interest has been drawn to the MnCoGe-based
and MnNiGe-based systems in the context of MCEs because
of their martensitic transitions near room temperature that can
be tuned by stoichiometry modification, substitution of foreign
atoms, doping with interstitial atoms, vacancy tuning, or pres-
sure application.'"™' Regarding MnNiSi, single-element sub-
stitution is not sufficient to bring its extremely high structural
transition temperature (1200 K) down to room temperature,*”>>
Alternatively, chemically alloying MnNiSi with another ternary
compound in a stable NiyIn-type crystal structure, such as
FeNiGe, CoNiGe, FeCoGe, or MnFeGe, has succeeded in
reducing the first-order magneto-structural transitions to room
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temperature.>*’ Furthermore, these MnNiSi-based magneto-
caloric materials are reported to be sensitive to minor variations
in composition and hydrostatic pressure.*®** Such properties
provide additional degrees of freedom and thermodynamic
flexibility for designing multifunctional applications.

It has been previously reported that the martensitic transi-
tion temperatures of (MnNiSi);_,(Fe,Ge), alloys shift from
490K to 100K as the degree of Fe,Ge substitution varies from
x = 0.28 to x = 0.38.%®* In the current work, polycrystalline
samples of (MnNiSi)y ¢s(Fe,Ge)ogss were prepared and heat
treated at temperatures ranging from 600 °C to 1000 °C before
quenching. Their first-order martensitic transitions shifted to
lower temperatures as the annealing/quenching temperatures
increased from 600 °C to 900 °C. The first-order martensitic
transition was then converted to second order for an anneal-
ing/quenching temperature of 1000 °C. The maximum mag-
netic entropy change (AS,,,) at 7T was —58 J/kg K for the
sample annealed at 600 °C, and the relative cooling power
estimated by the product of AS,,,, and the full width at half
maximum of the entropy & FWHM40’4'

RCP = ASjax X Orwam (1)
reaches 558 J/kg for the sample annealed at 700 °C.

Il. SAMPLE PREPARATION

A 30-g (MnNiSi)g¢5(Fe,Ge)pss (nominal composition)
alloy ingot was prepared from high purity Ni (99.995%), Mn
(99.95%), Si (99.9999%), Fe (99.99%), and Ge (99.999%)
elemental components by melting in a RF induction furnace
in an Ar atmosphere. After removing the sample from the

Published by AIP Publishing.
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TABLE I. The annealing temperature conditions of the samples and their corresponding properties. AS,,,; was estimated from magnetization measurements.

Relative cooling power, RCP, for 11)AH = 7 T was estimated by using Eq. (1).

Label Annealing temperature (°C) A, (K) Ar (K) M, (K) My (K) ASpar (Jkg K) RCP (J/kg) Mt [f u. (ug)
AQI1000 1000 (quench) Tc = 225.65 K (2nd order phase transition only) 2.238
AQ900 900 (quench) 199.72 221.58 221.25 174.00 -25 438 3.008
AQ800 800 (quench) 190.95 237.99 221.28 177.79 —24 471 3.057
AQ700 700 (quench) 241.67 284.78 274.53 213.17 -29 558 3.078
AQ600 600 (quench) 294.45 301.87 284.11 278.22 —58 442 3.362
SC1000 1000 (slow cool) 327.62 331.83 316.86 308.32 —45 483 3.234

furnace, the ingot was cracked into irregularly shaped pieces.
For subsequent (different) heat treatments, 3-5g of the
sample was melted again in the arc furnace to form a single
and contiguous specimen and then sealed in a quartz
tube under vacuum. All the samples in this report were
fabricated from a single bulk master alloy. The nominal
composition of the sample is (MnNiSi)g ¢5(Fe,Ge)o3s. The
final composition of the as-cast sample was measured by
using the wavelength-dispersive spectrometry (WDS)
equipped with the JEOL-8230 Superprobe and was found to
be Mnyg 7,2 Nig 50Sip.64Fe0 70Gep32. In order to confirm the
compositional homogeneity of the as-cast sample, we per-
formed the measurement in several different regions and the
compositional variation between the grains was less than
0.08 at. %, while the composition of annealed samples was
found to be the same within this variation. The samples were
annealed at 1000 °C, 900 °C, 800 °C, 700 °C, and 600 °C for
5 days (labeled as AQ1000, AQ900, AQ800, AQ700, and
AQO600, respectively) and then immediately quenched in
ice water. One piece of the as-cast ingot (labeled as
SC1000) was slowly cooled from 1000 °C for comparison
with the quenched samples. The preparation parameters
and corresponding properties of the samples used in this
work are summarized in Table I.

lll. THERMAL ANALYSIS

A simultaneous differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) (SDT Q600) manu-
factured by TA Instruments, Inc. was employed to measure
the heat flow as a function of temperature for the as-cast
ingot. The temperature was scanned from 50 °C to 1400 °C
back and forth twice in order to confirm reproducibility, as
shown in Fig. 1. The first-order phase transition with thermal
hysteresis observed from 1050 °C to 1130 °C (in Fig. 1) cor-
responds to the melting point of the as-cast ingot, and no
other transitions were observed before the ingot melted.
Therefore, the ingot presumably stabilizes in the same crystal
structure above 50 °C all the way up to the melting tempera-
ture. Taking this thermal analysis as a guideline, we then
annealed the samples at selected temperatures between 1000
°C and 600 °C before quenching or slow cooling. Since the
samples presumably all stabilize in the same crystal structure
under these annealing conditions, it was expected that the
property variations among them (shown later) come from
variations in atomic ordering within the same crystal
structure.

IV. X-RAY DIFFRACTION

To further investigate the crystal structures of these
samples, powder X-ray diffraction (XRD) was performed using
a Scintag XDS2000 powder diffractometer with Cu Ke radia-
tion at room temperature. Since these materials are sensitive
to pressure,”®>* instead of grinding the samples, the powder
samples used in XRD measurements were prepared by tem-
perature cycling the samples through their transitions until
they spontaneously broke into powders. Figure 2 shows the
XRD results for all the samples at room temperature.

Figure 2 shows that sample AQ1000 stabilizes in the
NipIn-type hexagonal structure, and the fraction of the
TiNiSi-type orthorhombic phase increases with decreasing
annealing temperature. It is known that the TiNiSi-type structure
can be regarded as an orthorhombic distortion of the Ni,In-type
hexagonal structure. The lattice parameters are related as
Aorth = Chex> Borth = Ghex, and copp = \/gahex'38 The lattice
constants and volumes from the Rietveld refinements using
General Structure Analysis System (GSAS) software**~**
are tabulated in Table II. The volumes per formula unit
and lattice constants at room temperature increase as the
annealing temperature decreases.

Although the XRD patterns for all the samples point to the
same crystal structures for the martensite and austenite phases,
we have observed a variation of the martensitic transition tem-
peratures by over 100 K from the magnetization data presented
later. Hence, the variation of the martensitic transitions among
samples presumably comes from the variation of atomic

heat flow (arb. unit)

cycle 1 - heating
cycle 1 - cooling
cycle 2 - heating
cycle 2 - cooling

0 200 400 600 800
Temperature (°C)

1000 1200 1400

FIG. 1. The heat flow data of the as-cast ingot obtained from DSC measure-
ments. The ingot melted around 1100 °C, and no first-order structural transi-
tions were observed before it melted.
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FIG. 2. Cu Ka powder X-ray diffraction patterns of all samples at room tem-
perature. The bottom panel shows the simulated TiNiSi-type orthorhombic
pattern, and the top panel shows the simulated Ni,In-type hexagonal pattern.

surroundings (which is often not easily detectable in XRD
measurements) induced by different thermal heat treatments.

To further investigate the thermo-induced structural transi-
tion in our samples, temperature-dependent XRD measurements
of samples AQ900 and SC1000 were performed at the X-ray
Science Division beamlines at the Advanced Photon Source,
Argonne National Laboratory using an X-ray wavelength of
0.41 A. The XRD patterns for both samples SC1000 and
AQ900 show the NiIn-type hexagonal martensite phase at
low temperature and the TiNiSi-type orthorhombic austenite
phase at high temperatures. Representative results for sample
AQ900 in the temperature region of the martensite (160 K)
and austenite phases (240 K) are shown in Fig. 3. The XRD
patterns were analyzed using the GSAS program following
the Rietveld profile refining method.**™** The XRD refine-
ments at 240 K and 160 K were carried out assuming a hexag-
onal structure (space group: P63;/mmc) and an orthorhombic
structure (space group: Pnma), respectively. The structural
parameters obtained from the refinements are summarized in
Table III. Figure 3 displays the observed (circles) and fitted
(solid red lines) diffraction patterns. Their differences are
plotted at the bottom along with the calculated Bragg reflec-
tions positions (solid vertical lines).

TABLE II. The lattice constants and cell volumes from the XRD refinement
of room temperature powder diffraction data.

Label Major phase aA) b (A) c(A) vol./fu. (A%)
AQI1000 NiyIn 4.023 4.023 5.161 36.164
AQ900 Ni,In 4.030 4.030 5.173 36.375
AQ800 NiIn 4.031 4.031 5.176 36.422
AQ700 NiyIn 4.034 4.034 5.180 36.519
AQ600 TiNiSi 5.821 3.685 6.879 36.896
SC1000 TiNiSi 5.825 3.685 7.015 37.642

J. Appl. Phys. 124, 203903 (2018)
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FIG. 3. X-ray diffraction patterns with (a) 7 = 240K and (b) T = 160 K for
sample AQ900 are shown with the observed (circles) and fitted (solid lines)
diffraction patterns. Their differences plotted at the bottom along with the
calculated Bragg reflection positions (solid vertical lines).

The temperature dependences of the unit cell parameters
obtained through temperature-dependent XRD measurements
are shown in Fig. 4. As the temperature increases, the
TiNiSi-type orthorhombic martensite phase at low temperature
was distorted with a reduced a,,;, and expanded b,,;, and was
consequently stabilized in the NijIn-type hexagonal austenite
phase at high temperatures. It is worth noting that the changes
in cell parameters across the martensitic transition for samples
AQ900 and SC1000 are quantitatively the same, while their
transition temperatures are separated by over 100 K.

V. MAGNETIZATION MEASUREMENTS AND
ANALYSIS

The magnetization measurements were performed using
a Magnetic Property Measurement System (MPMS)

TABLE III. Refined structural parameters for sample AQ900 at 160 K and
240 K.

T=240K
Hexagonal P63 /mmc (space group No. 194)
a=>b=403487(1) A, c = 5.17781(2) A

Atom X y z M Occupancy

Mn/Fel 0 0 0 2a 0.65/0.35

Ni/Fe2 2/3 1/3 1/4 2c 0.65/0.35

Si/Ge 1/3 2/3 1/4 2d 0.65/0.35
T =160K

Orthorhombic Pnma (space group No. 62)
a=5.81494(2) A, b =3.68199(2) A, ¢ = 7.02440(1) A

Atom X y z M Occupancy
Mn/Fel 0.0347 14 0.1813 4c 0.65/0.35
Ni/Fe2 0.1517 14 0.5566 4c 0.65/0.35
Si/Ge 0.7538 14 0.6255 4c 0.65/0.35
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FIG. 4. Lattice constants and cell volumes versus temperature for samples
AQ900 and SC1000. Note that changes in cell parameters across the mar-
tensitic transition for samples AQ900 and SC1000 are quantitatively the
same, while their transition temperatures are separated by over 100 K.

manufactured by Quantum Design within the temperature
interval 10400 K and in applied magnetic fields up to 7 T.
The isofield, temperature-dependent magnetization measure-
ments were performed using zero-field cooled warming,

AQ1000 — ) .\/1.09GPa
| AQY0 g5 Gpa/ K‘
g AQ800 — ’\ \
f=}
S
2
= | AQ700
2 117 GPa~"
e
= AQ600
0.95 GPa~"~
_______________________________ —
SC1000 0.89GPa~" |
L L L L A ST o

0 50 100 150 200 250 300 350 400
Temperature (K)

FIG. 5. The temperature-dependent magnetization of all samples in an
applied field of uyH = 0.1 T (solid lines: without pressures; dashed lines:
with pressures) measured using zero-field cooled warming, field-cooled
cooling, and field-cooled warming protocols. The arrows shown for sample
AQB800 represent the direction of measurements. With increasing annealing
temperature or hydrostatic pressure, the martensitic transition temperatures
shifted to lower temperature.
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320 T

Paramagnetic hexagonal

Transition temperature (K)

Ferromagnetic orthorhombic

! I

600 650 700 750 800 850 900

Annealing temperature (°C)

FIG. 6. The martensitic transition temperatures from magnetization measure-
ments M(T) vs. annealing temperature.

field-cooled cooling, and field-cooled warming protocols,
and the results are shown in Fig. 5.

First-order martensitic transitions with thermal hysteresis
were observed, and the transition temperatures decrease as
the annealing temperature increases up to 900 °C. For sample
AQ1000, which was quenched at 1000 °C, the first-order
martensitic transition was completely suppressed, and only a
second-order magnetic transition was observed. The start and
finish temperatures of the martensitic transition (A;: austenite
start, As: austenite finish, M;: martensite start, My: martensite
finish) were estimated from the iso-field magnetization mea-
surements at 0.1 T and are listed in Table I. Figure 6 shows
the near-linear dependence of the martensitic transition tem-
peratures with the annealing temperatures, which is similar to
that reported for MnCoGe-based materials.*’ Isothermal
magnetization measurements at 7 = 4.2 K were performed in
order to investigate the magnetization saturation and are
shown in Fig. 7.

The saturation magnetization (M,,,) values in Table I were
estimated by fitting the experimental magnetization data in

high magnetic field using the law of approach-to-saturation*®*’

a b
M:Msut 1_E_ﬁ 5
where a and b are fitting parameters. The sample AQ1000

120 ‘

g% % XX —X—x— R X

100 g3

-9 00— ¢
L% - '

80 5

AQ1000 —+
AQ900 -
AQ800
AQ700
AQ600 1
SC1000 — =

AQ600 (0.95 GPa) ——+—

0 1 2 3 4 5 6 7
Field (Tesla)

Magnetization (emu/g)

FIG. 7. The isothermal magnetization data of all samples at 7' = 4.2 K.
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TABLE IV. The magnetic moments of MnNiSi and Fe,Ge per formula unit
cell were obtained through DFT calculations using the WIEN2k software
package.

Composition Space group M (up)

MnNiSi P63 /mmc (hexagonal) 2.647
Pnma (orthorhombic) 2.884

Fe,Ge P63 /mmc (hexagonal) 3.577
Pnma (orthorhombic) 3.923

does not undergo a first-order martensitic transition and there-
fore stabilizes in the Ni,In-type hexagonal crystal structure at
4.2 K, where the others stabilize in the TiNiSi-type orthorhom-
bic structure. Therefore, the abrupt decrease of My, in
sample AQ1000 is due to the difference between magnetic
orthorhombic and hexagonal structures.

Since there are no experimental magnetization results
available for single crystals of Fe,Ge as far as the authors are
aware, density functional theory (DFT) calculations were per-
formed using the WIEN2k software package, which is based
on the full-potential augmented plane-wave plus local orbit-
als method.*® The goal was to understand the origin of the
difference between magnetic saturation moments of the
TiNiSi-type orthorhombic and the NiIn-type hexagonal
structures. The saturation magnetic moments of MnNiSi and
Fe,Ge for both the hexagonal and orthorhombic structures
were calculated based on atomic positions taken from
Table III. The moments of the hexagonal crystal structure in
both MnNiSi and Fe,Ge appear to be lower than those of the
orthorhombic crystal structure as summarized in Table IV.
Therefore, it is reasonable that the saturation magnetization
of AQI1000 is lower than the others since this sample only
forms in the hexagonal structure. It is also interesting to note
that the experimental saturation magnetization of our alloyed
compounds falls close to those of MnNiSi and Fe,Ge from
DFT calculations.

Magnetic measurements under hydrostatic pressure were
performed using a commercial BeCu cylindrical pressure
cell manufactured by Quantum Design. Daphne 7373 oil
was used as the pressure transmitting medium. The magni-
tude of the applied pressure was calibrated by measuring the
shift of the superconducting transition temperature of Pb,
which was placed in the cell with the sample as a reference
manometer. Figure 5 (dashed lines) shows the effects of
pressure on the martensitic transitions for samples AQ1000
(1.09 GPa), AQ900 (0.85 GPa), AQ700 (1.17 GPa), AQ600
(0.95GPa), and SC1000 (0.89 GPa) under the specified
hydrostatic pressures. With the specified hydrostatic pressures,
the first-order martensitic transition of samples AQ900, AQ700,
and AQ600 was completely suppressed and only second-
order magnetic transitions were observed. For sample
SC1000 under 0.89 GPa, the first-order martensitic transi-
tion remained, but the transition temperature was reduced. It
is reasonable to expect the disappearance of the first-order
martensitic transition in SC1000 if the applied pressure is
large enough. However, this applied pressure (0.89 GPa) in
SC1000 is close to the upper limit of hydrostatic pressures
allowable by the cell. Overall, the martensitic transition

J. Appl. Phys. 124, 203903 (2018)

temperatures were reduced with the increase of hydrostatic
pressures until they were completely converted to second-
order magnetic transitions, which is similar to the effects of
increasing annealing temperatures. It is worth noting that,
without martensitic transitions, the crystal remains in a
NiyIn-type hexagonal structure throughout our measurement
temperatures. Therefore, the saturation magnetic moment of
sample AQ600 under 0.95 GPa at 4.2 K shown in Fig. 7 is
reasonably close to the magnitude of sample AQ1000 at
ambient pressure since the samples possess only Ni,In-type
hexagonal structures in both cases.

VI. MAGNETIC-INDUCED ISOTHERMAL ENTROPY

The magnetic entropy change was estimated from iso-
thermal magnetization data using the thermodynamic relation

H

AS(T,0 — H) :C,% (J

M(T, H’)dH’)
0

T=const.

H H
=] L “ M(T + AT, H)dH' — J M(T, H’)dH’} .
AT | )y 0
Therefore, a series of isothermal magnetization experiments
were performed to obtain M(T = const., H). In order to
eliminate a potential residual ferromagnetic martensite phase
generated in each isothermal magnetization measurement,
which may result in inaccurate entropy changes, the samples
were heated to the complete paramagnetic austenite phase
and then cooled down to the target measurement tempera-
ture under zero field before starting each isothermal magneti-
zation measurement. The magnetic entropy change determined
using this thermodynamic reset protocol should represent
the magnetic entropy change in the direction from the aus-
tenite phase to the martensite phase. This protocol was
referred to as the cooling protocol or the loop process in
Refs. 49 and 50, because the results obtained using this
protocol can also be revealed by calorimetric experiments
during the cooling process. The change in magnetic
entropy for a 7-T field is shown in Fig. 8 for each sample.
The quantitative values of the maximum magnetic entropy
change and relative cooling power are listed in Table I.
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FIG. 8. The magnetic entropy changes for a 7-T field change of all samples
estimated from magnetization isotherm measurements.
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Sample AQ1000 shows the smallest entropy change
(ASjar = —3.52J/kg K in 7-T field), since it only undergoes a
second-order phase transition, while sample AQ600 shows the
maximum magnetic entropy change (AS,,x = —58J/kgK in
7-T field) and sample AQ700 shows the maximum relative
cooling power (RCP = 558 J/kg for a field change of 7 T).

VIl. CONCLUSIONS

In conclusion, the structural and magnetic properties of
(MnNiSi)g ¢5(FeoGe)o 35 under different annealing conditions
and hydrostatic pressures were investigated. First-order mar-
tensitic transitions from a NiIn-type hexagonal austenite
phase (space group: P63/mmc) to a TiNiSi-type orthorhom-
bic martensite phase (space group: Pnma) were observed,
and the martensitic transition temperatures varied in a wide
temperature range by modifying either the annealing tem-
peratures or hydrostatic pressures. As the annealing tempera-
ture increased from 600°C to 900 °C, the martensitic
transition temperatures decreased. However, for an anneal-
ing temperature equal to 1000 °C, the first-order martensitic
transition was completely suppressed, and only a second-
order magnetic transition was observed. Similar to the effect
of increasing annealing temperatures, the first-order mar-
tensitic transitions were suppressed as the applied hydro-
static pressure increased until they were completely converted
to a NipIn-type hexagonal structure with only second-order
magnetic transitions. Such a variation of the martensitic tran-
sition temperature suggests a clear route for tuning the
working temperature of the materials for magnetic refrigera-
tion applications by modifying the heat treatment or by apply-
ing hydrostatic pressures.
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