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ABSTRACT

The effects of doping, hydrostatic pressure, and thermal quenching on the phase transitions and magnetocaloric properties of the
Mn;_,Co,NiGe system have been investigated. Cobalt doping on the Mn site shifted the martensitic structural transition toward lower tem-
perature until it was ultimately absent, leaving only a magnetic transition from a ferromagnetic (FM) to a paramagnetic (PM) state in the
high-temperature hexagonal phase. Co-occurrence of the magnetic and structural transitions to form a first-order magnetostructural transi-
tion (MST) from the FM orthorhombic to the PM hexagonal phase was observed in samples with 0.05 < x < 0.20. An additional antiferro-
magnetic—ferromagnetic-like transition was observed in the martensite phase for 0.05 < x <0.10, which gradually vanished with increasing
Co concentration (x> 0.10) or magnetic field (H > 0.5 T). The application of external hydrostatic pressure shifted the structural transition to

lower temperature until an MST was formed in samples with x=0.03 and 0.05, inducing large magnetic entropy changes up to !

—-80.3Tkg ' K™' (x=0.03) for a 7-T field change under 10.6-kbar pressure. Similar to the effects of the application of hydrostatic pressure,
an MST was formed near room temperature in the sample with x = 0.03 by annealing at high temperature (1200 °C) followed by quenching,
resulting in a large magnetic entropy change of —56.2Jkg ' K™'. These experimental results show that the application of pressure and
thermal quenching, in addition to compositional variations, are effective methods to create magnetostructural transitions in the MnNiGe

system, resulting in large magnetocaloric effects.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100987

I. INTRODUCTION

Magnetostructural transition (MST), ie., a coupling between
magnetic and structural transitions, in magnetic materials is often
associated with interesting magnetoresponsive effects, such as mag-
netic shape memory effects,"”” magnetocaloric effects (MCEs),”™
magnetoresistance phenomenaf”7 etc. Among these, magnetocaloric
effects (MCEs) have been the subject of intensive investigations over
the past two decades because of their potential applications in mag-
netic cooling systems. These technologies have emerged as possible
alternatives to the widely used, conventional vapor-compression
cooling systems due to their superior efficiency and environmental
friendliness. Magnetic materials that possess large MCEs are sought
as potential candidates for such cooling systems. Over the past few

decades, numerous materials have been discovered as possible mag-
netic working materials, including Gds(Si,Ge,),” La(Fe,Si),5-based
compounds,”'?  Fe,P-based alloys,'*'* Ni-Mn based Heusler
alloys,”’lg and MnTX (T =transition metals and X=Ge, Si)
systems.””™>> However, the magnetocaloric performances of these
materials still need to be improved for the realization of an efficient
magnetic refrigerator that operates at room temperature. Therefore,
the development of effective methods to enhance the MCEs of exist-
ing materials or the discovery of new ones is highly desirable from
an application point of view, and their investigation has been a
global effort.

Among the aforementioned materials, MnTX (T=Ni, Co,
and X=Si, Ge) systems have attracted considerable attention
due to their pronounced MCEs resulting from a first-order
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magnetostructural transition and accompanying large volume
expansion/contraction. One member of this material family is
MnNiGe, which undergoes a martensitic structural transformation
from a Ni,In-type hexagonal structure (P6sy/mmc) to a TiNiSi-type
orthorhombic structure (Pnma) at temperature Tp;=470K and a
magnetic transformation from a paramagnetic (PM) state to a spiral
antiferromagnetic (AFM) state at a Néel temperature of Ty =346 K
while cooling.”*~*° It undergoes an additional magnetic transformation
from a simple spiral AFM to a cycloidal spiral AFM in the martensite
phase upon further cooling.”** Given that the magnetic and crystallo-
graphic stabilities in the MnTX systems are highly dependent on the
covalent bonding between the T and X atoms, and on the interatomic
distance between neighboring Mn atoms,”>’ the phase transitions
and magnetic exchange interactions in MnNiGe can be manipulated
by elemental substitutions,””’' ™" isostructural alloying,”” and stoi-
chiometric variations.”® For example, a first-order MST from the PM
hexagonal to the FM orthorhombic phase during cooling has been
observed in MnNiGe when Mn is substituted by Fe.”” Also, an MST
from the FM hexagonal to AFM orthorhombic phases has been
reported in off-stoichiometric Mn, y_,Ni,Ge systems.38

Rather than changing the chemical composition, physical pres-
sure and thermal treatments can also be used to manipulate the
phase transitions.”™*> However, unlike the case of chemical modifi-
cations, few studies have been done to investigate the effects of pres-
sure and thermal treatments on the MnNiGe system because of the
low expectation of significant magnetocaloric effects. Therefore, the
physical pressure-induced, or thermal treatment-induced, enhance-
ment of the MCE has rarely been reported. Generally, materials
undergoing MSTs with large volume changes are more sensitive to
external stimuli, such as hydrostatic pressure, stress, heat treatment,
etc. Previous investigations have shown that an MST with a consider-
able volume change can be established in Mn;_,Co,NiGe if Mn is
substituted by Co atoms with x > 0.10.”° However, the impact of
low Co-doping (x<0.10) on the phase transitions (magnetic and
structural transitions) remains unclear. Owing to a large volume
change at the transition, the application of hydrostatic pressure
and/or thermal processing can cause a change in lattice ordering,
leading to a modification in the magnetocaloric properties in
Mn; _,Co,NiGe, which are yet to be explored.

In the present work, we have explored the effect of Co-doping
on the phase transitions of MnNiGe and constructed a comprehen-
sive magnetic and structural phase diagram as a function of Co
concentration. Furthermore, we demonstrated that magnetostruc-
tural coupling can be established in Mn,;_,Co,NiGe through the
application of hydrostatic pressure and/or thermal processing. The
application of hydrostatic pressure resulted in the formation of
MSTs in samples with x=0.03 and 0.05, which significantly
enhanced the magnetic entropy changes near room temperature.
Moreover, magnetostructural coupling was realized over a wide
temperature range (~50K) in the sample with x=0.03, when
quenched from or above 900°C, resulting in large magnetic
entropy changes on the periphery of room temperature.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples with nominal compositions of
Mn,_,Co,NiGe (x=0, 0.03, 0.05, 0.08, 0.10, 0.12, 0.15, 0.20, and

ARTICLE scitation.org/journalljap

0.25) were prepared by melting the constituent elements with puri-
ties better than 99.9% in an RF induction furnace in an argon
atmosphere. The as-cast samples were sealed in separate quartz
tubes under high vacuum and annealed at 800°C for 60h for
homogeneity and slowly cooled to room temperature.

To investigate the effects of thermal treatment, we selected a
sample with x=0.03 as a source ingot for the subsequent sample
preparation. About 1-2 g of the source sample were sealed in differ-
ent quartz tubes under high vacuum and annealed separately at
800, 900, 1000, 1100, and 1200 °C for 24 h followed by quenching
in a vessel of liquid nitrogen by submerging and breaking the
quartz tubes. These samples were labeled as Q800, Q900, Q1000,
Q1100, and Q1200, respectively. An unquenched (annealed at 800 °C)
or slow-cooled sample of the source ingot was labeled as SC800.

The crystal structures of the samples were determined at room
temperature using x-ray diffraction (XRD) employing Cu-Ka radia-
tion. The caloric measurements were performed using a differential
scanning calorimeter (DSC). The magnetization measurements
were performed using a Magnetic Property Measurement System
(MPMS) manufactured by Quantum Design within a temperature
interval of 2-400 K and in applied magnetic fields up to 7 T. The
measurements under hydrostatic pressure were carried out using a
commercial Be-Cu cylindrical pressure cell, where Daphne 7373 oil
was used as the pressure transmitting medium and Sn as a refer-
ence manometer, which has a critical temperature T.=3.72K at
ambient pressure. The magnitude of the applied pressure was eval-
uated by measuring the shift of the superconducting transition
temperature of Sn.

lll. RESULTS AND DISCUSSION

In this section, we report on three methods used to couple the
magnetic and structural transitions. These include (a) atomic sub-

stitution, (b) application of hydrostatic pressure, and (c) thermal

quenching.

A. Effects of Co substitution

The x-ray diffraction (XRD) patterns of Mn;_,Co,NiGe (x =0,
0.03, 0.05, 0.08, 0.10, 0.12, 0.15, 0.20, and 0.25) samples measured
at room temperature are shown in Fig. 1. According to these
results, the samples with x=0, 0.03, and 0.05 are crystallized in a
TiNiSi-type orthorhombic structure at room temperature. The
XRD pattern of the sample with x =0.08 can be indexed primarily
as a NiyIn-type hexagonal structure with some peaks of the
TiNiSi-type orthorhombic structure, suggesting that the structural
transition temperature is near room temperature (meaning that the
high- and low-temperature phases coexist at room temperature). In
the samples with x=0.10, 0.12, 0.15, 0.20, and 0.25, only the dif-
fraction peaks of the Ni,In-type hexagonal structure were observed.
These results, together with magnetization measurements, indicate
that the transition temperature from the hexagonal austenite to the
orthorhombic martensite phases decreases gradually with increas-
ing Co concentration in Mn,;_,Co,NiGe, which is consistent with
previously reported results.”® Rietveld refinements were performed
using General Structure Analysis System (GSAS) software,***> and
the lattice parameters of their major crystal structures obtained
from these refinements are tabulated in Table I. The results show
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FIG. 1. Powder x-ray diffraction patterns of Mn,_,Co,NiGe for different Co con-
centrations (x) at room temperature. The crystal structure changes from a
TiNiSi-type orth. for x=0 to a Ni,In-type hex. for x =0.25.

that the lattice parameters and cell volume per formula unit in
both the orthorhombic and hexagonal phases decrease with the
increasing Co concentration. This reduction is the result of the
replacement of the larger Mn atoms by smaller Co atoms.

To investigate the structural transitions in samples with x=0
and 0.03, which occur well above room temperature and are not

TABLE 1. The lattice parameters and cell volumes per formula unit obtained from
Rietveld refinements of the x-ray powder diffraction data of all Mn,_,Co,NiGe
samples measured at room temperature.

x Major phase ad) b)) @A)  Vol/fu (A?)
0 Orth. 6.052 3.760 7.101 40.40
0.03 Orth. 6.028 3.755 7.092 40.13
0.05 Orth. 6.026 3.754 7.091 40.10
0.08 Hex. 4.090 4.090 5.396 39.09
0.10 Hex. 4.089 4.089 5.386 38.99
0.12 Hex. 4.088 4.088 5.380 38.93
0.15 Hex. 4.086 4.086 5.374 38.85
0.20 Hex. 4.082 4.082 5.342 38.54
0.25 Hex. 4.079 4.079 5.318 38.32
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observed in magnetization measurements using the MPMS, DSC
measurements were performed upon heating and cooling with a
ramp rate of 2 K/min. Figure 2 shows the baseline-corrected heat
flow data as a function of temperature for both samples at ambient
pressure. The well-defined exothermic and endothermic peaks
arising from the latent heat of fusion were observed in the cooling
and heating curves, indicating the forward and reverse structural
transitions, respectively. The existence of a thermal hysteresis
between the heating and cooling curves confirms that the transi-
tions are first order. In the sample with x=0, the forward and
reverse structural transitions were found to occur at T=482 and
502 K, respectively, with a hysteresis of AT = 20 K. Meanwhile,
those transition temperatures significantly decreased for x=0.03
and were observed at T'= 380 and 398 K, respectively, with a hyster-
esis of AT = 18 K.

Figure 3 shows the temperature-dependent magnetization
measurements of all the samples performed at ambient pressure in
an applied magnetic field of H=0.1T using zero-field-cooled
(ZFC) and field-cooled-cooling (FCC) protocols. The magnetiza-
tion results show that the sample with x=0, i.e., stoichiometric
MnNiGe, has a sharp peak due to the AFM-PM transition at
Ty =363 K. Additionally, a small peak associated with a spin
reorientation-type transition was observed in the martensite phase
at T=265K. In an earlier study, neutron powder diffraction mea-
surements indicated that this transition corresponds to a transfor-
mation from a cycloidal spiral AFM phase to a simple spiral AFM
phase during heating.”® These transitions are consistent with the
previously reported results for stoichiometric MnNiGe.***°

When Co was introduced into the Mn site, the martensitic
structural transition shifted toward a lower temperature, stabiliz-
ing the high-temperature austenite phase. This phase stability may

E Mn, Co NiGe
Bt
£
§ x=0.03 x=0
R
N
g =
=
< Cooling
< A—
N
2
S
= _ —
§ ° Heating
P
L
<
E
=]
=
=
=
350 375 400 425 450 475 500 525 550

Temperature (K)

FIG. 2. The DSC curves for samples with x=0 and 0.03 with a scan tempera-
ture rate of 2 K/min. The right- and left-pointing arrows indicate the direction of
the heating and cooling scans, respectively. The curves have been corrected for
baseline drift.
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FIG. 3. Temperature-dependent magnetization of all Mn;_,Co,NiGe samples
measured in an applied field of H=0.1T using ZFC and FCC protocols. The
arrows indicate the direction of warming and cooling scans. As the Co concen-
tration increased, the martensitic structural transition continuously shifted to a
lower temperature and finally disappeared for x = 0.25.

be correlated with the strengthening of covalent bonds between the
Ni and Ge atoms, and between the neighboring Mn-Mn atoms,
similar to that observed in MnNiGe with Fe substituted for Mn.*”
On the other hand, the magnetization in the martensite phase
appreciably increased, suggesting that Co-doping establishes FM
coupling in the original AFM martensite phase. As a conse-
quence, the structural and magnetic transitions coupled to form
a magnetostructural transition from the low-temperature FM
orthorhombic to high-temperature PM hexagonal phase in
samples with 0.05 < x <0.20. The existence of thermal hysteresis
between the heating and cooling curves in Fig. 3 confirms that
the transitions are first order.

Upon further increase in Co content, a decoupling of the mag-
netic and structural transitions occurred in the sample with
x=0.20 with Tc=126 and Ty =110K, respectively. Meanwhile,
the structural transition completely disappeared for x=0.25,
leaving a magnetic transition at Tc =109 K between the FM and
PM states in the hexagonal phase. Here, the conversion of the mag-
netic structure from the AFM state to the FM state in the martens-
ite phase can be attributed to ferromagnetic coupling introduced by

ARTICLE scitation.org/journalljap

Co substitution.”® Since the Mn-Mn moments are considered to
have an antiferromagnetic coupling,” the AFM interaction gradu-
ally diminishes if the doping of Co on the Mn site increases, estab-
lishing FM interaction in the martensite phase.

In addition to the MST, a transition (labeled as Tapypym in
Fig. 3) between the low-magnetization and high-magnetization
orthorhombic phases was observed in the sample with x=0.05 at
T'=193 K. Taking into account a large difference in magnetization
(AM) between the two magnetic states in the martensite phase, the
transition is assumed to be an AFM-FM-like transition. The origin
of this transition is likely rooted in the instability of the spiral AFM
interaction in the stoichiometric MnNiGe martensite. As men-
tioned earlier, Co substitution introduces the FM coupling in the
intrinsic AFM martensite phase by breaking the AFM coupling
between the Mn atoms. As the FM interaction increases, competi-
tion occurs between the FM interaction and the originally present
AFM exchange interaction, resulting in the AFM-FM-like transi-
tion. With increasing Co content, the AFM-FM-like transition con-
tinuously shifted to a lower temperature until it completely
disappeared for x>0.10. This indicates that the FM interaction
induced by Co substitution completely dominated the AFM inter-
action in the martensite phase for x> 0.10. It is worth mentioning
that the existence of the AFM-FM-like transition in the low-
temperature phase, in addition to a first-order magnetostructural
transition between the FM orthorhombic and PM hexagonal
phases, has not been reported previously in MnNiGe when Mn
was substituted by Co. A similar observation has been reported in
Mn,_,Fe,NiGe, where the AFM-FM-like transition is claimed to
be a first-order magnetoelastic transition.’® However, in our results,
the thermal hysteresis between the heating and cooling magnetiza-
tion curves was not observed, suggesting that the AFM-FM-like
transition is second order.

We further investigated the field-dependent behavior of the }
phase transitions for low Co content samples. For this, tempera- ¢

ture-dependent magnetization measurements were performed on
the sample with x =0.08 in applied magnetic fields of H=0.1, 0.3,
and 0.5 T, which are shown in Fig. 4. As the applied magnetic field
increased, AM between the austenite and martensite phases
increased significantly, shifting the magnetostructural transition
slightly toward a higher temperature. On the other hand, the
AFM-FM-like transition shifted to a lower temperature and broad-
ened over a wider temperature range in the 0.3-T field, while it was
nearly suppressed when the magnetization was measured in a field
of 0.5T. The observed large value of AM at the transition in the
0.5-T field indicates the domination of FM interactions over the
intrinsic AFM martensite matrix in the martensite phase. This
observation suggests that the AFM-FM-like transition is observed
in a weak magnetic field and is gradually suppressed with increas-
ing field (H>0.5T).

To understand the behavior of magnetic interactions in the
martensite phase, isothermal magnetization measurements [M(H)]
were performed on samples with x=0.03, 0.05, 0.08, and 0.10 at
ambient pressure at T=2 K as shown in Fig. 5(a). The M(H) curves
showed different behaviors depending on the Co concentration.
A typical AFM behavior was observed in the sample with x=0.03
with a metamagnetic transition. The existence of the metamagnetic
transition, the field-induced discontinuous jump of the
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FIG. 4. The magnetization as a function of temperature for Mn,_,Co,NiGe
(x=0.08) in applied fields of 0.1, 0.3, and 0.5 T. The magnetization curves were
measured using ZFC and FCC protocols.

magnetization, indicates the conversion of AFM alignment to a FM
configuration [see Fig. 5(a)]. As the Co content increased, a clear
evolution from the AFM state to the FM state was realized. This
signifies that Co substitution in the Mn site results in FM interac-
tion and gradually changes the magnetic structure of the martensite
phase by breaking the original AFM spin alignment. Figure 5(b)
shows the composition dependence of the critical field (H,,) at
T=2K. Here, the critical field is defined as the applied magnetic
field that causes the onset of the metamagnetic transition, which is
characterized by a peak in the dM/dH curves as displayed in the
inset of Fig. 5(b). As the Co concentration increased, H,, decreased
almost linearly, indicating a weakening of the original AFM order in
the martensite phase. These results are in agreement with the
temperature-dependent magnetization measurements shown in
Figs. 3 and 4.

Based on the heat flow (DSC), magnetization, and XRD mea-
surements, a comprehensive structural and magnetic phase
diagram as a function of Co concentration has been constructed,
which is shown in Fig. 6. Here, the martensitic structural transition
temperature (Ty) is defined as an average of the forward and
reverse structural transition temperatures, which were determined
from the derivative of the M-T curves with H=0.1T. For x=0 and
0.03, those temperatures were determined from the DSC curves.
Similarly, the magnetic transition temperatures (Tn/Tc and
Tarn-arm/ Tarm.rm) are defined as the inflection points in the M-T
curves measured in a field of H=0.1T. In Fig. 6, it can be seen that
Ty continuously decreased with increasing Co content until it dis-
appeared for x =0.25. At the same time, Tapnapm/Tarm.pm Shifted
to a lower temperature and then disappeared. The magnetic and
structural transitions coexist to form a magnetostructural transition
between the PM hexagonal and FM orthorhombic phases for
0.05 <x <0.20 in a large temperature interval from 135 to 335 K.
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FIG. 5. (a) Isothermal magnetization curves of Mn;_,Co,NiGe measured at
T=2K in fields up to 5T at ambient pressure. (b) The critical field (H) as
a function of Co concentration in Mn,_,CoNiGe at T=2K. The inset shows
dMIdH as a function of the magnetic field, where H, is the critical field.

B. Effects of hydrostatic pressure

Magnetization measurements on Mn,;_,Co,NiGe (x=0.03,
0.05, 0.08, and 0.10) as a function of temperature were carried out
under applied hydrostatic pressure. Figure 7 shows thermomagnetic
data measured in a 0.1-T field using ZFC and FCC protocols at
ambient pressure and under the specified pressure. The application
of hydrostatic pressure shifted the martensitic structural transition
toward a lower temperature. For x = 0.03, T), decreased at a rate of
dTy/dP=—-7.1K/kbar from T=389 to 314K. Similarly, it
decreased at a rate of dT/dP = —6.4 K/kbar from T =357 to 293 K
in the sample with x = 0.05. Consequently, a pressure-formed mag-
netostructural transition from a low-temperature orthorhombic FM
to a high-temperature hexagonal PM phase was observed at
T=314K for x=0.03 under a pressure of P=10.6 kbar, while it
was observed at T=293K for x=0.05 with P=10Kkbar.
Interestingly, the effect of pressure on the AFM-FM-like transition
was opposite to that of the magnetic field (compare Figs. 4 and 7).
Under hydrostatic pressure, the AFM-FM-like transition shifted
toward higher temperature in both samples.

Moreover, decoupling of the magnetic and structural transi-
tions was observed in the sample with x =0.08 under a pressure of
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FIG. 6. A comprehensive magnetic and structural phase diagram for the
Mn,_,Co,NiGe system. The structural (Ty) and magnetic (Tn/Tc and Tapm-arm/
Tarm-Fu) transition temperatures were determined from DSC, XRD, and magne-
tization (with H=0.1T) measurements. The terms “hex.” and “orth.” indicate the
hexagonal and orthorhombic structures, respectively. A magnetostructural
transition was realized in the range 0.05 < x <0.20. The results for x > 0.10 are
in good agreement with the phase diagram described in Ref. 36.

P =11 kbar, where the martensitic structural transition occurred at
Ty =254K and the magnetic transition occurred at Tc=183K.
Meanwhile, the first-order magnetostructural transition present at
ambient pressure in the sample with x=0.10 completely converted
into a second-order magnetic transition under a pressure of
P=11Kkbar, where the transition occurred at T =180 K between
the FM and PM states in the hexagonal phase. The disappearance
of the structural transition, i.e., stabilization of the hexagonal phase,
can be ascribed to the shortening of the Mn-Mn interlayer distance
and strengthening of the covalent bond between Mn-Mn atoms
due to the application of pressure.”” A similar disappearance of the
martensitic structural transition due to hydrostatic pressure has
been observed in MnCoGe systems.”>*® These results indicate that
the martensitic structural transitions in the Mn,_,Co,NiGe system
are highly sensitive to applied pressure, which is useful to maximize
the contribution of the lattice to the MCE and suggests the possibil-
ity of large barocaloric effects.

To study the effect of pressure on the magnetic interactions in
the low-temperature phase, we measured isothermal magnetization
on samples with x=0.03, 0.05, 0.08, and 0.10 under the specified
hydrostatic pressures at T=2K, as shown in Fig. 8. Under hydro-
static pressure, the M(H) curves of the samples with x=0.03 and
0.05 show an AFM behavior with accompanying metamagnetic
transitions. For both samples, the critical fields corresponding to
the metamagnetic transitions slightly increased under hydrostatic
pressure relative to that measured at ambient pressure. This is likely
due to the pressure-induced shift of the AFM-FM-like transition to
a higher temperature as observed in Fig. 7. A typical FM M(H)
curve was observed in the samples with x=0.08 and 0.10 under
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FIG. 7. The temperature-dependent magnetization of Mn,_,Co,NiGe measured
in an applied field of H=0.1T using ZFC and FCC protocols. The solid lines
and dashed lines represent measurements performed at ambient pressure and
under the indicated hydrostatic pressures, respectively.

P =11 kbar, indicating that the application of pressure expedites the
conversion of AFM into FM interaction in the martensite phase.
These results are consistent with the temperature-dependent mag-
netization results, as shown in Fig. 7.

To evaluate the isothermal magnetic entropy change (ASy),
a series of isothermal magnetization measurements in fields of
up to 7T were carried out as the temperature was stepped
through the magnetostructural transition. To eliminate the
history-dependent magnetic states at the magnetostructural tran-
sitions with thermal hysteresis, a “loop process method” was
adopted.””” In this method, the samples were heated to the PM
austenite state and then cooled to the targeted measurement
temperature under zero field before each isothermal magnetiza-
tion measurement. The magnetic entropy changes were then
determined from the magnetization isotherms using the thermo-
dynamic relation,

H !
ASy(T, AH) :J (%) dag’
0 H

1 TH H
— M(T + AT, H)dH'—
AT UO T+ ) Jo

1%

M(T, H’)dH’} .
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FIG. 8. Isothermal magnetization curves of Mn,_,Co,NiGe with (a) x=0.03, (b)
x=0.05, (c) x=0.08, and (d) x=0.10 measured at T=2K in fields up to 5T.
The solid and open circles represent the magnetization measurements per-
formed at ambient pressure and under the indicated hydrostatic pressures,
respectively.

Figure 9 shows the temperature-dependent magnetic entropy
changes (—ASy) of Mn,;_,Co,NiGe for field changes of AH =2 and
7 T at ambient pressure and under hydrostatic pressure. At ambient
pressure, the sample with x=0.08 shows the largest magnetic
entropy change (ASy =—56.2Jkg™' K™' for AH=7T) near room
temperature, and its full width at half maximum of ASy is
Orwum = 4.2K. It also shows the largest relative cooling power
(RCP=236]/kg for a 7-T field change), which was estimated using
RCP = ASyux X 6pwam for AH=7T. Since the magnetic and
structural transitions are not coupled in the sample with x =0.03 at
ambient pressure, it is expected to have a small magnetic entropy
change, if measured. However, under a pressure of 10.6 kbar, it
shows a large magnetic entropy change (ASy; = —80.3 Jkg™' K™! for
AH=7T) at T=315K with 6pwum = 3.6 K, and has a large relative
cooling power (RCP ~ 289 J/kg). Similarly, an enhancement in the
magnetic entropy change by a factor of 5 from -14 to
—69] kg71 K™ for AH=7T with Spwrm =2 4.1 K was observed in
the sample with x=0.05 when changing the pressure from 0 to
10 kbar. These enhancements can be attributed to the pressure-
formed, first-order magnetostructural transitions in these samples.

Moreover, it is reasonable to expect a reduction in the mag-
netic entropy change in the samples with x = 0.08 and 0.10 under
hydrostatic pressure due to a pressure-induced decoupling of the
magnetic and structural transitions. These results demonstrate
that, by adjusting the Co concentration and applying appropriate
pressure, large tunable magnetic entropy changes can be obtained
in the Mn,_,Co,NiGe system. Additionally, the high sensitivity
of the martensitic structural transition to hydrostatic pressure
(dT\/dP ~ =7 K/kbar) suggests that pronounced barocaloric and
magnetocaloric effects may both occur in this system.
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FIG. 9. The magnetic entropy changes (ASy) of Mn,_,Co,NiGe as a function
of temperature for AH = 2 and 7 T. The solid and open symbols represent mea-
surements performed at atmospheric pressure (i.e., P=0) and under the indi-
cated hydrostatic pressures, respectively. The arrows indicate the direction in
which the peaks of ASy shift due to the change in pressure. Since the magnetic
and structural transitions are not coupled in the sample with x =0.03 at ambient
pressure, ASy is expected to be very small around Ty =389K, if measured
(not shown in the figure).

C. Effects of thermal quenching

We selected the sample with x =0.03 for a thermal quenching
study, where the as-cast ingots were annealed at different tempera-

tures in evacuated quartz tubes followed by quenching in liquid !
nitrogen in order to stabilize the high-temperature, structural phase :

near room temperature. The intention was to form a coupled mag-
netostructural transition at room temperature. All samples and
their quenching conditions are summarized in Table II.

Figure 10 shows the room temperature XRD patterns for all
heat-treated samples. At room temperature, the reflections of
samples SC800, Q800, Q900, Q1000, and Q1100 can be indexed as
the TiNiSi-type orthorhombic phase, while the patterns of the
sample Q1200 can be primarily indexed as the Ni,In-type hexago-
nal phase with some traces of the orthorhombic phase, indicating

TABLE II. The quenching conditions of the sample with x = 0.03.

Quenching
Composition Label temperature (°C) Cooling process
x=0.03 SC800 800 Slowly cooled
Q800 800 Quenched
Q900 900 Quenched
Q1000 1000 Quenched
Q1100 1100 Quenched
Q1200 1200 Quenched
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TABLE lll. The lattice parameters and cell volumes per formula unit obtained from

= - Mn,, Co, ,NiGe Rietveld refinements of the x-ray powder diffraction data of all heat-treated
SC800 a = g TiNiSi-type orth. Mng 97C0p 03NiGe samples measured at room temperature.
- Q S
ST

Sample  Major phase a (A) b(A) c(A)  Vol/fu (A%

SC800 Orth. 6.028 3755  7.092 40.13
Q800 Orth. 6.026 3754  7.087 40.08
Q800 Q900 Orth. 6022 3756 7.084 40.06
Q1000 Orth. 6019 3753  7.080 39.98
Q1100 Orth. 6017 3752  7.077 39.94

Q1200 Hex. 4.086 4.086  5.409 39.10
Q900

AFM-PM transition at Ty =344 K (see Fig. 11). Besides these, a

small peak related to an AFM-AFM transition was observed at
Q1000 Tarmarm=217K.  As the annealing/quenching temperature
increased, Ty; decreased continuously to room temperature.

Concurrently, the magnetization of the low-temperature phase
Q1100 increased significantly.

For the sample quenched from 900°C (Q900), a magneto-
structural transition between the PM hexagonal and high-

Intensity (arb. unit)

110

Ni,In-type hex.

Q100 _ . £ &
Mn,,.Co, .NiGe A - T,
H=01T N
N
Scattering angle 20 (degree) SC800 o
FIG. 10. Room temperature powder x-ray diffraction patterns for Mn,_,Co,NiGe _____ﬁ TM g
(x=0.03) quenched from clii.ffer.ent tempera.tures. The increas?ng quenching tem- = |oso0o 4 S
perature leads to the stabilization of the high-temperature Ni,In-type hexagonal = hy
phase. = R
3 2
5} Q900 \ \‘
its structural transition is near room temperature. With these ,§
results, it can be expected that a rapid cooling from a temperature <
>1200 °C lowers the structural transition below room temperature, '4?)
stabilizing the high-temperature hexagonal phase. Furthermore, g
the Rietveld refinement results, as tabulated in Table III, show that <
the lattice parameters and cell volumes per formula unit in the =
orthorhombic phase decrease continuously with increasing quench- Q1100 \ \
ing temperature. Meanwhile, similar results were observed with
increasing Co concentration in Mn,;_,Co,NiGe (see Fig. 1 and
Table I). Therefore, it can be concluded that the increasing quench-
ing temperature leads to the reduction in cell volume and the low-
ering of structural transitions,”>® which are analogous to the Q1200
effects of Co-doping in Mn;_,Co,NiGe. oy
To explore the effect of thermal quenching on the magnetiza- 100 150 200 250 300 350 400
tion and phase transitions, temperature-dependent magnetization
was measured for all heat-treated samples in a field of 0.1 T using Temperature (K)
field-cooled-cooling (FCC) and field-cooled-warming (FCW) pro-
tocols as shown in Fig. 11. For the sample that was slowly cooled FIG. 11. Magnetization as a function of temperature for Mn;_,Co,NiGe
from 800°C (SC800), DSC data showed a martensitic structural (x=0.03) quenched frc?m different temperatures. The magnetization curves were
transition occurring at Ty =389 K (see Fig. 2), while the magneti- measured ina magngtlc ﬁeld of 01T using FCC an_d FCW protocols, where the
. . ) . arrows indicate the direction of the heating and cooling paths.
zation measurement displayed a sharp peak associated with the
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magnetization orthorhombic phases was observed at Ty;=341K
(Fig. 11). The presence of thermal hysteresis indicates that the tran-
sitions are first order. Meanwhile, an additional transition between
the low-magnetization and high-magnetization orthorhombic
phases was observed at T=198K, which is assumed to be an
AFM-FM-like transition. These results suggest that the thermal
quenching not only shifts the martensitic structural transition to
lower temperature, thereby forming a metastable phase, but also
gradually establishes ferromagnetic coupling in the intrinsic AFM
martensite phase, where a competition may occur between
induced-FM and intrinsic AFM exchange interactions leading to
the evolution of an AFM-FM-like transition, similar to the behav-
ior observed for Co variation as described earlier. Moreover, the
magnetostructural transition was observed near room temperature
when the sample was quenched from 1200 °C (Q1200), which may
be further shifted below room temperature with increasing quench-
ing temperature. Our results provide clear evidence that thermal
processing can tune the magnetic and structural transitions over a
wide range of temperatures in the MnNiGe-based system without
chemical modifications or application of physical pressure. Similar
results of magnetostructural transitions being formed by thermal
treatments have been reported in MnCoGe and MnNiSi
systems. "'

Figure 12 shows the structural and magnetic phase diagrams
of Mnyg ;Cog3NiGe as a function of quenching temperature. The
magnetic and structural transition temperatures were obtained
from the magnetization (with H=0.1'T), DSC, and XRD measure-
ments as described earlier. It can be seen in Fig. 12 that Ty
decreases continuously with increasing quenching temperature.
For the samples quenched from 900 to 1200 °C, the martensitic
structural transition coincides with the magnetic transition, thereby

Mn,, Co, NiGe

450 | L
—e— T,
PM. hex. O T,/ T,
g 400 @ TAFM-AF\I/ TA.FM-FM
e Magnetostructural coupling region
2 30
=
)
=9
g 300 |- »\’\‘\‘F
= AFM. orth. FM. orth.
S 250}
‘@
g e
g b (Y S
= 00 ) Peeveme, Rt Y )
Spiral (cycloidal)
150 |- AFM. orth.
2 1 1 2 1 2 1
{ 800 900 1000 1100 1200

slowly cooled Quenching temperature (°C)

FIG. 12. A phase diagram illustrating the effects of quenching temperature on
the structural (Ty) and magnetic (T/Tc and Tapm-arm/Tarm-rv) transition tem-
peratures of Mng g7C0g o3NiGe. These transition temperatures were determined
from DSC, XRD, and magnetization (with H= 0.1 T) measurements.
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forming a magnetostructural transition between the FM ortho-
rhombic and PM hexagonal phases in a temperature interval from
294 to 341 K. This behavior is promising for practical applications
because the desired caloric effects can be adjusted over a wide tem-
perature range around room temperature.

We further investigated the effect of thermal quenching on
magnetic interactions in the low-temperature phase. Isothermal
magnetization measurements of quenched samples were performed
at T=2K in fields up to 5T, the data of which are shown in Fig. 13.
The magnetization curves of all the samples show a typical AFM
behavior with metamagnetic transitions induced by a magnetic field.
These metamagnetic transitions are associated with the transition
from a spiral AFM to a FM configuration. As the quenching temper-
ature increased, the critical field at 2 K continuously decreased from
12T for SC800 to 0.8T for Q1200 (see the inset in Fig. 13). The
decrease in the critical field signifies a weakening of the AFM inter-
action in the martensite phase. Therefore, it can be concluded that
increasing the quenching temperature strengthens the FM interaction
in the low-temperature phase.

Figure 14 shows the temperature-dependent isothermal mag-
netic entropy changes for AH=2, 5, and 7T for the samples
quenched from 1100 (Q1100) and 1200°C (Q1200). The ASy
values were estimated from the magnetization isotherms measured
through the magnetostructural transitions following the loop
process method as described earlier. The results show that both
samples have comparable magnitudes of the magnetic entropy
changes, but their peaks occur at different temperatures. In the
sample Q1100, the maximum ASy for 7-T field change is
—-51.27kg ' K™' at 327K, and its full width at half maximum of
the entropy is Spwrm =2 2.5K, while the corresponding values in
the sample Q1200 are ASy = —56.5]1(g_1 K™' at 295K and
Srwum =2 2.3 K. Moreover, the relative cooling powers in both

samples are nearly equal, i.e., RCP=—128 and —130J/kg for a 7-T |

150 Mn,,Co,,NiGe

~ 125}
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FIG. 13. Isothermal magnetization curves at T=2K in fields up to 5T for
Mn,_,Co,NiGe (x=0.03) quenched from different temperatures. The inset
shows the critical fields (H,,) determined from the dM/dH curves.
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FIG. 14. The magnetic entropy changes for Mn;_,Co,NiGe (x = 0.03) quenched
from 1100 (Q1100) and 1200 °C (Q1200) as a function of temperature for field
changes of 2, 5,and 7 T.

field change for Q1100 and Q1200, respectively. Note that the
observed maximum AS); values for Q1100 and Q1200 are compa-
rable to or larger than those reported for most MnTX
systems.””*>**» Therefore, it can be concluded that thermal pro-
cessing can act as an effective method to tailor the magnetostruc-
tural transition over a wide range of temperatures, which can
enhance the magnetocaloric properties of the MnNiGe-based
systems.

IV. CONCLUSIONS

In summary, the magnetic, structural, and magnetocaloric
properties of Mn;_,Co,NiGe as a function of Co concentration,
applied pressure, and quenching temperature were systematically
investigated. Substituting Co for Mn resulted in the formation of a
first-order magnetostructural transition between the FM ortho-
rhombic and PM hexagonal phases over a large temperature inter-
val of 135K<T<335K in samples with 0.05<x<0.20.
Interestingly, an additional AFM-FM-like transition was observed
in the martensite phase of low Co content samples (x <0.10),
which was gradually suppressed with an increasing Co content
(x>0.10) or magnetic field (H > 0.5 T). Furthermore, the applica-
tion of hydrostatic pressure or thermal quenching shifted the mar-
tensitic structural transition toward a lower temperature and
formed coupled, magnetostructural transitions near room tempera-
ture in appropriately Co-substituted samples, which resulted in
large magnetic entropy changes and relative cooling powers.
Moreover, the high sensitivity of the martensitic structural transi-
tion to applied hydrostatic pressure suggests the potential for pro-
nounced barocaloric effects, which leads to the possibility of
obtaining multicaloric (barocaloric and magnetocaloric) effects in a
single material. These results demonstrate that atomic substitution,
application of pressure, and thermal quenching, and a combination

ARTICLE scitation.org/journalljap

of these methods, can be used to tailor the functional properties in
the MnNiGe-based system.
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