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ABSTRACT

In this work, the phase transitions and magnetocaloric properties of Mn;_,Au,CoGe (0 < x < 0.025) alloys were studied as a function of
concentration x and applied hydrostatic pressure. The increasing substitution of Au for Mn results in the decrease of the first-order
martensitic transition temperature, and this first-order martensitic transition was ultimately converted to a second-order magnetic transition
when the Au substitution (x) reached 0.025. The magnitudes of the maximum magnetic entropy changes increased when the magnetic and
structural transitions were coupled, which occurred for 0.005 < x < 0.020. The largest maximum magnetic entropy change for a field
change of yAH =7 T was 33.1]J/kgK for the sample with x = 0.020. Similar to the effect of Au substitution, the first-order martensitic
transition temperature initially decreased, and then converted to second order, when the applied hydrostatic pressure reached a large
enough value. Interestingly, both Au substitution and pressure application cause a volume reduction and, in both cases, the first-order
martensitic transition temperature initially reduced and then converted to second-order. These results suggest two different methods of
tuning the transition temperatures in these magnetocaloric materials. One can either apply hydrostatic pressure and temporarily adjust the
transition temperatures or modify the composition chemically and permanently change the transition temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007172

1. INTRODUCTION resulting from first-order magneto-structural transitions between a
Ni,In-type hexagonal structure (space group: P6;/mmc) and a
TiNiSi-type orthorhombic structure (space group: Pnma).”’™'
Considerable interest has been drawn particularly to the

Due to the desire to replace conventional vapor compression
systems, and the predicted high efficiency of magnetic refrigeration,
the study of the magnetocaloric effect (MCE) has intensified.'” The ‘ ! ° -
increasing effort to discover better magnetocaloric materials has MnC.o.Ge—based and ManGe—based systems since their martensitic
persisted since a giant MCE in Gds(Si,Ge); with a first-order phase transitions located relatively close tg _room temperature can be
transition near room temperature was discovered.’ Since then,  tuned 11;}’ stoichiometry nzl()c:(giﬁcation,’ 7" doping Witg interstitial
many types of materials have been discovered and proposed as atoms,” vacancy tuning,” " or pressure application.” In equia-
candidates for magnetic refrigeration working materials, including tomic MnCoGe, a first-order martensitic transition occurs from a
the Ni-Mn based Heusler alloys,g’” MnAs-based compounds,ls’zo paramagnetic high temperature hexagonal NiIn-type phase to a
LaFe;s_,Si, related compoundsf“zz and intermetallic MnTX paramagnetic low-temperature orthorhombic TiNiSi-type phase
(T = transition metal and X = Ge, Si) systems.””* with a transition at 470K, and is ordered ferromagnetically below

Among the above-mentioned material candidates, intermetal- its Curie temperature, Tc = 345 K.*"** It has been recently shown
lic MnTX systems have drawn increasing attention recently due to that the Curie temperatures and martensitic transition temperatures
their giant MCEs caused by large volume expansion/contraction of MnCoGe compounds can be controlled by partially substituting
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for Mn atoms with Ag,”” AL** Cr,”** Cu,"”*® Fe," """ Ni,” or V,”*
or for Co atoms with Al,” Cd,”® Cu,*® Fe,"””””* or Zn,”* or for
Ge atoms with Ga,”' In,*” or Sn.**

In this work, we report the effects of Au-substitution and
applied hydrostatic pressure on the structural and magnetic transi-
tions in Mn;_,Au,CoGe (0 < x < 0.025). We have found that, as
the Au concentration (x) increases, the first-order martensitic tran-
sition temperature shifts from above room temperature (442 K) to
263 K, and then completely converts to a second order phase tran-
sition for the sample with x = 0.025. For the samples with
0.005 < x < 0.020, the magnitudes of the maximum magnetic
entropy changes were enhanced since the magnetic and structural
transitions are coupled. The largest maximum magnetic entropy
change for a field change of yyAH = 7T was found to be 33.1]/
kgK for the sample with x = 0.020. In addition, room temperature
x-ray diffraction shows a volume reduction as the Au-substitution
increases.

Similar to the effect of Au substitution, the first-order mar-
tensitic transition temperature decreases initially and then converts
to second order as the applied hydrostatic pressure increases. It is
worth noting that both Au substitution and pressure application
effectively cause a volume reduction and, in both cases, the first-
order martensitic transition temperature decreases initially and
then converts to second order.

Il. SAMPLE PREPARATION

Mn,;_,Au,CoGe (x = 0.000, 0.005, 0.010, 0.015, 0.020, and
0.025) alloys were prepared from high purity Mn (99.95%), Co
(99.95%), Ge (99.999%), and Au (99.99%) elemental components
by sealing the raw elements with the desired compositions in a
quartz tube under vacuum and then heat treating at 1100 °C for
12h in a tube furnace. To ensure the homogeneity of the chemical
compositions, the ingots were flipped and heat treated at 1100 ° for
another 12 h. The sample labels and their corresponding thermo-
magnetic properties are summarized in Table I.

I1l. THERMAL ANALYSIS

To explore the formation of these MnCoGe-type compounds,
simultaneous differential scanning calorimetry (DSC) measure-
ments and thermogravimetric analysis (model: SDT Q600 manu-
factured by TA Instruments, Inc.) were employed. The heat flow
curves of the parent compound MnCoGe as a function of tempera-
ture measured up to 1100 °C are shown in Fig. 1. The first-order
phase transition with thermal hysteresis due to the melting and
crystallization of the MnCoGe ingot was observed between 1025 °C
and 1075°C. The first-order martensitic transition was detected
between 100 °C and 250 °C (see the inset of Fig. 1). No other per-
ceivable first-order phase transitions were observed. Taking this
thermal analysis as a guideline, all of the Mn;_,Au,CoGe samples
in this work were prepared by melting at 1100 °C twice to ensure a
thorough and homogeneous synthesis.

IV. X-RAY DIFFRACTION

To investigate the crystal structures of the samples, powder
x-ray diffraction (XRD) measurements were performed using a

ARTICLE scitation.org/journalljap

TABLE I. The compositions of the Mn;_,Au,CoGe samples and their corresponding
thermomagnetic properties.

Tm;1 _Asmaxb 5FWHMC _RCP . Msat/f'
Label x(%) (K) (J/kg K) (K) (J/kg) u. (ug)
Au00 0.0 442 . . 4.07
Au05 05 355 13.4 30.4 407 3.87
Aul0 1.0 304 29.9 15.7 469 3.87
Aul5 15 276 33.1 12.0 397 3.96
Au20 2.0 263 30.4 11.4 347 4.06
Au25 25 3.20
*T,, is the martensitic transition temperature estimated from

temperature-dependent isofield magnetization measurements, except T, for
sample Au00 which was estimated from the calorimetric measurement.
PASay is the maximum magnetic entropy change for a field change of
toAH= 7 T calculated from isothermal magnetization measurements
described in Sec. VI.

“Spwrn is the full width at half maximum of the entropy AS(T).

94RCP is the relative cooling power, estimated as RCP = AS,;,ax X Spwms for
LAH = 7 T,

Scintag XDS2000 powder diffractometer with Cu Ka radiation 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 temperature cycling
the samples through their transitions until they spontaneously
broke into powders. Figure 2 shows the XRD results for all samples
at room temperature.

Figure 2 shows that sample Au00 stabilizes in the TiNiSi-type

orthorhombic structure at room temperature, and that the fraction

—=
€XO0.
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FIG. 1. The heat flow data of a MnCoGe ingot obtained from DSC measure-
ments. The ingot was melted completely at 1100 °C. Except for the first-order
martensitic transition shown in the inset, and the melting/crystallization point, no
other perceivable first-order phase transitions were observed. The experimental
heat directions are indicated by the arrows.
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FIG. 2. Cu Ko powder x-ray diffraction patterns of all samples at room tempera-
ture. The top panel shows the simulated TiNiSi-type orthorhombic pattern, and
the bottom panel shows the simulated NiyIn-type hexagonal pattern.

of the Ni,In-type hexagonal structure increases with increasing Au
substitution since the first order martensitic transition temperature
decreases through room temperature. As the Au substitution
increased to 2.5% (i.e., sample Au25), a trace secondary phase was
detected at room temperature that could be either an untrans-
formed portion of the TiNiSi-type martensite phase and/or an
undetermined crystalline phase. The lattice constants and volumes
from the Rietveld refinements using General Structure Analysis
System (GSAS) software®®™" are tabulated in Table II. The total

TABLE II. The lattice constants and cell volumes obtained from XRD refinements of
powder diffraction data collected at room temperature.

ARTICLE scitation.org/journalljap

volumes per formula unit and lattice constants of the major phase
at room temperature decrease as the Au concentration increases.
Meanwhile, as will be shown explicitly in Sec. V, the martensitic
transition temperatures relative to the parent MnCoGe alloy (i.e.,
sample Au00) decreases with increasing Au substitution until the
Au substitution reached 2.5% (i.e., sample Au25) when the first-
order martensitic transition was completely suppressed.

It is known that the TiNiSi-type structure can be regarded as
an orthorhombic distortion of the NiIn-type hexagonal struc-
ture.”” The lattice parameters of the two structures are related
through doh = Chexs Porth = Anex> and Corh = v/3apex. The composi-
tion dependences of the unit cell parameters calculated from the
room temperature XRD measurements are shown in Fig. 3. As the
Au substitution increases, the volume of the TiNiSi-type ortho-
rhombic martensite phase decreases, resulting from the effect of a
reduced d,.;, and expanded b,;,, and then the Ni,In-type hexago-
nal austenite phase which has smaller volume becomes more stable.
As the Au substitution (x) reached 0.025, the volume of the sample
reduced by 4.2% and the structural transition from the Ni,In-type
hexagonal to the TiNiSi-type orthorhombic becomes completely

Label  Major phase a(A) b(A) c(A) vol./fu. (A%
Au00 TiNiSi 5.963 3.822 7.060 40.23
Au05 TiNiSi 5.949 3.823 7.055 40.11
Aul0 Ni,In 4.087 4.087 5.312 38.42
Aul5 Ni,In 4.084 4.084 5.307 38.34
Au20 Ni,In 4.082 4.082 5.305 38.28
Au25 Ni,In 4.080 4.080 5.303 38.23

?s :
=
q\_j -
°
> ~ . R
1 ! | hd A4 —Q)
T8 —
7.06 =~0.3% )
Corth = \/gahex
5.9 B
< 58 .
:g 57 Qorth = Chex B
g 56 | = 10.7% |
5]
©
S 55| :
=
54 R
53 ¢ 4 © ©
4.1+ P o Y S
4.0 B
Dorth = Qpex
3.9 = 6.9% )
3'8 Il Il Il Il
0.0 0.5 1.0 1.5 2.0 2.5

x (%) in Mn;_ Au,CoGe

FIG. 3. Lattice constants and cell volumes vs substitution percentage x. The
distortion due to a reduced a,# and an expanded b,y was observed, while

Corth remains nearly constant.
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absent. It is worth noting that the deformations of the cell parame-
ters Aosth = Chex and Doy = apey are relatively larger than that of
Corth = V/3apex, Which is commonly observed in these alloy systems
with a structural transition from a Ni,In-type hexagonal structure
to a TiNiSi-type orthorhombic structure.”"’

V. MAGNETIZATION MEASUREMENTS AND ANALYSIS

The magnetization measurements were performed using a
Magnetic Property Measurement System manufactured by Quantum
Design operating within the temperature range 10-400K, and in
applied magnetic fields up to 7T. The isofield, temperature-
dependent magnetization measurements were performed using field-
cooled cooling and field-cooled warming protocols, and the results
are shown in Fig. 4. First-order martensitic transitions with thermal
hysteresis were observed (for samples Au05, Aul0, Aul5, and

Ve

heat flow

Magnetization (arb. unit.)

0 50 100 150 200 250 300 350 400 450 500

Temperature (K)

FIG. 4. The temperature-dependent magnetization of all samples in an applied
field of uyH = 0.1 T (solid lines represent data taken at atmospheric pressure,
whereas dashed lines represent data taken at the indicated applied pressures)
measured using field-cooled cooling and field-cooled warming protocols. The
arrows shown for sample Au10 (solid lines) and sample Au05 (dashed lines,
14.9 kbar) represent the temperature sweep directions of measurements. For
sample Au00, a DSC measurement above 400K (labeled as “heat flow” in the
figure) was performed and the experimental directions of temperature changes
are indicated by arrows.
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Au20), and the transition temperatures decreased as the Au substitu-
tion increased up to 2.5%. The transition temperatures were
estimated from the isofield magnetization measurements at 0.1 T and
are listed in Table I.

Figure 5 shows the magnetic and structural phase diagram of
Mn;_,Au,CoGe for 0% < x < 2.5%. For compositions between
x = 0.5% and 2%, first-order magneto-structural transitions were-
observed, and a ferromagnetic (FM) TiNiSi-type orthorhombic
structure directly transformed to a paramagnetic (PM) Ni,In-type
hexagonal structure without going through a second-order mag-
netic transition which often results in large field induced magnetic
entropy changes. The effect of reducing the martensitic transition
in MnCoGe alloys via partial substitution for Mn atoms was also
observed previously by utilizing different elements, such as AL**
Cr,”>"% Cu,”"*® Fe,”? Ni,”* or V.”* Note that these elements, as
well as Au used in the current work, have atomic radii not larger
than the Mn atoms they are replacing.”' However, in the case
where Ag, which has a radius that is larger’' than Mn, was used for
the substitution,” the martensitic transition temperatures remain
above 400 K and the magnetic second-order phase transition of the
TiNiSi-type orthorhombic structure moved to higher temperatures.

Isothermal magnetization measurements at T = 2.0 K were
performed in order to investigate the saturation magnetization, the
results of which are shown in Fig. 6. The saturation magnetization
(Mqe) 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 = Mgy l_ﬁ_ﬁ >

where a and b are fitting parameters.”>”> Without the application

of hydrostatic pressure, all of the samples showing martensitic

450 d
425
400
375
3504
325
300
275
250
225

Temperature (K)

0.0 0.5 1.0 1.5 2.0 2.5
x (%) in Mn;_ Au, CoGe

FIG. 5. The magnetic and structural phase diagram of Mn;_,Au,CoGe were
constructed using the experimental results in the current work. For
0.5% < x < 2.0%, the structural and magnetic transition are coupled.
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FIG. 6. The isothermal magnetization data of all samples at T = 2.0K. The
lower saturation magnetic moments of samples Au25 (without pressure), Au10
(8.1kbar), and Au15 (4.1 kbar) were observed because the low temperature
TiNiSi-type orthorhombic structure was suppressed and hence these data reflect
the lower magnetic moments of the Ni,In-type hexagonal structure.

transitions stabilized in the TiNiSi-type orthorhombic crystal struc-
ture at 2.0 K so that their magnetic saturation values are nearly the
same, as shown in Fig. 6, while the measured saturation magnetiza-
tion of sample Au25, for which the martensitic transition is absent,
turns out to be lower than those of the others. These saturation
magnetization results are consistent with other reports,”””> in
which the magnetic moments of the MnCoGe parent phase are
found to be 3.9 and 2.6 up/fu. for the TiNiSi-type orthorhombic
and Ni,In-type hexagonal structures, respectively.

Magnetic measurements under hydrostatic pressure were per-
formed using a BeCu cylindrical pressure cell manufactured by
HMD, Japan. Daphne 7373 oil was used as the pressure transmit-
ting medium. The magnitude of the applied pressure was calibrated
by measuring the shift in the superconducting transition tempera-
ture of Sn, which was placed in the cell with the sample as a refer-
ence manometer. The isofield magnetization results in Fig. 4
(dashed lines) demonstrate the effects of pressure on the martens-
itic transitions for sample Au05 (14.9 kbar), Aul0 (8.1 kbar), Aul5
(4.1kbar), and Au20 (9.1kbar) under the specified hydrostatic
pressures. With the specified hydrostatic pressures, the first-order
martensitic transitions of sample Aul0, Aul5, and Au20 were
completely converted to second-order magnetic transitions while,
for sample Au05 under 14.9 kbar, the first-order martensitic transi-
tion remained but the transition temperature was reduced by over
150K, corresponding to a rate of 10 K/kbar, which is close to
what has been found previously in MnCoGe’® and suggests that
large barocaloric effects might be found in these systems. It is
reasonable to expect the disappearance of the first-order mar-
tensitic transition in Au05 if the applied pressure is large enough.
However, the applied pressure in sample Au05 (14.9 kbar) is
close to the upper limit of attainable hydrostatic pressures for the

ARTICLE scitation.org/journalljap

cell that was used. Generally speaking, the martensitic transition
temperatures were reduced with the increase of applied pressure,
or Au substitution, until they were completely converted to
second-order magnetic transitions and the thermal hysteresis dis-
appeared. It is also worth noting that the low values of the satura-
tion magnetic moments of samples Aul0 (8.1 kbar) and Aul5
(4.1 kbar) at 2.0 K shown in Fig. 6 were observed since the low
temperature TiNiSi-type orthorhombic structure was suppressed
under the specified pressures, and the magnetic moments of
NiIn-type hexagonal structure are lower than that of the
TiNiSi-type orthorhombic structure.

VI. MAGNETIC-INDUCED ISOTHERMAL ENTROPY

The performance of MCE materials can be quantified by the
magnetic entropy change in an isothermal process.”’
Experimentally, the magnetic entropy change is estimated from iso-
thermal magnetization data using the thermodynamic relation

AS(T,O—>H):£(

H
o7 J M(T,H)dH)

0 T=const.

H H
~ L U M(T + AT, H))dH' — J M(T, H’)dH’} .
AT 0 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 inac-
curate entropy changes, the samples were heated to complete the
paramagnetic austenite phase, and then cooled down to the target
measurement temperature under zero field before initiating each
isothermal magnetization measurement. The magnetic entropy

35 T T T T
UoAH =7 Tesla
30 | q
Au05 -o-
25 | Aul0 -o- ]

Aul5 -o-
20

15

-AS(J/kg-K)

10

---------

220 240 260 280 300 320 340 360 380 400
Temperature (K)

FIG. 7. The magnetic entropy changes for uyAH = 7T at the corresponding
first-order magneto-structural transitions under ambient pressure were estimated
from magnetization isotherm measurements.
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change determined using this thermodynamic reset protocol
should represent the magnetic entropy change in the direction
from the austenite phase to the martensite phase. This protocol
was referred to as the cooling protocol, or the loop process, in
Refs. 78 and 79, because the results obtained using this protocol
can also be acquired by calorimetric experiments during the
cooling process.

The magnetic entropy changes for yyAH = 7 T as a function
of temperature are shown in Fig. 7. The values of the maximum
magnetic entropy changes (ASp.x) for the samples showing first-
order magneto-structural transitions are listed in Table I. It is inter-
esting that samples Aul0, Aul5, and Au20 show comparable mag-
nitudes of maximum magnetic entropy changes and the full width
at half maximum of the entropy, as shown in Table I, while sample
Au05 shows the smallest maximum magnetic entropy change and
the largest 6FWHM (ASmax =—134 ]/kg K, 6FWHM =304 K) In
addition, the largest relative cooling power’’ was observed in
sample Aul0 (RCP = —469]/kg), while the smallest relative
cooling power was observed in sample Au20 (RCP = —347]J/kg).
These magnitudes of ASy,,x and RCP reported here are comparable
with previously reported MnNiSi-type magnetocaloric materials
that undergo the same magneto-structural transitions from a ferro-
magnetic TiNiSi-type orthorhombic structure to a paramagnetic
Ni,In-type hexagonal structure.”>”

VII. CONCLUSIONS

In conclusion, the structural and magnetic properties of
Mn,_,Au,CoGe (x = 0.000, 0.005, 0.010, 0.015, 0.020, and 0.025)
under hydrostatic pressures were investigated. First-order martens-
itic transitions from a Ni,In-type hexagonal austenite phase to a
TiNiSi-type orthorhombic martensite phase were observed, and the
martensitic transition temperatures decreased by up to 180 K via
either Au substitution or hydrostatic pressure application. As the
substitution percentage (x) reached 2.5 %, the first-order martens-
itic transition was suppressed, and only a second-order magnetic
phase transition was observed. Similarly, as the hydrostatic pressure
increased, the first-order martensitic transition temperature initially
decreased, and then converted to a Ni,In-type hexagonal structure
with only second-order phase transitions at high pressures. It is
worth noting that, in this work, the reduction of the martensitic
transition temperatures was found to be a consequence of the
volume reduction, which can occur either permanently by modify-
ing the chemical composition or temporarily by applying hydro-
static pressure.
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