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GRAPHICAL ABSTRACT

Enhanced giant magnetocaloric effect is
achieved due to an efficient
magnetostructural coupling in Mn;.
«Cu,CoGe compounds.

Very large magnetic entropy change of
58 Jkg7LK™! @ uoH = 5 T is obtained
near room  temperature  for
Mno‘39Cu0_nC0Ge.

An excellent effective refrigerant capac-
ity of 258.2 . kg ! is achieved.

Wide temperature window (~100 K) is
obtained for giant magnetocaloric effect
in Mn,_xCuyCoGe.
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High performance magnetocaloric materials are crucial to realize the energy efficient and environment friendly
magnetic cooling/refrigeration technology. We have designed Mn;_4Cu,CoGe compounds possessing a giant
magnetocaloric effect near room temperature. The magnetic and structural degree of freedom have been coupled
by substituting Cu for Mn leading to a first-order magnetostructural phase transformation resulting in a giant
magnetocaloric effect over a wide temperature window of 100 K (250-350 K). A very large entropy change
value of 58 J.kg—".K~! corresponding to a magnetic field change of 5 T near room temperature has been obtained
for MnggeCug 11CoGe exhibiting a maximum effective refrigerant capacity of 258.2 J.kg~'. The first-order
magnetostructural phase transformation which is essential for the giant magnetocaloric effect has been con-
firmed by a combinatorial master-curve and Arrott-plot analyses. The results of giant magnetocaloric effect real-
ized in Mn;_,CuxCoGe are comparable to or better than that of the other reported high performing materials, and
this material can be of significant importance for the development of environment friendly and energy efficient
cooling devices. The approach of magnetostructural coupling by tuning the structural and magnetic transitions
for a giant magnetocaloric effect can also be adopted for other materials to design the best solid-state magnetic
refrigerant.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Serious environmental consequences of the traditional vapor-
compression cooling techniques have turned the research efforts to-
wards the development of alternative cooling techniques. The
magnetocaloric effect (MCE), a phenomenon that shows temperature
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change of a magnetic material upon application/removal of a magnetic
field, can be applied for the development of environment friendly mag-
netic cooling devices for domestic, as well as, commercial purposes.
[1-4] The search for new magnetic materials or improving the proper-
ties of existing ones exhibiting large MCE near room temperature (RT)
is a field of intense research for magnetic cooling technology. It has
been demonstrated that the MCE of a magnetic material can be signifi-
cantly improved by combining the structural degree of freedom with
the magnetic one, which can be achieved by tuning the material for a
concomitant magnetic and structural transformation. [5-9] The cou-
pling of magnetic and structural degrees of freedom produces a first-
order magnetostructural transformation, which in turn leads to a giant
magnetocaloric effect.

The magnetic MM'X (M, M' = transition metals, X = p-block ele-
ment) type equiatomic compounds have received considerable research
interest in the past few years because of their remarkable magneto-
responsive properties. [8,10-14] MnCoGe is one such important MM'X
compounds exhibiting a martensitic structural and a ferromagnetic
transformation separated by approximately 100 K. The pristine
equiatomic MnCoGe compound transforms structurally from high tem-
perature Ni,In-type hexagonal structure (space group P6s/mmc, #194)
to low temperature TiNiSi-type orthorhombic structure (space group
Pnma, #62) at approximately 500 K. A schematic of hexagonal and or-
thorhombic crystal structures is shown in Fig. 1(a). Both the hexagonal
austenite and the orthorhombic martensite phases are ferromagnetic
(FM) in nature with Curie temperatures of T2 = 275 K and T¥=355 K,
respectively. [15,16] Interestingly, the orthorhombic phase possesses a
slightly higher saturation magnetization (~ 3.86 pg/f.1..) than the hexag-
onal phase (= 2.58 p/f.u.). [17] As the martensitic structural transfor-
mation temperature (Ts;.) is higher than the magnetic transition
temperature of the martensite (T) and the austenite (T2) phases, the
structural transformation takes place in the paramagnetic (PM) region.
In the case when Ty is just below T, the structural transformation
would occur in the FM state and the material would transform directly
from PM-austenite to the high-moment FM-martensite phase. This
would lead to a magnetostructural coupling and thus a large change in
the magnetization could be realized during the magnetostructural
transformation (MST).

The tuning of the magnetic and structural transition temperatures of
MnCoGe compounds can be achieved via application of physical and/or
chemical pressures. Some efforts have been made to coincide the struc-
tural and magnetic transition temperatures by means of elemental sub-
stitution and vacancies at various sites. [ 18-27] Recently, Aryal et al. 28]
reported on Ag substitution for Mn in MnCoGe leading to a maximum
entropy change of 22 J.kg™".K~" at 308 K for a field change of 5 Tesla
(T). Substitution of 2 at.% Fe for Mn has been shown to produce large re-
frigerant capacity (212 J.kg "), however the maximum entropy change
was quite low (10 Jkg~!.K~1). [29] Ma et al. [30] reported an entropy
change value of 8 J.kg™'.K~! at 260 K for a field change of 1 T in
Mn;_,Cu,CoGe synthesized by melt spinning methods. However, only
the intermediate range of the compositions were investigated, and the
nature of the phase transformation in the coupled region has remained
elusive. Additionally, the entropy change was calculated only from the
continuous magnetic isotherm measurement, which is reported to
overestimate the magnetic entropy change values. [31] We have per-
formed the substitution of Cu for Mn in MnCoGe to establish a first-
order magnetostructural phase transition by tuning the structural and
magnetic transition temperatures. The present study is focused on
gaining better understanding of the magnetostructural phase transition
and giant MCE in Mn;_4Cu,CoGe compounds.

Here, we present a systematic and extensive investigation of the
structural and magnetic phase transformations in the full range of inter-
esting compositions covering un-coupled, coupled and de-coupled re-
gions in MnCoGe compounds obtained by partial substitution of Cu for
Mn. The giant MCE values have been determined following the discon-
tinuous (loop) method which provides a more accurate values for

first-order phase change materials. For the first time we have observed
a magnetic field induced magnetostructural transformation in
Mn;_Cu,CoGe compounds. The large (~9 K) shift of magnetostructural
transition temperature upon a field chage of 5 T makes Mn;_,Cu,CoGe
compounds promising for sensor applications. Additionally, for the
first time we analyzed the nature of magnetostructural phase transition
adopting a combinatorial approach of qualitative universal entropy
curve and Arrott plot methods, and the quantitative exponent method
to confirm the first-order nature of the magnetostructural phase transi-
tion in Mn;_xCuyCoGe compounds. The magnetostructural coupling
leads to a first-order phase transformation for Cu concentrations in
the range of 9-12 at.%, and thus results in a giant MCE in wide temper-
ature window of 100 K. A phase diagram has been deduced based on the
results of calorimetry and magnetic measurements. The approach of de-
signing MnCoGe compound possessing first-order magnetostructural
phase transition has been successful in obtaining a large magnetic en-
tropy change and a giant MCE, and also provides a better understanding
of Cu substituted MnCoGe compounds. This study paves the way to-
wards designing magnetic materials possessing large magnetic entropy
change and giant MCE for the realization of energy efficient and envi-
ronment friendly magnetic cooling devices.

2. Materials and methods

Mn;_xCuyCoGe (x = 0-0.15) compounds were prepared by arc-
melting of metal elements Mn, Cu, Co, Ge of purity 99.99 wt¥ or higher
under argon gas atmosphere. The arc-melted ingots were sealed in
evacuated quartz ampoules and homogenized at a temperature of
1123 K for 100 h and then subsequently furnace-cooled to RT. Ingots
were cleaned by grinding away the impurities on the surfaces. RT X~
ray diffraction (XRD) measurements were performed on powder sam-
ples for structural characterization using a Bruker D8 Advance diffrac-
tometer with Cu-K, radiation. Phase matching and structural
refinements were carried out using the FullProf/WinPLOTR suite. [32]
Temperature dependent structural transformation was studied using a
differential scanning calorimetry (DSC 25 - TA Instruments) with a
heating/cooling rate of 5 K/min. A Quantum Design physical property
measurement system (QD-PPMS) was employed to measure isofield
(M-T) and isothermal (M-H) magnetization curves. M-T measurements
were performed with a temperature step of 2 K and a heating or cooling
rate of 2 K/min., adopting the settle mode for settling of the temperature.
The magnetic field was set in persistant mode providing a stable field for
M-H measurements. The field was changed at intervals 0of 0.02 and 0.2 T
in 0-1 T and 1-9 T ranges, respectively. The magnetization curves were
not corrected for demagnetizing field due to the irregular shape of the
sample and the powder particles. The magnetic entropy change was
evaluated from M-H curves using the integral form of Maxwell's rela-
tion following the discontinuous (or loop) method as described else-
where. [31] In the loop process, when measuring isotherms in the
cooling run, the sample is always heated to a fixed temperature in para-
magnetic state after each isotherm measurement and then cooled down
to the desired measuring temperature. This process erases the history of
the sample and the magnetic response remains unaffected by the coex-
istence of the mixed para- and ferro-magnetic phases. [31] Refrigerant
capacity of the compounds was determined by adopting method de-
scribed by Wood and Potter [33] Effective refrigerant capacity was de-
duced by deducting the magnetic hysteresis loss from the refrigerant

capacity.
3. Results and discussions
3.1. Structural transition
Fig. 1(b) depicts the powder XRD patterns of Mn;_xCu,CoGe re-

corded at RT. It is evident that these compounds crystallize in ortho-
rhombic structure for Cu concentration x < 0.07. A minor trace of the
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Fig. 1. (a) Hexagonal (Ni,In-type) and orthorhombic (TiNiSi-type) modifications of the crystal structure of MnCoGe. Atoms at z = % are connected by lines, atoms at z = % are
unconnected, (b) room temperature powder XRD patterns of Mn;_,CuxCoGe compounds. hkl® and hkI" denote the Miller indices for the orthorhombic and the hexagonal structures,

respectively.

high-temperature hexagonal phase starts appearing at x = 0.09, which
then develops to around 35 and 90 vol% for x = 0.10 and 0.11, respec-
tively. The Mn,_xCu,CoGe compounds completely transform to a hexag-
onal structure for x > 0.12. This indicates that the substitution of Cu for
Mn in MnCoGe can effectively alter the phase stability, and that the hex-
agonal structure is stabilized at lower temperatures with increasing Cu
concentration. The amount of Cu (x = 0.09) required for the stabiliza-
tion of the hexagonal phase at RT is much higher than that reported
by Ma et al. [30], wherein, a very small amount of Cu (x = 0.02), was
enough to completely transform the orthorhombic structure to hexago-
nal at RT. This large difference in x values could probably have been due

to different synthesis method used. Melt spinning could produce a very
different microstructure and the melt-spun ribbons could be inhomoge-
neous in composition. As can be seen in Fig. 1(b), the Bragg peaks shift
towards higher 26 values with increasing Cu concentration, indicating
a lattice contraction of both orthorhombic and hexagonal phases. A re-
duction of the cell volume is expected since Cu (rc, =~ 1.28 A) is smaller
in size compared to Mn (ry, =~ 1.30 A). [34] A cell volume change of
~3.9 vol% was obtained due to transformation from orthorhombic to
hexagonal phase at RT, indicating a significant amount of lattice distor-
tion during the transformation. As the structural transformation in
MnCoGe takes place through atomic displacements, an alteration of



4 S.K. Pal et al. / Materials and Design 195 (2020) 109036

the interatomic distances by substitution with smaller size elements
would induce negative chemical pressure, similar to the physical pres-
sure effects studied by Caron et al. [35] and Wu et al. [22], which in
turn would facilitate the transformation towards lower temperature.

DSC measurements were carried out to study the temperature de-
pendent structure transformation of various samples. Fig. 2(a) shows
DSC thermograms of different samples obtained in heating and cooling
cycles in the selected temperature range. It is evident that the structural
transformation temperature decreases continuously with increasing Cu
concentration. Reduction in peak broadenings with an increase in x up
till x = 0.10 indicates a faster transition and also suggests that the
chemical pressure due to the substitution of Cu for Mn facilitates atomic
displacements. The increased peak broadening for x = 0.13 could be
due to the fact that atomic movement gets sluggish because of the re-
duced thermal energy at low temperatures. The full temperature
range DSC curves for x = 0.07 in Fig. 2(b) depict two types of transitions.
The weak and broad transition at 345 K corresponds to second-order
magnetic transition (Curie temperature, T¢), and the strong transitions
in the temperature range 360-430 K correspond to the martensitic
structural transition temperature, Ty, The characteristic temperatures
for austenite start (T%), austenite finish (T%) in the heating cycle and
martensite start (T§;), martensite finish (T4;) in the cooling cycle are in-
dicated in the Fig. 2(b). The much broader peaks with almost zero ther-
mal hystereses indicate the second-order nature of the magnetic
transformation. However, the strong peaks with a significant amount
of thermal hysteresis at around 450 K reveal the first-order nature of
the martensitic transformation.

3.2. Magnetic transition

Temperature dependent magnetization (M-T) curves of selected
Mn;_4CuyCoGe compounds measured in a magnetic field of yH =
0.1 T are presented in Fig. 3. The shaded peaks represent the heat-flow
DSC curves for the cooling cycle. It can be seen that the transition tem-
perature Tc decreases with increasing Cu concentration in the range
x = 0.09-0.12. The relatively broad magnetic transition without any
temperature hysteresis for x = 0.07 demonstrates the second-order na-
ture of the PM-FM transition, which is also in agreement with the DSC
result discussed earlier. Note that the magnetic transition for x = 0.07
is taking place in the orthorhombic phase as is evident from the DSC
curve. The M-T curves of x = 0.09-0.11 samples show a sharp transition

|| f‘
\‘ ,
{
0.13 0.0
: 0.09 0.07

heating 092 0.11 g.10
150 200 250 300 350
T(K)

Heat flow (a.u.)

0.05 0.0

400 450 500

with thermal hysteresis (~20 K) indicating the first-order nature of the
transition. As it can be seen in case of cooling cycles, the starting point
of the magnetic transition (PM-FM) for x = 0.09-0.11 coincides with
the start of the martensitic transition temperature, Ty;. The concomitant
structural and magnetic transitions lead to the coupling of magnetic and
lattice degrees of freedom, which ultimately result in the first-order
magnetostructural transformation at Tyst. In contrast, the M-T curve
of the x = 0.12 sample shows a relatively broad start of the magnetic
transition at around 260 K which then transforms to a sharper transition
at a slightly lower temperature. The sharper transition coinciding with
the DSC heat-flow curve corresponds to the martensitic transformation,
whereas, the broader transition in austenite region corresponds to the
Curie temperature of the hexagonal austenite phase. In this case, the
magnetic and structural transformations could only be partially coupled
as the martensitic transformation starts just before the completion of
the magnetic transition. The partial magnetostructural coupling in the
x = 0.12 is also visible in terms of the narrow temperature hysteresis
as compared to that of the x = 0.09-0.11 samples. It is of significant im-
portance to note that for the coupled compositions (x = 0.09-0.12),
both magnetic and structural transition temperatures decrease at al-
most the same rate in a wide temperature span (~350-250 K), while,
the structural transition temperature decreases at a much faster rate
than the magnetic one in the composition range beyond x =
0.09-0.11. It could be that the magnetic transition temperature (Tc) of
the orthorhombic phase is much higher than the transition temperature
observed from these M-T curves. However, as the material directly
transforms from the PM-hexagonal phase to FM-orthorhombic phase,
the magnetic transition is directly mediated by the structural transition
until the Ty, falls below the T¢ value of the hexagonal phase. In such a
scenario, the material would transform from FM-hexagonal to FM-
orthorhombic and hence the magnetic and structure transformations
get de-coupled, as seen in the M-T curve of x = 0.13 samples.

3.3. Magnetic field induced magnetostructural transformation

A significant change of the magnetization of around 5 Am?.kg~! for
an applied magnetic field of 0.1 T, for x = 0.13 sample near the T, indi-
cates that the orthorhombic martensitic phase possesses a higher mag-
netic moment as compared to that of the hexagonal austenite phase
(see Fig. 3). This result is also in agreement with the magnetic moment
values of orthorhombic and hexagonal MnCoGe compound reported by
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Fig. 2. (a) DSC heat flow curves of Mn;4xCuxCoGe as a function of temperature measured at a rate of 5 K/min during heating and cooling cycles, (b) full DSC heat flow curve for x = 0.07
sample. The faint-dotted curve in (b) represents the derivative of the heat flow curve with the zoomed-in region around Tc. T} - austenite start temperature, Th - austenite finish

temperature, T}, - martensite start temperature, Tf; - martensite finish temperature.
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Fig. 3. Temperature dependent magnetization curves of Mn;_,Cu,CoGe compounds for (a) x = 0.07-0.13 measured in heating and cooling cycles under a magnetic field of 0.1 T. The
bottom shaded peaks represent the corresponding DSC heat-flow curves measured during the cooling process.

Bazela et al. [36] The higher magnetic moment of the martensitic phase
is expected to drive Ty, towards higher temperature in the presence of a
magnetic field. In this respect, the M-T curves for the x = 0.11 sample
showing the magnetostructural transformation near RT were measured
atvarious fields, and are shown in Fig. 4. The M-T curves clearly demon-
strate a field induced magnetostructural transformation with the transi-
tion temperatures of Tysr = 278.8, 281.2, 283.7 and 287.8 K
corresponding to the applied magnetic fields of 0.1, 1, 2 and 5 T, respec-
tively. An upward shift of the transition temperature of around AT =
9.0 K was estimated for an applied magnetic field of 5 T. The shift of
the martensitic transition temperature can be attributed to the differ-
ence in Zeeman energy of the austenite and the martensite phases
under the stronger applied magnetic fields. This difference in energy
can enhance the stability of the martensitic phase and hence change
the equilibrium temperature, leading to a magnetic field induced mar-
tensitic transformation. [37] The change of the martensitic

260 270 280°°%200 300 310

Fig. 4. Temperature dependent magnetization curves of Mng ggCug 11CoGe compound
showing magnetic field induced magnetostructural transformation.

transformation temperature (AT) induced by magnetic field changes
(AB) is approximately given by the Clausius-Clapeyron relation

d(ueH)/dT = AS/AM or AT = (AM/AS)A(toH) (1)

where, T is the absolute temperature, tpH is the applied magnetic field,
and AM and AS are the differences in magnetization and entropy,
respectively, between the parent austenite and the martensite phases.
Substituting AM (=Mii—sr — Miti—or ~ 77 Am”kg~') and AS
(=~ 47.5].kg~" K1) values corresponding to t,AH = 5 T estimated from
M-T curve (Fig. 4) and the DSC curve (Fig. 2), respectively, forx = 0.11
samples, an approximate value of AT = 8.1 K was calculated, which is
also very close to the experimentally determined (AT = 9.0 K) value.
On the basis of above described experimental results obtained using
the magnetometry and the calorimetry investigations, a phase diagram

0.00 002 0.04 006 0.08 010 0.12 0.14
X

Fig. 5. Magnetic and structural phase diagram of Mn, xCu,CoGe compounds. The dotted
magenta curve with open symbols denote the Curie temperature, the upper and lower
blue curves with solid squares correspond to the start (T},) and finish (T{;) of the
martensitic transformation temperature. The upper and lower dashed-black lines
represent a trend of the Curie temperatures for the martensitic orthorhombic and the
austenitic hexagonal phases, respectively. The highlighted light-yellow region represents
the magnetostructural-coupled region (Tysr), and TW and Ax denotes the temperature
window and the composition region, respectively, for the desired magnetostructural
coupling. The graph shows the data measured during the cooling process of the samples.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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of the Mn;_xCu,CoGe system for the cooling cycle is presented in Fig. 5. It
is demonstrated that the martensitic transformation temperature is
continuously lowered by increasing the substitution of Mn by Cu. The
magenta colored curve with open symbols corresponding to Tc reveals
that Cu substitution for Mn has very little effect on Tc values in both
the orthorhombic and the hexagonal regions. This eventually gives the
upper (~350 K) and lower (~250 K) temperature limits of a temperature
window of approximately 100 K. The dashed-black lines represent a
trend line for the Curie temperatures of martensite orthorhombic
T¥ and austenite hexagonal TZ phases, respectively. Although, following
the trend line the actual Curie temperature of the orthorhombic phase
may be higher than the structural transformation temperature, as in
the Ax range the material transforms from paramagnetic austenite to
ferromagnetic martensite upon cooling. In this case the magnetic transi-
tion is directly controlled by the structural transition. The simultaneous
occurrence of magnetic and structural transformations can be
established within this temperature window (TW), and is highly de-
sired for the magnetostructural coupling in order to realize a giant
MCE. The sharp decrease of T¢ for x = 0.09-0.11 can be ascribed to
the structurally driven magnetic transitions leading to the
magnetostructural phase transformation.

Magnetic field dependent magnetization (M-H) curves of x = 0.10
sample recorded at various temperatures are presented in Fig. 6. The
M-H curves were measured while cooling the samples from PM state
following the loop process. A linear increase of the magnetization with
increasing field for temperatures above 308 K (>Ts;,) indicates a PM
state for the austenite. Interestingly, a sudden change in the slope of
the magnetization curves at fields around 7.7, 5.4, 3.6, 2.1 and 0.6 T for
temperatures 308, 306, 304, 302, and 300 K, respectively, can be seen
in Fig. 6. However, it is important to note that these temperatures are
well above the Tyst (= 298 K) for x = 0.10 compound. The increased
magnetization and the positive change in the slope of M-H curves indi-
cate the presence of a metamagnetic feature arising from the partial
transformation of the austenite phase to the martensite phase due to
the application of the magnetic field. This phenomenon demonstrates
the field induced martensitic transformation of these materials, which
is a confirmation of the same effect observed in terms of the shift of
the magnetic transition temperature observed in the M-T curves
shown in Fig. (4) for x = 0.11 compound. It is also worth noting that
the strength of field required for the martensitic transformation de-
creases with decrease in temperature. This is basically attributed to
the increased magnetization and also the reduced thermal energy

— 280
——— 286
— 290
—— 204
|—o—296
—e— 208
—— 300
—— 302
=304
— 306
4 =—+—308
——310
—t— 312
—— 320
|=—=—2340

4 6
HoH (T)

Fig. 6. Isothermal magnetization (M vs poH) curves for x = 0.10 compound. The star
symbols associated with the tangents to the M-H curves corresponding to selected
temperatures denote the field required for the martensitic transformation.

which induces the martensitic transformation at lower temperatures,
requiring less external magnetic energy for the transformation.

3.4. Giant-magnetocaloric effect

MCE was determined through the isothermal magnetic entropy
changes (ASy) which were calculated from the M-H curves using the
integral form of the Maxwell's relation;

ASu(T.H) =y [ ! (%)Hw @)

As the compounds show metamagnetic behavior and first-order
phase transition, the loop method of M-H curve measurements was
adopted for the determination of ASy,. In the loop method, the sample
is first heated to a complete PM state and then cooled back to the de-
sired measurement temperature in absence of a magnetic field. This
method has been proven as a suitable procedure to suppress the effect
of coexisting magnetic phases during the phase transition. [31] Fig. 7
shows the thermal variation of -ASy, for selected composition for
Mn;_xCuxCoGe. The maximum -ASy,; values of 22, 40, 48 and 15 J.kg~".
K" for x = 0.09, 0.10, 0.11 and 0.12, respectively, were obtained for a
field change of 5 T during the cooling cycle. The entropy change values
were also determined during the heating cycle for comparison. The
maximum -ASy, values were obtained as 23, 43, 58 and 16 J.kg~L.K~!
for x = 0.09, 0.10, 0.11 and 0.12, respectively. It can be seen that the
maximum -ASy, value was significantly increased to 58 J.kg~.K~! for
x = 0.11, whereas the other compositions showed nearly the same
maximum -ASy; values during heating and cooling cycles. The maxi-
mum -ASy, value of 58 J.kg 'K~ for upAH = 5 Tiis the highest entropy
change value reported to date in the MnCoGe and similar compounds.
Moreover, it is found that the entropy change value for x = 0.11 com-
pound is comparable to or higher than those of some high-
performance RT magnetocaloric materials (see Table 1 for comparison).
While the increase on -ASy, value for x = 0.11 during the heating run is
not yet fully understood, a sharp first-order transition resulting from an
efficient magnetostructural coupling can be responsible for it. Here,
11 at.% seems to be the optimal amount of substitution of Cu for Mn pro-
viding optimal chemical pressure for a fast kinetics of the
magnetostructural phase transition. Moreover, as proposed by A. Diestel
etal, [43]in case of a slight chemical inhomogeneity in the sample there
will be coexisting regions which would place the system in a non-
equilibrium thermodynamics where changes in the martensite trans-
formation nucleation barrier and growth will vary for both heating
and cooling cycles. [43] As the entropy variation as a function of temper-
ature is a combination of both applied magnetic field and temperature
there will be variations in both martensitic transformation onset tem-
perature as well as the strength of -ASy;. In a temperature induced pro-
cess, the nuclei orientation and all growth directions are equal, whereas,
for a field induced process some nuclei and growth directions are pre-
ferred over others. The fast kinetics of martensitic transformation
might be preferred during heating cycle in applied magnetic field lead-
ing to a slight increase in the -ASy, value.

The entropy change values were also determined from the DSC heat
flow curves (Fig. 2 (a)) measured during heating and cooling cycles in
absence of applied magnetic field. Total entropy change corresponding
to the structural transition were obtained to be 40.7, 48.1, 49.4 and
45.7 Jkg~.K~! during cooling and 43.7, 51.0, 53.5 and 46.1 .kg—".K~!
during heating cycle for x = 0.09, 0.10, 0.11 and 0.12, respectively.
Some discrepancy between the entropy change values determined
from the DSC heat flow measurement and isothermal M-H curves is ob-
vious as these are two different techniques and the material is cycled
differently during each measurement. Nevertheless, the maximum
-ASy values obtained from both DSC and M-H curves follow the same
trend. Similar difference in -ASy; values obtained from DSC (33.4,
425 Jkg='.K~") and M-H curves (9.4, 22 J kg~'.K~") for various (5,
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Fig. 7. Magnetic entropy changes derived from isothermal magnetization curves of Mn;_,Cu,CoGe compounds for (a) x = 0.09-0.12, and (b) x = 0.13. The dotted line curve represents the
entropy change during heating cycle and the remaining curves correspond to entropy change measured during the cooling cycle.

6 at.%) Ag doped MnCoGe compounds were also reported by Aryal et al.
[28].

Normally, an asymmetric shape of -ASy; vs T curve is observed for
first-order phase transition materials. The extent of asymmetry varies
with the material. Looking at Fig. 7 (a), the asymmetry can be clearly
seen in X = 0.09 curve. There is some degree of asymmetry in the
x = 0.10 and x = 0.11 curves as well; however, less pronounced than
that of the x = 0.09 curve which could be attributed to the efficient
magnetostructural coupling. Similar low degree of asymmetry has also
been observed in MnCoGe system reported by A. Aryal et al. and GJJ. Li
et al., for Ag and Fe doped MnCoGe compounds. [18,28] The sharp
-ASy peaks for the x = 0.10 and 0.11 samples demonstrate a strong
magnetostructural coupling, while the widening of the -ASy; peak of
the x = 0.09 sample may be due to a weak coupling. In addition, two
separate -ASy peaks can be seen for x = 0.13 sample as shown in
Fig. 7(b). The wide peak at around 245 K corresponds to the second-
order magnetic transition; while, the relatively sharp peak at around
170 K corresponds to the martensitic structural transition which is of
first-order in nature. This reveals that in the case of de-coupled state
the entropy changes of the individual magnetic and structural contribu-
tion are quite small and that the coupling is a must for the giant change
in the entropy of the compounds.

Refrigerant capacity (RC) is another important property of
magnetocaloric materials, which represents the amount of heat trans-
ferred during one thermodynamic cycle. RC values of the selected com-
pounds were calculated following the method proposed by Gschneider
et al. [44] which is basically the area under the -ASy; peak in the

temperature range of the full width at half maxima (FWHM) of the
peak. The RC is given by the following expression [33],

T,
RCrpn = /T ASy(T)dT 3)

where T; and T, correspond to the lower and upper temperatures at the
FWHM of -ASy; peak. Thus, for a large RC, the material is expected to
have a high -ASy value and a wide transition region (i.e. broad -ASy,
peak). The RCpwiwm values of 236.5, 273 and 332.5 J.kg ! were obtained
for x = 0.09, 0.10 and 0.11 samples, respectively. As the temperature
span at FWHM (8Tgwum = T»-Ty) was relatively small with values of
11,7 and 7 K for the x = 0.09, 0.10 and 0.11 samples, respectively, which
is normally the case for first-order phase transition materials, these
large RC values are basically attributed to the high -ASy, values.

Magnetic hysteresis is known to adversely affect the refrigerant ca-
pacity of magnetocaloric materials. A significantly large hysteresis can
be seen in the M-H curves (Fig. 6) near the magnetostructural transition
temperature arising basically due to the metamagnetic behavior of the
first-order transition. Such hysteresis causes energy loss referred as hys-
teresis loss (E™*) during magnetic field cycling resulting in a reduction
of the refrigerant capacity of the magnetocaloric materials. The effective
refrigerant capacity (ERC) was deduced by deducting the maximum
E"S from RC value obtained from -ASy vs T curve. ERC values of
200.9 J.kg~" and 258.2 J.kg ! for a magnetic field change of 5 T and
354.8 J.kg~" and 401 J. kg~ for a magnetic field change of 9 T were ob-
tained for x = 0.10 and 0.11 compounds, respectively.

Table 1

Magnetocaloric properties of the materials of present work and some other interesting materials.
Materials -ASy (Jkg 7' K1) atppAH = 2 T -ASy (Jkg 7' K1) atppAH = 5T Tpk (K) ATrwhm Reference
Mnyg 91Cug 09CoGe cooling (heating) cycle 8(9) 21.5(23) 336 11 Present work
Mnyg 90Cug 10CoGe cooling (heating) cycle 19.5 (22) 39 (43) 304 7 Present work
Mng g9Cug 11CoGe cooling (heating) cycle 21 (24) 47.5 (58) 281 7 Present work
Mny ggCug 12CoGe cooling (heating) cycle 7 (8) 14.6 (16) 240 9.5 Present work
MnCoGe 31 5.8 343 50 [19]
Mng 665C0Ge 10 25.5 289 10 [16]
MnCog g4Feq 0sGe 12 275 316 6 [18]
Mng 94Tip 0sCoGe 45 14.8 235 - [38]
Mng 96Cro 04CoGe 11 28.5 322 10 [39]
Mng 94Ag0.0sC0Ge 9 22.0 274 12 [28]
MnFePg 45As055 8 18 305 20 [40]
La(FepgoSio.11)13H13 24 28 291 22 [41]
GdsSi,Ge, 27 36.4 277 - [42]

Magnetic entropy changes for magnetic field change of 0-2 T and 0-5 T, temperature corresponding to peak entropy change (Ty), and full width at half maxima temperature (ATpwim) of

the entropy change curve.
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The substitution of Cu for Mn in MnCoGe has been successful in
achieving a large magnetic entropy change and refrigerant capacity by
coupling the magnetic and lattice degrees of freedom which leads to a
significant improvement in the giant MCE. However, the large thermal
hysteresis present in the magnetostructurally coupled Mn;_,Cu,CoGe
compounds (x = 0.09-0.12) can be an issue in direct application of
these materials for magnetic refrigeration. Nevertheless, there is scope
for further optimization of these materials by appropriate elemental
doping or applying physical pressure to improve the reversibility by de-
creasing thermal hysteresis. [21,45,46]

Increasing Cu content in Mn;_4Cu,CoGe leads to a rapid decrease of
the structural transition temperature because of the induced negative
chemical pressure due to smaller size of Cu as compared to that of Mn.
It is important to note that only a slight decrease in the magnetic tran-
sition temperature (Curie temperature) takes place due to Cu substitu-
tion for Min unlike the case of Cu substitution for Co which results in fast
decrease of the Curie temperature as reported by Zhang et al. [47]. The
slight decrease of the Curie temperature could be attributed to the mag-
netic dilution of Mn;_4Cuy,CoGe due to the substitution with non-
magnetic Cu for magnetic Mn atom. A slow decreasing rate of Curie
temperature and faster decreasing rate of structural transition temper-
ature is beneficial for the overlapping of both transitions. The composi-
tions for which the structural transition temperature becomes lower
than the magnetic transition temperatures, the magnetic transition
would be mediated by the structural transition leading to a first-order
magnetostructural phase transition. The decrease of the structural/
magnetostructural phase transition temperature of Mn;_,Cu,CoGe
with increasing Cu content could be attributed to the increased c/a
ratio and higher electronegativity of Cu (yc, = 1.90) as compared to
that of Mn (ymn = 1.55). [48]

3.5. First-order magnetostructural phase transformation

The magnetocaloric effect and the magnetic entropy change are
closely related to the nature of the phase transition. In general, the
second-order phase transition leads to a broader entropy change peak
(-ASp vs T curve), whereas, a sharp entropy change peak with high
value of maximum entropy change is observed in the case of a first-
order phase transition. Different methods have been employed to
study the nature of the phase transition through magnetic measure-
ment. [49-51] Arrott plot (M? vs H/M) in combination with Banerjee
criterion has been broadly used to investigate the nature of the phase
transitions. [49,52] A second-order magnetic phase transition results
in a positive slope of the M? vs H/M curve in the whole field range,
while a negative slope and/or an S-shape of the M? vs H/M curve
would be observed in case of a first-order magnetic phase transition.
Arrott plots for x = 0.10 compound are shown in Fig. 8(a). The com-
pound with x = 0.10 was chosen because of its proximity to RT, and
coupled structural and magnetic transitions. A negative slope in the
M2 vs H/M curves can be seen for temperatures between 310 and
298 K, which also coincides with field-induced magnetostructural tran-
sition presented in Fig. 6. According to the Banerjee criterion, negative
slope indicates the first-order nature of the magnetostructural phase
transition for x = 0.10 sample. However, Banerjee criterion which is
based on the assumption that the material follows a mean field model,
has been reported to provide contradictory results in some specific
cases such as DyCo, and MnFePg 46As054, [51,53] Recently, Franco et al.
|50] proposed an alternative method based on the scaling nature of
the entropy change curves (-ASy-T) of second-order phase transforma-
tion materials. The universal scaling method has been suggested to be
more effective in determining the nature of the phase transformation.
The universal curve was constructed by normalizing all -ASy; vs T curves
with their respective peak entropy change (SB¥), AS; = ASu(T)/ASRK
(see Fig. 8(b) and (c)). The temperature axis was rescaled to 6 below
and above the temperature (T°¥) corresponding to the peak entropy

change value by imposing the condition that the positions of two refer-
ence points in the curve correspond to 6§ = + 1, i.e.

_ [ —=(T=T¢)/(Tr,=Tc), T<Tc
o= { (T—T¢)/(Tr,~Tc), T > Tc “)

Here, T, and T;, are the reference temperatures corresponding to
182 and T = TP,

The rescaled universal curve of -ASy; for x = 0.10 compound is
shown in Fig. 8(c). It is well established that all ASj; vs 6 curves collapse
onto one curve for materials with second-order phase transition. [51] In
the present case, the curves collapse within the range of —1 <6 < 1 by
the condition of construction, however a significant deviation occurs
outside —1 < 0 < 1. This break-down in the universal behavior suggests
the first-order nature of the phase transition of x = 0.10 compound.
Moreover, the deviation from the universal curve can be quantified as
vertical dispersion of ASt, values corresponding to 6 < —1.[51]

W0 =—3)

dispersion = ——— 2/
b AS,,

()

where, W(0 = — 3) is the width of the vertical spreading ASj, curve cor-
responding to 6 = — 3. A vertical dispersion of 90% was obtained for an
arbitrary value 6 = — 3.1t is pointed out that a dispersion of up to 30%
can be observed for the second-order phase transition as well, arising
probably due to measurement error. Here, the dispersion of 90% is sig-
nificantly large confirming the first-order nature of the
magnetostructural phase transition for x = 0.10 compound.

As reported by Law et al. the magnetocaloric effect (field and tem-
perature dependence of ASy) can be used to quantitatively determine
the order of phase transition. [54] The field dependence of ASy; can be
represented as power law of the field

| ASw | (1oH)" (6)

where, n is an exponent, which depends on the field and temperature.
The local exponent n was calculated by the following relationship:

d In(—ASy)
nmm:?T@mT (7)

Fig. 8(d) represent a 3D-plot of n with respect to field and tempera-
ture. It has been reported that for temperatures well below the transi-
tion temperature Tpeax, 1 should have a value that tends towards 1,
and for T much larger than Tpeax, N tends towards paramagnetic value
of 2.[55,56] At T = Tpeak = Tc, n depends on the critical exponents of
the material, reaching a minimum value close to 2/3 for second-order
phase transition materials, while an overshoot in n (n > 2) is observed
at T = Tpeak in the case of first-order phase transition materials.
[50,54] In the present case, as shown in Fig. 8(d), n values are close to
1 and 2 for temperatures far below and far above Tpeai, respectively.
However, at T = T,k and in the vicinity, n value strongly depends on
temperature and field. Nevertheless, n is much higher than 2 at T =
Tpeak for all fields, providing a confirmation of the first-order phase tran-
sition in x = 0.10 compound. Note that Arrott plot and universal curve
analysis distinguish the first-order phase transition and second-order
phase transition only qualitatively, while the exponent method pro-
vides a quantitative determination of the phase transition and therefore
it is thought to be more reliable method. Thus, it has been shown using
different techniques namely, Arrott plot, universal scaling and exponent
method that the nature of the magnetostructural phase transition in
Mn;_Cu,CoGe is first-order, which ultimately leads to a giant
magnetocaloric effect. Additionally, the large thermal hysteresis in
M-T curves and structural transition in DSC heat flow curves also indi-
cated the presence of first-order phase transition.
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Fig. 8. Thermomagnetic data for the x = 0.10 compound confirming the first-order nature of the magnetostructural transition. (a) Arrott plot having negative slope of M? vs H/M curves,
(b) magnetic entropy changes curve for various fields, (c) universal entropy change curve in field range 0.1-5 T having a dispersion of 90% at 6 = 3.0, and (d) 3D plot of exponent, n for

various field and temperatures showing an overshoot near the transition temperature.

4. Conclusions

A detailed study of the structural and magnetic phase transforma-
tions and the magnetocaloric effect was performed on a series of Mn;._
xCuxCoGe (x = 0.0-0.13) compounds. We demonstrate that the substi-
tution of Cu for Mn is instrumental in establishing a magnetostructural
coupling in MnCoGe leading to a very high value of magnetic entropy
change. Through tuning Cu content, the first-order magnetostructural
transformation occurs in the temperature region where the structural
transition temperature lies between the Curie temperatures of both or-
thorhombic and hexagonal phases. The findings reveal that the mate-
rials transform from paramagnetic austenite — paramagnetic
martensite — ferromagnetic martensite for compositions x < 0.08, and
from paramagnetic austenite — ferromagnetic austenite — ferromag-
netic martensite for compositions x > 0.12 upon cooling. The concomi-
tant structural and magnetic transition occurs in the narrow
composition range x = 0.09-0.12, where the materials transforms di-
rectly from paramagnetic austenite to ferromagnetic martensite leading
to a first-order magnetostructural transformation which occurs only
when the structural transition temperature lies between the two Curie

temperatures. A large separation of the Curie temperatures of two
phases offers to a wide temperature window of 100 K (250-350 K) for
the first-order magnetostructural transition in the composition range
of x = 0.09-0.12. The magnetostructural coupling results in a
metamagnetic behavior and a magnetic-field-induced martensitic
transformation owing to the difference in Zeeman energy of the austen-
ite and martensite phases. The coupling of the lattice and spin degrees of
freedom results in the first-order magnetostructural transformation
leading to a giant magnetocaloric effect with a very high value of max-
imum entropy change of 58 J.kg~'.K~" and effective refrigerant capacity
0f 258.2 J.kg™! for a field change of 0-5 T at ~290 K corresponding to
composition x = 0.11. This is the highest entropy change value reported
in MnCoGe system, and also higher or comparable to other high-
performance magnetocaloric materials. The tunable crystallographic
and magnetoresponsive effects of these compounds along with a giant
magnetocaloric effect make them very promising magnetocaloric mate-
rials. This study provides a detailed understanding of the first-order
magnetostructural transition and giant magnetocaloric effect in Mn_
«CuyCoGe compounds, and paves a way towards desigining and tuning
materials possesing a giant magnetocaloric effect. The strategic
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approach of crystal engineering to enhance the magnetocaloric effect by
establishing efficient coupling of the magnetic and structural degrees of
freedom can be adopted to design other high-performance
magnetocaloric materials for magnetic cooling applications.
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