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The giant magnetocaloric effect is widely achieved in hexagonal MnMX -based (M = Co or Ni, X = Si
or Ge) ferromagnets at their first-order magnetostructural transition. However, the thermal hysteresis and
low sensitivity of the magnetostructural transition to the magnetic field inevitably lead to a sizeable irre-
versibility of the low-field magnetocaloric effect. Here, we show an alternative way to realize a reversible
low-field magnetocaloric effect in MnMX -based alloys by taking advantage of the second-order phase
transition. With introducing Cu into Co in stoichiometric MnCoGe alloy, the martensitic transition is sta-
bilized at high temperature, while the Curie temperature of the orthorhombic phase is reduced to room
temperature. As a result, a second-order magnetic transition with a negligible thermal hysteresis and a
large magnetization change can be observed, enabling a reversible magnetocaloric effect. By both calori-
metric and direct measurements, a reversible adiabatic temperature change of about 1 K is obtained under
a field change of 0–1 T at 304 K, which is larger than that obtained in a first-order magnetostructural tran-
sition. To gain a better insight into the origin of these experimental results, first-principles calculations are
carried out to characterize the chemical bonds and the magnetic exchange interaction. Our work provides
an understanding of the MnCoGe alloy and indicates a feasible route to improve the reversibility of the
low-field magnetocaloric effect in the MnMX system.
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I. INTRODUCTION

A strong coupling between a first-order structural
change and a magnetic phase transition, the so-called mag-
netostructural transition (MST), can bring about a giant
magnetocaloric effect (MCE) [1–4]. Magnetic refrigera-
tion (MR) based on the MCE is environmentally friendly
and highly energy efficient, and is therefore considered
to be promising technology to replace conventional gas
refrigeration [5,6]. As one of the candidate materials for
MR at room temperature, the hexagonal MnMX -based
(M = Co or Ni, X = Si or Ge) ferromagnets, which experi-
ence a martensitic transition, attract much attention, owing
to significant advantages: (i) a strong magnetostructural
coupling can easily be established and be highly tuned
between the Curie temperatures of two phases by ele-
mental substitution [7–9], the introduction of vacancies
[10,11], and hydrostatic pressure [12,13]; (ii) the fea-
tured paramagnetic-ferromagnetic- (PM-FM) type MST
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gives rise to the same sign of enthalpy change during the
martensitic and magnetic transitions, leading to a higher
magnetic entropy change (|�Sm|) than that of other mag-
netocaloric materials [8,14,15]; and (iii) compounds with
desired compositions can be produced easily.

Nevertheless, the first two points, in turn, bring about
evident disadvantages to MnMX -based system. First, the
first-order nature of the MST inevitably results in the
occurrence of thermal and magnetic hysteresis. Second,
according to the Clausius-Clapeyron equation, the giant
entropy change greatly decreases the sensitivity of struc-
tural transition temperature (Tt) to the magnetic stimulus
[12,16]. Both drawbacks result in a significant functional
fatigue of the giant MCE in magnetic cycles [17]. Our
previous work showed that a giant reversible |�Sm|
(>20 J kg−1 K−1) under the field change of 0–5 T
could be obtained by minimizing the thermal hysteresis
in the Mn0.9Fe0.2Ni0.9Ge1-xSix system [18]. This sizeable
reversibility of the MCE would significantly degrade for
a low-field variation [18]. In addition, Liu et al. measured
the adiabatic temperature change (�Tad) during the MST
in MnCo0.95Ge0.97, with a reversible value of only about
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0.7 K under a field change of 1.9 T [19]. Constructing an
active magnetic refrigerator is desirable to operate under
a cyclic low magnetic field change of 1 T at ambient
temperature [20,21]. Under this cyclic field, the magnetic-
field-induced MST is irreversible and the associated MCE
is reduced, which directly hinders the potential for applica-
tion of the MnMX system as a magnetic coolant. Thus, it is
of key importance to realize a reversible low-field (0–1 T)
MCE at room temperature in MnMX alloys.

Considering the intrinsic disadvantages of MST, we
alternatively focus on the second-order phase transition
(SOMT) in MnMX alloy. Despite the moderate MCE of
the SOMT, its transition is continuous, which may pro-
vide a feasible alternative to optimize the MnMX system.
Figure 1 shows the main design schematic. Here, we
choose stoichiometric MnCoGe as the host material due
to its large saturation magnetic moment (4.13 µB/f.u.) and
magnetic transition near room temperature [22,23]. To
realize our aim, two criteria should be met: (i) the marten-
sitic transition needs to remain in the high-temperature
range to lower its impact on the magnetic transition;
and (ii) the Curie temperature of the orthorhombic phase
(TO

C) with higher magnetization should be tuned to room
temperature. Here, we introduce Cu onto the Co site of sto-
ichiometric MnCoGe to fulfill these goals. For an increas-
ing Cu content, the martensitic transition temperature
varies slightly and lies in the PM region. Simultaneously,

TiNiSi-type

FIG. 1. Schematic of the alloy design for a room-temperature
SOMT. Solid pink and blue curves are thermomagnetic curves
of orthorhombic and hexagonal phases in the MnCoGe alloy,
respectively. Solid green arrow represents the martensitic tran-
sition. As indicated by the dashed pink curve and dashed green
arrow, TO

C is aimed to be reduced to room temperature and the
structural transition is stabilized in the high-temperature PM
region (gray dashed box). Ni2In-type and TiNiSi-type crystalline
structures are also shown.

TO
C is reduced to room temperature. Indirect (calorimet-

ric) and direct measurements are adopted to evaluate the
MCE performance of the MnCo1-xCuxGe system, in which
tunable and reversible �Tad and �Sm are achieved. In
addition, the obtained experimental results are compared
with first-principles calculations to unravel the possible
physical mechanism of the evolution of the structural and
magnetic transition behavior.

II. EXPERIMENTAL DETAILS AND
CALCULATION METHOD

Polycrystalline samples with nominal compositions
MnCo1-xCuxGe (x = 0.00, 0.06, 0.07, and 0.08) are pre-
pared by arc-melting high-purity raw materials four times
to ensure homogeneity. Then ingots sealed in vacuum
quartz tubes are annealed at 1123 K for 5 days and slowly
cooled to room temperature in 18 h. The thermal prop-
erties are measured in a differential scanning calorimeter
(DSC, TA Instrument Q2000) with a heating and cooling
rate of 10 K/min. The magnetic properties are measured on
a superconducting quantum interference device (SQUID,
Quantum Design MPMS 5XL) with the reciprocating sam-
ple option mode. The crystal structures are characterized
by using a powder X-ray diffractometer at room tem-
perature (XRD, PANalytical X’Pert PRO). The structural
parameters are refined using the FullProf package [24].
The calorimetric measurements in applied magnetic field
are carried out in a home-built DSC with a Pieter cell
(details described in Ref. [25]), from which �Sm and �Tad
can be calculated. A direct �Tad measurement device is
employed to measure �Tad under cyclic fields of 1.1 T

TABLE I. Lattice parameters, unit-cell volume, site occupa-
tion, goodness of the Rietveld refinement (RWP), TO

C , and �Tad
under a field change of 0–1 T for MnCo1-xCuxGe (x = 0.00, 0.06,
0.07, and 0.08). All atoms occupy Wyckoff position 4c (x, 1/4, z)
in the orthorhombic phase. Due to restriction of the measurement
temperature range, �Tad for the sample with x = 0.00 cannot be
obtained.

Sample x = 0.00 x = 0.06 x = 0.07 x = 0.08

a (Å) 5.9643(2) 5.9993(1) 6.0131(2) 6.0195(1)
b (Å) 3.8211(1) 3.8153(1) 3.8146(1) 3.8136(1)
c (Å) 7.0597(2) 7.0607(1) 7.0638(2) 7.0634(2)
V (Å3) 160.89(1) 161.61(1) 162.03(1) 162.14(1)
xMn 0.0301(7) 0.0259(7) 0.0414(8) 0.0225(7)
zMn 0.6898(5) 0.6848(4) 0.6905(5) 0.6865(4)
xCo−Cu 0.1562(7) 0.1594(6) 0.1528(8) 0.1565(6)
zCo-Cu 0.0569(5) 0.0594(4) 0.0590(6) 0.0561(5)
xGe 0.2702(5) 0.2685(5) 0.2657(6) 0.2660(5)
zGe 0.3817(4) 0.3748(3) 0.3821(5) 0.3770(3)
RWP (%) 2.99 2.95 4.09 2.81
TO

C (K) 348.9 314.0 305.9 295.9
�Tad (K) – 1.1 1.0 1.0
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(a) (b)

(c) (d)

FIG. 2. XRD patterns at room
temperature with the correspond-
ing Rietveld refinements for
MnCo1-xCuxGe: (a) x = 0.00, (b)
x = 0.06, (c) x = 0.07, and (d)
x = 0.08.

at a rate of 1.1 T/s, as described in Ref. [26]. Here, the
powder sample is compressed into a capsule and then a
thermocouple is buried to guarantee good thermal contact.

Electronic localized function (ELF) calculations on the
basis of density function theory was performed using
the Vienna ab initio simulation package (VASP) [27].

We implement Perdew-Burke-Ernzerhof (PBE) pseudopo-
tentials with generalized gradient approximation (GGA)
exchange correlation functions. A plane-wave cutoff
energy of 500 eV and 9 × 9 × 9 k points are chosen. Here,
a supercell of eight unit cells, with a hexagonal lattice
structure, are considered. Geometry optimizations for the

(a) (b)

(c)

FIG. 3. (a) DSC curves and (b)
M-T curves in a field of 0.02 T in
heating and cooling processes for
MnCo1-xCuxGe alloys. (c) Evo-
lution of characteristic tempera-
tures, Tt(heating), Tt(cooling), and
TO

C , as a function of Cu content.
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(a) (b) FIG. 4. (a) M-B curves at 5 K
for MnCo1-xCuxGe alloys. Inset
shows the saturation magnetiza-
tion as a function of Cu content.
(b) M-T curves in a field of 1 T
for MnCo1-xCuxGe alloys.

lattice parameters and atomic site occupancies are per-
formed on the reported experimental lattice parameters
of MnCoGe [28]. Additionally, the interatomic exchange
interaction calculations are performed using the Korringa-
Kohn-Rostoker Green function method within the spin-
polarized scalar-relativistic formalism (SPR KKR) [29].
The potential is treated within the atomic sphere approx-
imation (ASA). The lattice parameters of orthorhom-
bic phases are linearly interpolated from the experi-
mental values of MnCoGe and MnCo0.92Cu0.08Ge, as
shown in Table I. 100 and 1000 k points are chosen
for self-consistent field and exchange-interaction calcula-
tion, respectively (details are shown in the Supplemental
Material [30]).

III. RESULTS

A. Structural information

Figure 2 shows the XRD patterns of MnCo1-xCuxGe
(x = 0.00, 0.06, 0.07, and 0.08) alloys at room temperature.
All samples crystallize in the TiNiSi-type orthorhombic
structures (Pnma, space group 62), which indicate that
the structural transition occurs above room temperature.
A small amount of the hexagonal structure, less than 4%,
can be also obtained, which may result from the effect of
residual stress during the grinding process [31]. Accord-
ing to the site-occupation principle in MnMX alloys [32],
the Cu atom would occupy the 4c site of the Co atom.

The lattice parameters and site occupation determined
from the Rietveld refinement are listed in Table I. Evi-
dently, an increase in lattice parameters a and c can be
observed, while parameter b shrinks with the introduction
of Cu. Consequently, the unit-cell volume expands from
160.89 Å3 (x = 0.00) to 162.14 Å3 (x = 0.08) due to the
larger atomic radius of the Cu atom compared with that
of Co.

B. Thermal and magnetic properties

To confirm Tt, DSC curves of MnCo1-xCuxGe (x = 0.00,
0.06, 0.07, 0.08) alloys are shown in Fig. 3(a). The large
exothermic-endothermic peaks, with an obvious thermal
hysteresis (�Thys), correspond to the martensitic-austenitic
transitions in MnMX -based alloys. The temperatures
marked as, Ms, Mf , As, and Af denote the start and finish
points of the martensitic transition and austenitic transi-
tion, respectively. With increasing Cu content, Tt [defined
as Tt = (Ms + Mf )/2 or (As + Af )/2] first increases and then
decreases. For the sample with x ≤ 0.08, Tt remains in
a relatively high-temperature range above room tempera-
ture, which suggests that the first-order structural transition
is insensitive to the introduction of Cu onto the Co site.
In Fig. 3(b), the thermomagnetic (M-T) curves clearly
show the typical continuous PM-FM–type magnetic tran-
sition with negligible hysteresis below Tt. In compari-
son, the magnetic transition temperature, TO

C , decreases

(a) (b) FIG. 5. (a) Temperature depen-
dence of �Tad for a field change
of 0–1 T in MnCo1-xCuxGe
(x = 0.06, 0.07, and 0.08) alloys.
(b) Direct measurement of �Tad
in the temperature sweeping mode
for the sample with x = 0.07 for
�B = 1.1 T. Inset shows data
for temperature versus time sig-
nal around TO

C during direct �Tad
measurements.

054003-4



DESIGN OF REVERSIBLE LOW. . . PHYS. REV. APPLIED 13, 054003 (2020)

(a)

(b)

FIG. 6. (a) Temperature depen-
dence of �Sm for a field change
of 0–1 T for the MnCo1-xCuxGe
(x = 0.06, 0.07, and 0.08) alloys.
(b) Heat flow for 100 cyclic mag-
netic fields of 0–1 T for the sample
with x = 0.07 at 302 K.

monotonously with increasing Cu content and can be tuned
to room temperature, as shown in Fig. 3(c).

Due to the change of Tt and TO
C , the samples of x ≤ 0.08,

possessing an orthorhombic structure, have a large satura-
tion magnetization (M sat), with values above 110 Am2/kg
(3.75 µB/f.u.), as shown in the magnetization (M-B) curves
at 5 K in Fig. 4(a). This is because structural distortion
during the martensitic transition brings about a larger Mn-
Mn separation in the orthorhombic structure, which leads
to narrower 3d band widths and a larger exchange split-
ting between the majority and minority bands [33]. A
slight reduction in M sat is attributed to the substitution
of magnetic Co by nonmagnetic Cu. Therefore, benefiting
from the above optimization, a considerable magnetization
change during the room-temperature magnetic transition
under 1 T is achieved, as shown in Fig. 4(b).

C. Magnetocaloric performance

The most straightforward assessment of MCE, �Tad,
as a function of temperature is derived from calorimetric
measurements in a magnetic field. As shown in Fig. 5(a),
�Tad values of 1.1, 1.0, and 1.0 K under a field change
of 0–1 T can be achieved for samples with x = 0.06, 0.07
and 0.08, respectively. Due to the negligible thermal hys-
teresis during the transition, the obtained value of �Tad
is expected to be reversible. Direct �Tad measurements
are also performed for the sample with x = 0.07. During
measurements, the temperature sweeping mode with cyclic
magnetic fields is adopted. As shown in Fig. 5(b), the
largest �Tad of about 1.1 K is achieved for �B = 1.1 T,
which is reversible during field oscillations.

Besides �Tad, another important parameter, �Sm, is
also derived from calorimetric measurements in a mag-
netic field upon cooling. The maximum values are about
1.6, 1.5, and 1.5 Jkg−1 K−1 for samples x = 0.06, 0.07, and
0.08, respectively, as shown in Fig. 6(a). To evaluate the
reversibility of this entropy change, direct measurements
of the entropy change for a field change of 1 T are shown
in Fig. 6(b). The exothermic (endothermic) peak upon
applying (removing) the field represents the conventional
MCE. During 100 cycles in this study, the peak height
is almost unchanged, which demonstrates that the phase
transitions possess good reversibility and stability. The cal-
culated �Sm value is consistent with the indirect value (not
shown here).

IV. DISCUSSION

Here, the SOMT is achieved in the MnCo1-xCuxGe sys-
tem by stabilizing the structural transition at high tempera-
ture and decreasing TO

C to room temperature (confirmation
of the order of the magnetic transition is shown in the
Supplemental Material [30]), which is beneficial to obtain
the room-temperature, low-field, and reversible MCE. As
reported in the literature, the stoichiometric MnCoGe alloy
is very sensitive to the introduction of substitutional ele-
ments, resulting in a rapid decrease in Tt by increasing
substitution concentrations [7,12,16,34–39]. In contrast,
Tt exhibits a nonmonotonic change by Cu doping for
Co in this work. To gain an insight into the origin of
this distinct experimental result, the ELF of a supercell
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(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 7. (a) Crystalline structure
of the MnCo0.9375Cu0.0625Ge
supercell for the hexago-
nal phase. ELF of (110)
planes in (b) MnCoGe, (c)
MnCo0.9375Cu0.0625Ge, and (d)
MnCo0.75Cu0.25Ge. Variation
of ELF value between nearest-
neighbor (e) Co or Cu and Ge
atoms along [−110] direction, (f)
Co or Cu and Ge atoms along
[001] direction, and (g) Mn-Ge
atoms.

with hexagonal structure, as shown in Fig. 7(a), is cal-
culated for compositions MnCoGe, MnCo0.9375Cu0.0625Ge,
and MnCo0.75Cu0.25Ge (denoted as Cu0, Cu1, and Cu4,
respectively) to evaluate the bond’s nature and change in
bond strength [14,40]. The crystalline structures of super-
cells Cu0 and Cu4 and the selection of the configuration
of Cu1 are shown in the Supplemental Material [30]. Fig-
ures 7(b)–7(d) show the ELF results of (110) plane of
the hexagonal structure of Cu0, Cu1 and Cu4, respec-
tively. Electrons in the stoichiometric MnCoGe alloy are
mainly localized around the Ge atoms, especially between

the nearest-neighbor Co and Ge along the [−110] direc-
tion, and the maximum ELF value is about 0.55. These
results give rise to two important conclusions. First, the
formed weak covalentlike bonding between Co and Ge,
as the framework, supports stabilization of the hexago-
nal phase. Second, electron pairing as a result of bonding
reduces the magnetic moments in both Co and Ge atoms
[41]. When Cu is introduced into the Co site, the elec-
trons’ localized strength between different atoms changes,
as shown in Figs. 7(c) and 7(d). Specifically, the extracted
ELF values between nearest-neighbor Co-Ge, Cu-Ge, and
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(a) (b)

FIG. 8. (a) Calculated exchange coupling constants between the atoms in MnCo1-xCuxGe alloys as a function of the Cu con-
tent. (b) Estimated Curie temperature and saturation magnetization of the orthorhombic phase from DFT calculations and magnetic
measurements in MnCo1-xCuxGe alloys, respectively.

Mn-Ge in Figs. 7(e)–7(g) can reflect the change more
clearly. Obviously, the introduction of the Cu atom
enhances the electrons’ localized character between the
Co and Ge atoms along the [−110] direction, while fewer
electrons are localized between Cu and Ge atoms along
the [−110] direction. This relatively weak localization
between Cu and Ge atoms can also be observed along
the [001] direction. In addition, the ELF value increases
slightly between Mn and Ge atoms with increasing Cu
content, indicating an enhanced localized character. Con-
sequently, the strength of the covalentlike bonding from
p-d hybridization is weakened between Cu and Ge and
is mainly enhanced between Co and Ge, which destabi-
lizes and stabilizes the hexagonal structure, respectively.
The competition of both leads to the nonmonotonic change
of Tt.

The exchange coupling constants J between different
atoms in the MnCo1-xCuxGe alloys with an orthorhom-
bic structure are calculated in Fig. 8(a). In stoichiometric
MnCoGe, the Mn-Mn and Mn-Co exchange interactions
are positive and strong. This is reasonable, as the mag-
netic moment is large for Mn atoms (3 µB) and small for
Co atoms (0.8 µB) [42]. Considering other interactions, the
strength is weak and negligible. Notably, Co-Co is found
to show an antiferromagnetic coupling. When nonmag-
netic Cu is introduced into the Co site, the strength of
the Mn-Mn interaction slightly increases, while the Mn-
Co interaction gradually deceases. Mn-Cu exhibits a weak
ferromagnetic coupling and, with increasing Cu content,
the statistical weight of this exchange interaction increases.
Details of the evolution of J with the distance are shown
in the Supplemental Material [30]. Based on the strength
of J, the Curie temperature is estimated using mean-field
theory from the following equation [43,44]:

TC = 2
3kB

Jmax, (1)

where J max is the largest eigenvalue of the matrix of the
exchange coupling between the atoms. This matrix has the
following form:

⎛
⎝

∑
JMn−Mn

∑
JMn−Co/Cu

∑
JMn−Ge∑

JCo/Cu−Mn
∑

JCo/Cu−Co/Cu
∑

JCo/Cu−Ge∑
JGe−Mn

∑
JGe−Co/Cu

∑
JGe−Ge

⎞
⎠ . (2)

As shown in Fig. 8(b), TO
C estimated from the DFT

calculations decreases monotonously with increasing Cu
contents, which is consistent with the experimental behav-
ior. In addition, the calculated value of M sat is in good
agreement with the value from M-B curves given in Fig.
4(a). The specific atomic and total magnetic moments of
orthorhombic and hexagonal structures calculated from
SPR KKR or VASP are shown and compared in the Sup-
plemental Material [30]. Evidently, the calculated value
of TO

C is overestimated, which is widely reported for the
mean-field method [45,46]. Therefore, DFT calculations
suggest that both the weak interactions between the Mn
and Cu atoms and the decrease of Mn-Co interactions are
responsible for the reduction of TO

C .
In the MnMX family, the intrinsic �Thys is the origin of

irreversibility of MCE during the first-order magnetic tran-
sition. For instance, the Mn0.92CoCu0.08Ge alloy, possess-
ing a typical PM-FM–type MST, shows only a reversible
�Tad of about 0.35 K under a field change of 0–1.1 T due
to the large �Thys of 15 K. However, even the hystere-
sis can be reduced, such as 10 K in Mn0.7Fe0.3NiGe0.7Si0.3
alloy and 4–6 K in the Mn0.9Fe0.2Ni0.9Ge1-xSix system
[18,47], so the reversible �Tad is also limited under
low-field variation. This is because the low sensitivity
of the MST to the magnetic field aggravates the irre-
versibility of the MCE under a low-field change in the
MnMX system, which is always neglected. Details on
the reversible �Tad under low-field changes are discussed
in the Supplemental Material [30]. In comparison, the
MnCo1-xCuxGe alloy studied in this work shows a larger
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low-field and reversible MCE around room temperature by
taking advantage of SOMT without hysteresis. When com-
pared with other magnetocaloric materials, the measured
value of �Tad for the sample with x = 0.07 is compara-
ble with the reversible values in the Ni-Mn-based Heusler
alloys, Mn2Sb-based alloys, (Hf, Ta)Fe2-based alloys, and
Tbx(Dy0.5Ho0.5)1-xCo2 compounds at their first-order mag-
netic transitions under the same field change [48–51].
Additionally, we also need to point out that the reversible
MCE in this work is weaker than that in the famous
(Mn, Fe)2(P, Si)-and La(Fe, Si)13-based alloys and pure
Gd. Therefore, it is necessary to increase magnetization of
the orthorhombic phase and replace expensive geranium
to further improve the magnetocaloric performance in the
future.

V. CONCLUSIONS

We realize a reversible low-field magnetocaloric effect
at room temperature in the MnMX family. The intro-
duction of Cu onto the Co site of MnCoGe results in
stabilization of the martensitic transition at high temper-
atures and a decrease of TO

C in the MnCoGe alloy. Thus, a
reversible �Tad of about 1 K under a field change of 0–1 T
is achieved during the second-order magnetic transition of
the orthorhombic phase. Moreover, DFT calculations are
carried out to investigate the physical origin of the exper-
imental results. The ELF analysis reveals that the strength
of the covalentlike bonding between Cu and Ge is weak-
ened and is enhanced between Co and Ge, which leads
to a nonmonotonic change of Tt. The reduction in TO

C is
ascribed to a weak coupling between Mn and Cu atoms
and a decrease in Mn-Co interactions. Our work deep-
ens our understanding of the MnCoGe system and further
develops its magnetocaloric performance towards practical
applications.
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