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ABSTRACT: MnCoGe-based materials have the potential to exhibit giant magnetocaloric effects due to coupling between 
magnetic ordering and a martensitic phase transition. Such coupling can be realized by matching the temperatures of the 
magnetic and structural phase transitions. To understand the site preference of different elements and the effect of hole or 
electron doping on the stability of different polymorphs of MnCoGe, crystal orbital Hamilton population (COHP) analysis has 
been employed for the first time to evaluate peculiarities of chemical bonding in this material. The shortest Mn–Mn bond in 
the structure is found to be pivotal to the observed ferromagnetic behavior and structural stability of hexagonal MnCoGe. 
Based on this insight, eliminating anti-bonding features of the shortest Mn-Mn bond at the Fermi energy is proposed as a 
feasible way to stabilize the hexagonal polymorph, which is then realized experimentally by substitution of Zn for Ge. The 
hexagonal MnCoGe structure is stabilized due to depopulation of the anti-bonding states and strengthening of the Mn–Mn 
bonding. This change in chemical bonding leads to anisotropic evolution of lattice parameters. The structural and magnetic 
properties of Zn-doped MnCoGe have been elucidated by synchrotron X-ray diffraction and magnetic measurements, 
respectively.

Introduction
Magnetic refrigerators based on the magnetocaloric 

effect (MCE) are appealing devices due to their high energy 
conversion efficiency and environmental friendliness.1-2 
MnCoGe-based compounds represent a promising category 
of rare-earth-free magnetic refrigerants that have been 
studied extensively in recent years.3-4 Pristine MnCoGe 
exists as two polymorphs (Figure 1), a high-temperature 
hexagonal phase with the Ni2In-type structure (h-MnCoGe, 
space group P63/mmc) and a low-temperature 
orthorhombic phase with the TiNiSi-type structure (o-
MnCoGe, space group Pnma). Both polymorphs can be 
described based on packing of face-sharing hexagonal 
prisms centered by Mn atoms, with the hexagonal faces 
being formed by alternating Co and Ge atoms (Figure 1). In 
h-MnCoGe, the prisms are stacked along the [001] direction. 
In the o-MnCoGe, the honeycomb Co/Ge layers are 
distorted. The relationship between the unit cells is 
described as ao = ch, bo = ah, and co = ah. Consequently, the 3
linear rows of Mn atoms parallel to the [001] direction in h-
MnCoGe are deformed into zigzag chains running along the 
[100] direction in o-MnCoGe. Another consequence of the 
orthorhombic symmetry lowering is the greater variability 
of interatomic distances in o-MnCoGe as compared to the 
distances in h-MnCoGe.

The structural phase transition (SPT) from h-MnCoGe to 
o-MnCoGe takes place at about 420 K, whereas 
ferromagnetic (FM) ordering in o-MnCoGe occurs at 355 K.5 
This difference in temperature between the structural and 
magnetic transitions precludes the occurrence of a 

potentially giant MCE in pristine MnCoGe and calls for 
chemical modifications aimed at coupling the two phase 
transitions.

Theoretically, the Curie temperature (TC) of h-MnCoGe is 
found to be around 260 K.5 Of course, the SPT to the o-
MnCoGe at 420 K prevents experimental verification of such 
prediction. It is anticipated that, once the structural phase 
transition temperature (TSPT) can be lowered to approach 
the TC value of o-MnCoGe, a giant MCE should be observed. 
The majority of attempts at such modifications have 
proceeded through a ‘trial and error’ approach.6-14 Creation 
of vacancies and substitution of various chemical elements 
have been utilized to achieve the coupling between the 
magnetic and structural transitions. For example, Liu et al. 
managed to stabilize h-MnCoGe by creating Mn-vacancies 
(nominal composition Mn1−xCoGe, 0.010 < x < 0.045), 
achieving a magnetic entropy change (−S) as high as 26 
J/kg K for a magnetic field change from 0 to 5 T around 290 
K.5 In addition to creating vacancies, many elements have 
been probed as dopants in attempts to synchronize the 
magnetic and structural transitions in MnCoGe. Such doping 
has been applied to all three elements in the parent phase. 
The majority of these studies, however, have focused on 
substituting Mn or Co, while there have been relatively few 
efforts to modify the Ge site. For example, substituting Ga 
for Ge led to a first-order magnetostructural transition.8 The 
resulting material, MnCoGe0.95Ga0.05, showed a magnetic 
entropy change as high as ~34 J kg−1 K−1 around 318 K. On 
the contrary, no first-order magnetostructural transitions 
was observed for Cu-doped MnCoGe.6 The magnetic 
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entropy change for MnCoGe0.9Cu0.1 was only 4.22 J kg−1 K−1 
around 295 K. Zinc, an element intermediate between Ga 
and Cu, has not been probed as a substituent into the Ge site. 
Such substitution can shed light on the drastic difference 
between the effects caused by Ga and Cu doping, especially 
keeping in mind that Zn lies at the boundary between 
transition metals and post-transition elements.

Several theoretical papers reported total energy 
calculations and electron localization function (ELF) 

analysis of h-MnCoGe and o-MnCoGe.15-17 It has been 
suggested that the valence electron concentration is a 
governing factor that defines the structural and magnetic 
behavior of these polymorphs.3, 5, 18-19 Nevertheless, a more 
explicit insight into correlations between the electronic 
structure and the phase stability and magnetism in MnCoGe 
is still lacking.

Figure 1. Orthorhombic (o) and hexagonal (h) polymorphs of MnCoGe. Color scheme: Mn = orange, Co = blue, Ge = gray.

Despite a wealth of efforts in this direction, several 
fundamental questions about this material remain open, 
including the site preference of transition metal atoms and 
the correlation between chemical bonding, structural 
stability, and magnetic properties. In this work, we use 
electronic structure calculations and crystal orbital 
Hamilton population (COHP) analysis to elucidate these 
relationships in h-MnCoGe. We follow upon the theoretical 
conclusions with an experimental study to probe effects of 
Zn for Ge substitution on the stability of h-MnCoGe. We then 
return to theory to interpret the experimental observations. 
Our theoretical findings suggest that the nearest-neighbor 
Mn-Mn interactions in h-MnCoGe have the most profound 
impact on the stability of the hexagonal polymorph. Both 
theoretical and experimental results demonstrate that the 
stability of this structure can be effectively tuned by 
minimizing anti-bonding contribution to the Mn-Mn 
interaction near the Fermi level, an effect that can be 
achieved by doping Zn into the Ge site of MnCoGe. These 
results offer a rational pathway for stabilizing the hexagonal 
structure of MnCoGe in order to couple the FM and 
structural phase transitions and achieve a giant MCE.

Materials and Methods
Synthesis. All sample preparation procedures were 

carried out in an argon-filled glove box (content of O2 < 
0.1ppm). Manganese pieces (99.98%, metal basis, 
Beantown) were first cleaned with dilute nitric acid (5 
vol.%) and then pulverized by arc-melting and grinding the 
obtained ingot. Cobalt powder (99.998%, metal basis, Alfa 
Aesar) was purified by reduction at 773 K for 5 hours in a 
flow of H2 gas. Germanium powder (99.999%, trace metal 
basis, Alfa Aesar) was used as received. A Zn button 
(99.999%, trace metal basis, Alfa Aesar) was first treated 
mechanically with a metal file to remove a dull ZnO layer 
and achieve metallic luster, after which the button was filed 

to obtain Zn powder that was used without further 
purification. The samples with nominal compositions 
MnCoGe1−xZnx (x = 0, 0.02, 0.04, 0.05, 0.06, 0.08, 0.1) were 
synthesized by annealing stoichiometric mixtures of 
elements pressed into pellets of 8 mm diameter, with the 
total mass of each pellet ~300 mg. The pellets were sealed 
under dynamic vacuum (<10−5 Torr) in 10 mm inner 
diameter silica tubes, with the final length of the sealed tube 
~50 mm. The pellets were heated to 1248 K at a rate of 5 
K/min and maintained at that temperature for 12 h before 
being cooled down to room temperature by turning off the 
furnace. The tubes were opened in the glovebox, and the 
reaction mixtures were ground into fine powders and re-
pelletized. The pellets were sealed again in evacuated silica 
tubes, annealed at 1248 K for 72 h, and cooled down to room 
temperature. The products were ground into fine powders 
and used for further measurements.

Powder X-ray Diffraction (PXRD) patterns were 
collected at room temperature using a high-resolution 
powder diffractometer at the synchrotron beamline 11-BM-
B of the Advanced Photon Source at Argonne National 
Laboratory. Profile fitting and unit cell refinement were 
performed with FullProf.20 

Magnetic Measurements were performed with a 
SQUID MPMS-XL system (Quantum Design). Temperature 
dependence of magnetization was measured in the range 
from 5 to 400 K in an applied field of 0.01 T. Magnetization 
isotherms were recorded at multiple temperatures, from 40 
K below to 40 K above the Curie temperature, with the 
magnetic field varying from 0 to 5 T.

Quantum-Mechanical Calculations. Density-
functional theory (DFT) calculations were carried out using 
the Vienna Ab initio Simulation Package (VASP, version: 
5.4.1).21-22 The projector augmented wave (PAW) 
pseudopotentials within the Perdew-Burke-Ernzerhof 
(PBE) generalized gradient approximation (GGA) of each 
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element were used in all calculations.23 The following 
valence electron configurations of atoms were used: 3d64s1 
for Mn, 3d84s1 for Co, 4s24p2 for Ge, and 3d104s2 for Zn. The 
convergence criterion was set at 1×10−5 eV Å−1. A -
centered 17×17×13 Monkhorst-Pack k-point grid was 
chosen for sampling the first Brillouin zone of the hexagonal 
unit cell and an 8×13×7 mesh was used for the 
orthorhombic counterpart. In order to simulate the effects 
of doping, a 2×2×2 supercell of the h-MnCoGe structure and 
a 2×2×1 supercell of the o-MnCoGe structure were built 
starting from the parent unit cells that were optimized 
using non-spin-polarized (NSP) calculations. The k-point 
grids were scaled down according to the relationship 
between the unit cell and supercell, namely 9×9×7 for the 
hexagonal supercell and 4×7×7 for the orthorhombic 
supercell. In spin-polarized (SP) calculations, the starting 
magnetic moments of Mn and Co atoms were set to 5 μB per 
atom. First, geometry optimization of the models was 
carried out using the method of first-order Methfessel-
Paxton with 0.2 eV as the width of smearing.24 The atomic 
positions and the unit cell parameters and volume were 
optimized. After creating the supercells, the c/a ratio and 
unit cell volume were optimized for the hexagonal 
supercell, while only the volume was optimized for the 
orthorhombic supercell to prevent the atoms from moving 
off the idealized positions, since the substitution of a Zn 
atom for a Ge atom lowers the symmetry from 
orthorhombic to monoclinic. The optimized structures 
were used for self-consistent field (SCF) calculations in both 
NSP and SP models. The tetrahedron method with Blöchl 
corrections was employed for SCF calculations.25 The COHP 
between specific atomic pairs26 was calculated by using the 
Local-Orbital Basis Suite Towards Electronic-Structure 
Reconstruction (LOBSTER) code (version: 3.2.0).27-28 

Results and Discussions
Electronic Structure Analysis. In the crystal structure 

of h-MnCoGe, each element occupies a distinct special 
position with fixed coordinates: Mn in 2a (0, 0, 0), Co in 2d 
(1/3, 2/3, 3/4), and Ge in 2c (1/3, 2/3, 1/4). Interestingly, 
the crystal structure refinement from neutron diffraction 
data showed only minor mixing between Mn and Co in the 
transition metal sites, with the Mn:Co ratio being 93:7 in the 
2a site and 7:93 in the 2d site.29 This strong site preference 
seems counter-intuitive, given the similar metallic radii of 
Mn and Co, which typically substitute for each other readily 
in many intermetallic compounds.30-33 We reasoned that the 
key to understanding the observed atomic distribution in h-
MnCoGe lay in the electronic structure. Three models were 
used to simulate the switching of Mn and Co atoms in the 2a 
and 2d sites (Figure 2). In the “normal” model, the Mn and 
Co atoms occupy exclusively sites 2a and 2d, respectively, 
according to the experimental structure. The “mixed” model 
assumes statistical (50/50) mixing of Mn and Co atoms in 
both sites; creating such a model required lowering the 
space group symmetry from P63/mmc to P3m1. The 
“inverse” model accounts for the complete reversal of the 
site occupancy. 

Figure 2. Models for simulating different distributions of Mn 
and Co atoms in the crystal structure of h-MnCoGe. Color 
scheme: Mn = orange, Co = blue, Ge = gray.

Table 1. The total energies and unit cell parameters of the 
optimized structural models assuming different 
distributions of the Mn and Co atoms between the 2a and 2d 
sites of h-MnCoGe.

Structure Model Etotal 
(eV/atom) a (Å) c (Å)

NSP −6.817 4.065 4.924
Normal

SP −7.021 4.084 5.126

NSP −6.764 4.056 4.976
Mixture

SP −6.882 4.115 4.987

NSP −6.697 4.096 4.892
Inverse

SP −6.776 4.187 4.954
Experimental2

9 N.A. N.A. 4.067 5.284

Geometry optimizations were carried out for each 
structural model (the optimized structures are provided in 
the supporting information (SI) file, Tables S1-S6), and the 
SCF calculations were performed for both NSP and SP cases 
(Table 1). The calculations revealed that spin polarization 
always decreases the total energy of the system, indicating 
the tendency toward magnetic ordering in all three models. 
(The difference in the total energies is substantially above 
the calculation error of ~1 meV/atom.) Furthermore, 
among the SP models, the normal structure possesses the 
lowest total energy and shows the unit cell parameters most 
similar to those found in the experimentally determined 
crystal structure.29 These results, however, do not elucidate 
explicitly the reasons behind the preferred atomic site 
distribution in the structure of h-MnCoGe.

COHP analysis was used to investigate the changes in 
chemical bonding that accompany the variation of atomic 
distributions in h-MnCoGe. As bonding between the 
constituent atoms becomes rather weak at distances above 
3 Å, calculations focused only at pairwise interactions that 
occur below this limiting value. Results of such calculations 
on the normal NSP structure of h-MnCoGe are plotted in 
Figure 3, where the positive and negative regions of the –
COHP function indicate, respectively, bonding and 
antibonding interactions, while the values near zero 
indicate nonbonding interactions. The Fermi level (EF) 
passes through a pronounced antibonding peak for the Mn–
Mn, Mn–Co, and Mn–Ge interactions.  The occurrence of 
anti-bonding peaks at EF increases the total energy and 
destabilizes the structure.34-35 A way out of this instability is 
spin polarization that leads to the spontaneous magnetic 

Page 3 of 11

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

ordering. The decrease in the energy of the majority-spin 
states and the increase in the energy of the minority-spin 
states reduces the antibonding character at EF, thus 
stabilizing the structure, as long as such stabilization is 
justified by the extent of energy gain due to the magnetic 
exchange and magnetic ordering below TC.36-37 This 
conclusion also agrees with the previous experimental 
works that attributed the magnetic ordering in MnCoGe-
based compounds to the exchange interactions between the 
nearest-neighbor Mn atoms.8, 38

We should also note that, among all bonds analyzed in the 
normal h-MnCoGe structure, only the shortest Co-Ge 
contact (referred to as Co-Ge_1) shows a peak that 
corresponds to bonding states at EF. This finding is in 
agreement with the recent theoretical report, which 
suggested that the covalent-like bonds between the 
nearest-neighbor Co and Ge atoms (i.e., the Co-Ge_1 
interaction) provide stability to the hexagonal structure.39 

Figure 3. COHP curves calculated for selected interatomic 
contacts in the normal non-spin-polarized structure of h-
MnCoGe. Inset: the model and interactions evaluated by the 
calculations. Color scheme: Mn = orange, Co = blue, Ge = gray.

Similar COHP analysis was also performed for the mixed 
and inverse structural models, in order to observe the 
evolution of bonding as a function of transition metal 
distribution over the 2a and 2d sites. In the normal 
structure, the Mn-Mn interactions are strongly antibonding 
at the Fermi level. Switching Mn and Co atoms is equivalent 
to adding electrons to the formerly Mn-Mn and Mn-Ge 
bonds and removing electrons from the Co-Ge bonds, while 
the number of electrons in the Mn-Co bonds remains the 
same. The –COHP plot (Figure 3) suggests that this change 
should lead to further population of the strongly 
antibonding states seen for the Mn-Mn interactions in the 
normal structure.

Figure 4. The COHP curves of the M1-M2 interaction calculated 
for three different structural models of h-MnCoGe. The inset 
shows the general structural model, emphasizing the M1-M2 
bond.

Table 2. The bond length and –ICOHP values for the M1-M2 
interaction calculated for different structural models of h-
MnCoGe.

Structure M1-M2 Distance 
(Å) −ICOHP (eV/bond)

Normal 2.462 1.02
Mixture 2.488 0.65
Inverse 2.446 0.58

The COHP curves of the nearest Mn-Mn bond in the 
normal structure and its equivalents in the mixed and 
inverse structures, hereafter labeled as the M1-M2 bond, 
are compared in Figure 4. As expected, switching the Mn 
and Co atoms in the h-MnCoGe structure leads to the 
increase in the population of anti-bonding states for the M1-
M2 interaction, justifying the increase in the total energy 
(Table 1). Integrating the –COHP curves up to the Fermi 
level provides the integral COHP (−ICOHP) values, which 
qualitatively correlate with the strength of corresponding 
bonds (Table 2). As can be seen, the M1-M2 bond strength 
is significantly reduced once the Mn and Co atoms are 
switched. It was reported that the strength of this bond 
correlates with the stability of the h-MnCoGe structure.8, 40 
Therefore, populating antibonding M1-M2 states 
destabilizes the structure. To optimize the structural 
stability, Mn and Co atoms show strong preference to 
occupy the 2a and 2d sites, respectively.

As the result of the diffusionless structural transition 
from h-MnCoGe to o-MnCoGe,41 the orthorhombic structure 
inherits, to a considerable extent, the physical and chemical 
characteristics of the hexagonal structure. From a 
crystallographic point of view, the nearest Mn-Mn contact 
in o-MnCoGe emerges directly from the M1-M2 bond in h-
MnCoGe. It has already been shown that the nearest Mn-Mn 
interaction in o-MnCoGe is dominant in defining the 
magnetic behavior, similar to the importance of the M1-M2 
bond in h-MnCoGe.38, 42 In the same vein, the distinct site 
preference observed for the Mn and Co atoms in the h-
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MnCoGe structure can be also expected in the o-MnCoGe 
structure. In the latter, the Mn, Co, and Ge atoms occupy 4c 
positions (x,1/4,z) of the Pnma space group, differing only 
in the x and z values.43 In comparison to h-MnCoGe, 
however, o-MnCoGe has a more complex structure, with 
twice as many unique atoms, which makes the site 
preference analysis much more difficult.  While the NSP 
geometry optimization of o-MnCoGe converged successfully 
(Table S7), attempts to optimize the geometry in the SP 
regime tended to push the atoms toward the hexagonal 
symmetry (Table S8), which is likely an artifact of the 
calculations. Thus, in further elucidation of relationships 
between the properties and chemical bonding, we will focus 
only on the hexagonal structure, for which such 
relationships can be analyzed more meaningfully.

Stabilizing h-MnCoGe via Hole Doping. The analysis 
of the M1-M2 bonding suggests a way to stabilize the h-
MnCoGe structure. The anti-bonding interactions observed 
at the Fermi level are electronically unfavorable. Decreasing 
the valence electron count in the system should lower the 
population of anti-bonding states and stabilize h-MnCoGe. 
Such minor hole doping should not cause a drastic 
reconstruction of the electronic structure. We chose to 
decrease the electron count in MnCoGe by substituting a p-
element with fewer valence electrons for Ge. As discussed 
in the Introduction, such substitutions with Ga and Cu have 
been already reported. The Ga doping was found to 
synchronize the magnetic and structural transitions in 
MnCoGe1−xGax at an appropriate value of x,8 while the Cu 
doping failed to induce a first-order magnetostructural 
transition.6 Therefore, we chose to dope MnCoGe with Zn, 
the element between Cu and Ga, to fill this experimental gap.

Samples with nominal compositions MnCoGe1−xZnx (x = 
0.02, 0.04, 0.05, 0.06, 0.08 and 0.1) were synthesized and 
found to contain only MnCoGe-based phases by room-
temperature PXRD analysis. A clear transition from pure o-
MnCoGe to a mixture of o-MnCoGe and h-MnCoGe phases at 
x = 0.02 to pure h-MnCoGe at x ≥ 0.04 was observed (Figure 
5a). Interestingly, the lattice parameters of the Zn-doped 
samples remained almost unchanged with increasing Zn 
content (Figure 5b), despite the larger metallic radius of Zn 
as compared to that of Ge. These observations suggest there 
is an additional factor that affects the unit cell volume and 
counteracts the expected expansion caused by Zn doping. 
Theoretical analysis was performed again in order to 
understand the observed behavior. 

To simulate the doping with a small amount of Zn, a 
2×2×2 supercell of h-MnCoGe and a 2×2×1 supercell of o-
MnCoGe were constructed, and one of the symmetry-
independent Ge atoms in each structure was replaced with 
a Zn atom (Figures S1a and S1b). Such models correspond 
to a composition with x = 0.0625. The geometry of each 
supercell was optimized (Tables S9-S12), and the total 
energy values were calculated (Table 3). The total energy 
calculations of pure (undoped) MnCoGe are also shown for 
comparison.

Figure 5. (a) Synchrotron PXRD data of MnCoGe1−xZnx (x = 0.02, 
0.04, 0.05, 0.06, 0.08, 0.1) and (b) lattice parameters of h-
MnCoGe and o-MnCoGe as a function of Zn content.

In the case of pure MnCoGe, the orthorhombic polymorph 
is energetically favorable, regardless of spin-polarization 
and in agreement with the experimental observations that 
show the strong preference for o-MnCoGe as the 
temperature is decreased. The difference in the total energy 
of the two polymorphs, Estr, calculated for the SP case, is 
close to the reported experimental value,15 which thus 
supports the reliability of our calculations. Upon Zn doping, 
the Estr value decreases for both NSP and SP calculations, 
although less dramatically in the latter case. Nevertheless, 
the change in the sign of Estr suggests that Zn doping 
should stabilize the h-MnCoGe structure, in agreement with 
our experimental observations (Figure 5). It is worth noting 
that the error of total energy calculations is ~1 meV/atom. 
Thus, it is difficult to draw a clear conclusion that h-MnCoGe 
becomes more stable than o-MnCoGe in the SP calculations, 
but the trend toward stabilization of the hexagonal 
polymorph via Zn doping is clear.
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Table 3. Total energies of pure and Zn-doped structures for 
both h-MnCoGe and o-MnCoGe. The total energy difference 
between the two polymorphs is given as Estr = Eh − Eo.

h-MnCoGe
(eV/atom)

o-MnCoGe
(eV/atom)

Estr

(meV/atom)Calcs. 
Type Pure Doped Pure Doped Pur

e
Doped

NSP −6.817 −6.730 −6.850 −6.676 33 −54

SP −7.022 −6.936 −7.030 −6.935 8 −1

Figure 6a displays the total DOS of h-MnCoGe for the pure 
and doped structures. The changes stemming from Zn 
doping are very subtle. The three well-defined peaks close 
to the Fermi level remain almost unaffected. The 
appearance of a DOS peak near −7 eV can be attributed to d-
states of Zn, while the slight decrease in the DOS values near 
−9.5 eV and −3.5 eV is due to the decrease in the 
concentration of Ge p-electrons in the doped structure. 
(Note that the d-states of Ge have been treated as a core and, 
thus, not explicitly included in the calculations.)

The COHP curves for the M1-M2 bond were calculated to 
check the influence of Zn doping on the anti-bonding states 
near the Fermi level. To account for the effect of mixed 
occupancy of the 2c site by Zn and Ge atoms, the COHP plot 
was averaged over all sixteen bonds in the supercell that are 
identical to the M1-M2 bond in the parent unit cell. As can 
be seen from Figure 6b (and more details in Figure S2-S6), 
the substitution of Zn for Ge has a rather minor effect on the 
|−COHP| values for the M1-M2 contacts. Nevertheless, the 
anti-bonding character of these interactions just below the 
Fermi level is significantly reduced (Figure 6b, inset), 
justifying the increased stability of h-MnCoGe upon Zn 
doping. A numerical evidence for the reduced anti-bonding 
states is provided by the decrease in the calculated bond 
lengths and increase in the –ICOHP values (Table 4), both in 
agreement with the stronger M1-M2 bonds.

To analyze the changes in interatomic distances, the 
calculated bond lengths and corresponding –ICOHP values 
for h-MnCoGe are summarized in Table 5. As shown in 
Figure 1, this crystal structure can be viewed as a packing of 
Mn-centered hexagonal prisms having alternating Co and 
Ge atoms in the vertices. The Co-Ge_1 bonds form the 
hexagonal faces of the prisms in the ab plane while the Co-
Ge_2 bonds form the lateral edges parallel to the c axis. With 
Zn doping, the M1-M2 and Co-Ge_2 bonds contract, the Co-
Ge_1 bonds expand, and the Mn-Co and Mn-Ge bonds 
remain intact. The a parameter correlates with the Co-Ge_1 
bond: a = ×d(Co-Ge_1), while the c parameter is a double 3
of the M1-M2 and Co-Ge_2 bond lengths. The changes in 
these bonds explain the elongation of the a axis and the 
shrinkage of the c axis caused by Zn doping, although the 
effect is rather small, as can be seen from only ~0.12% 
change in the unit cell volume calculated for the pure and 
doped structures under spin-polarized conditions. This 
observation is consistent with the negligible changes in the 
unit cell parameters of h-MnCoGe upon Zn doping (Figure 
5b). Note that in the case of vacancy formation in the Ge site, 
a much more significant decrease in the unit cell volume has 
been reported.44

Figure 6. A comparison of the total density of states (a) and 
COHP curves for the M1-M2 bond (b) in the pristine and doped 
structures of h-MnCoGe. The inset shows the zoomed-in figure 
of a selected region of COHP curves.

Table 4. The unit cell parameters, volume, M1-M2 bond 
length, and –ICOHP values calculated for pure and doped h-
MnCoGe. In the case of SP calculations, the −ICOHP values 
are shown for the spin-up and spin-down channels, and the 
total bond strength should correlate with the sum of those 
two numbers.

Calcs. 
Type a (Å) c (Å) V (Å3)

d(M1-M2)
(Å)

−ICOHP
(eV/bond)

NSP 4.065 4.924 70.464 2.462 1.01
Pure

SP 4.084 5.126 74.042 2.563 0.23/0.48

NSP 4.072 4.900 70.363 2.450 1.06
Doped

SP 4.088 5.110 73.956 2.555 0.25/0.50
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Table 5. The calculated bond lengths and corresponding –
ICOHP values (in parentheses) in MnCoGe and 
MnCoGe0.9375Zn0.0625. In the case of SP calculations, the 
−ICOHP values are shown for the spin-up and spin-down 
channels, and the total bond strength should correlate with 
the sum of those two numbers.

Pure Doped
Type

NSP SP NSP SP

M1-M2 2.462
(1.01)

2.563
(0.23/0.48)

2.451
(1.06)

2.555
(0.24/0.49)

Mn-Co 2.650
(0.50)

2.684
(0.17/0.29)

2.652
(0.50)

2.684
(0.17/0.30)

Mn-Ge 2.650
(1.11)

2.684
(0.48/0.53)

2.652
(1.05)

2.684
(0.45/0.50)

Co-Ge_1 2.347
(1.61)

2.358
(0.83/0.83)

2.352
(1.48)

2.360
(0.77/0.77)

Co-Ge_2 2.462
(1.22)

2.563
(0.52/0.54)

2.451
(1.20)

2.555
(0.50/0.53)

Magnetic Properties and Magnetocaloric Effect of 
Zn-doped MnCoGe. Magnetic measurements were 
performed on powder samples of MnCoGe1−xZnx with x = 0, 
0.02, 0.04, and 0.05, according to the doping region across 
which the stabilization of the h-MnCoGe structure was 
observed in the PXRD data. The field-cooled (FC) and zero-
field-cooled (ZFC) magnetization measurements revealed a 
decrease in the FM ordering temperature (TC) and the 
occurrence and disappearance of magnetic hysteresis with 
the increasing Zn content (Figure 7a). In the undoped 
MnCoGe, the structural and magnetic phase transitions are 
decoupled. Therefore, the FM ordering is a second-order 
non-hysteretic transition.

At x = 0.02, the coupling of the SPT and FM ordering 
results in the thermal hysteresis that is consistent with the 
observation of two phases in the PXRD pattern of this 
sample. At x = 0.04, a small thermal hysteresis is still 
observed but its occurrence indicates that TSPT had been 
suppressed below room temperature. For this sample, the 
value of TSPT has been shifted to the lower limit of the TC 
window and, thus, decoupling of the SPT and FM ordering is 
expected at higher Zn content. Indeed, two separate 
transitions were observed for the sample with x = 0.05. The 
reversible transition near 260 K represents the FM ordering 
of h-MnCoGe while the transition near 220 K corresponds 
to the SPT from h-MnCoGe to o-MnCoGe. The complex 
behavior of the MnCoGe0.95Zn0.05 sample signifies that the 
SPT has been shifted too far in temperature, taking place 
below the Curie temperature of h-MnCoGe.

The MCE of the sample with x = 0.02 was evaluated from 
the magnetization isotherms measured across the FM 
transition region (Figure S7). The magnetic entropy change 
(ΔSM) was calculated from the Maxwell relation:

(2)Δ𝑆M = 𝜇0∫𝐻
0

∂𝑀
∂𝑇𝑑𝐻

where 0, M, T, and H are the magnetic permeability 
constant, magnetization, temperature, and magnetic field, 
respectively. The variation in ΔSM as a function of 
temperature is shown in Figure 7b. Despite the expectation 
of giant MCE in MnCoGe0.98Zn0.02, the maximum ΔSM, 
observed under magnetic field change of 5 T, was only ~6.5 

J kg−1 K−1, which is substantially lower than the values 
observed for MnCoGe0.95Ga0.05 (~34 J kg−1 K−1, from a first-
order magnetostructural transition) but higher than the 
entropy change found for MnCoGe0.9Cu0.1 (4.23 J kg−1 K−1, 
from a second-order magnetic transition). The lower ΔSM 
value might be explained by a plateau-like region observed 
in the ΔSM vs. T curves, which hints at compositional 
inhomogeneity of the sample.

Figure 7. (a) The temperature dependence of field-cooled and 
zero-field-cooled magnetization for MnCoGe1−xZnx (x = 0, 0.02, 
0.04, 0.05) and (b) the variation of magnetic entropy change of 
MnCoGe0.98Zn0.02 as a function of temperature under different 
changes in the applied magnetic field.

To prove that the FM transition is of the first-order, the 
SM-T curves were reconstructed to extract the exponent n 
of the equation

(3)∆𝑆M ∝ 𝐻𝑛

where n was calculated by using45

(4)𝑛(𝑇,𝐻) =
dln|∆𝑆M|

dln𝐻

The calculated n values are plotted in Figure S8. After the 
reconstruction of the ΔSM-T curves, the temperature and 
field dependent magnetic entropy changes are rescaled. A 
highly overlapping area can be observed between 340 K and 
350 K, corresponding to the plateaus in the ΔSM-T curves. 
The value of n is very close to 1 in this region, which is in 
accord with features of first-order phase transitions 
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reported previously for various magnetocaloric 
materials.46-49 Additionally, the plateau region seen in the n-
T curve also indicates that the sample might be 
compositionally inhomogeneous. Such inhomogeneity 
should lead to a spread in the magnetostructural transition 
temperature, manifesting itself as a series of highly 
overlapping peaks that result in the plateau regions in the 
ΔSM-T and n-T curves.

Conclusions
In summary, we have provided a theoretical insight to 
facilitate the chemical understandings of magneto-
structural coupling than impacts the magnetocaloric effect 
in MnCoGe-based materials. The distinct site preference of 
Mn and Co atoms in the h-MnCoGe structure becomes 
understandable from the chemical bonding perspective 
provided by the COHP analysis. Mixing Co atoms into the Mn 
site results in population of anti-bonding states of M1-M2 
bonds, thus increasing the total energy of the system and 
destabilizing the structure. An experimental way to stabilize 
the h-MnCoGe phase is to decrease the valence electron 
count, which was pursued by doping Zn into Ge sites. Such 
doping, however, led to a counter-intuitive evolution of the 
crystal structure parameters, which was subsequently 
understood via electronic structure calculations that 
showed strengthening of the M1-M2 bond caused by Zn 
doping. Finally, the magnetic properties and 
magnetocaloric effect in Zn-doped MnCoGe samples reveal 
the first-order nature of the phase transition in 
MnCoGe0.98Zn0.02, as demonstrated by the analysis of the n 
exponent in the field dependence of magnetic entropy 
change.
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