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Abstract: Heusler alloys have unusual properties, making them highly interesting for evaluation. This study focuses
on the double half-Heusler Mn2CoFeGe>, analyzing its crystal structure and magnetic properties. The prepared alloy
was analysed through X-ray diffraction to study its structural features. The material’s morphology was examined
using scanning electron microscopy. Simultaneously, the elemental constituent proportions of Mn.CoFeGez were
confirmed using energy-dispersive X-ray spectroscopy (EDS) analysis, which verifies that the elements are present
in a 2:1:1:2 atomic ratio. Interestingly, the saturation magnetization slightly decreases from 60 emu/g at 5 K to 57
emu/g at 150 K. The measured g-value of the alloy is greater than 2. The Mn2CoFeGe: alloy behaves like
a semiconductor based on UV measurements. Therefore, the use of this alloy in the new technologies seems
reasonable.

Keywords: Double half-Heusler alloy, Mn.CoFeGez, Magnetic properties, Electron Spin Resonance, Raman
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1. Introduction

Heusler alloys are part of a broad and adaptable
group of intermetallic compounds. These alloys can be
found in various configurations, including half-Heusler
(X1Y1Z), full-Heusler (X,Y.Z;), inverse Heusler, and
other more complex binary and quaternary systems [1].
Z in these alloys is usually a main group element, and X,
Y are typically transition metals. Heusler alloys have a
broad profile of functional properties. These properties
have made it a promising candidate for various uses in
sensors, thermoelectric, magnetic shape memory
devices, energy conversion, and magnetic refrigeration
[2-10], even experimental investigations [11-13]. Their
unique magnetic properties, they have been considered
as potential candidates in spintronic and magneto-
sensing technologies [14]. Nonetheless, dimensional
stability is limited due to high thermal expansion. To
mitigate this, mechanical modification [15] is employed.
Screening based on modern machine learning
techniques has been adopted to speed up the
identification of new compositions with better thermal
and structural stability [16].

An increasing subject is double half-Heusler
(DHH) alloys. These compound alloys represent a new
design concept to go beyond the intrinsic restrictions
found in traditional half-Heusler systems. These are not

simple doped or elementally substituted alloys, but
rather are DHH alloys which have complex
stoichiometric compositions giving rise to a variety of
structures. There are triple phases, such as X2'X"Y3Z3,
quadruple phases like X'3X"Y1Z4, and double quaternary
phases, for example, compositions such as X'X"Y2Z2,
X2Y'Y"Z2, and X2Y2Z'Z". A great deal of work, in particular
that of Anand et al [17] High Curie temperatures and use
in magnetoelectronic devices make these materials
promising. One of the common design strategies for
such quaternary complex Heusler alloys is to combine
two ternary phases, such as Co,FeGe [18] and
Co,MnGe [19], to obtain the quaternary compound
CoFeMnGe [20]. Some theoretical works predict that this
alloy is probably a metal with a high Curie temperature.
Recently, researchers have synthesized several
quaternary alloys of the type CoFeMnX series, where X
= Al, Si, Ga, Ge, further demonstrating the potential of
such advanced Heusler systems [20, 21].

A novel compound Mn2CoFeGe2 was prepared
and studied. This double half-Heusler alloy, which is a
member of the well-known Heusler alloy family with
various magnetic behaviors and promising technological
applications, reveals great promise in the field of
magnetism. In this regard, the indigenous doping
approach in Mn2CoFeGez makes it an ideal candidate
material for potential applications like thermoelectric
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energy conversion, magnetocaloric effect (magnetic
refrigeration), optoelectronics, and high-density data
storage [22, 23]. Both the crystallographic and magnetic
properties of Mn2CoFeGe: are found to be heavily
influenced by the substitution of Mn, Co, and Fe atoms,
while Ge plays a crucial role in determining both cluster
geometry, coordination environment, and thus chemical
bonding within the alloy. The experimental study
comprises a detailed structural characterization that was
conducted using powder X-ray diffraction (XRD) and
energy-dispersive X-ray spectroscopy (EDS or EDX).
The morphology was characterized through Scanning
Electron Microscopy (SEM). Magnetic properties were
carefully examined wusing a Physical Property
Measurement System (PPMS) and Electron Spin
Resonance (ESR). Furthermore, UV-Vis—NIR was
employed to analyze the optical absorbance spectra.
The characteristic features associated with electronic
excitations in the Raman spectra need to be determined.

2. Experimental Details

The  Mn2CoFeGe: double half-Heusler
compound was melted using arc melting of the
elemental components in the right stoichiometric ratio.
High-purity Mn (99.99%), Fe (99.99%), Co (99.99%),
and Ge (99.99%) were accurately weighed, placed in a
copper crucible, and melted three to four times in an arc
furnace under an argon atmosphere. To compensate for
Mn volatilization during melting, an additional 3% Mn
was included. Circulating cold water cooled the system,
and multiple melting improved the alloys homogeneity,
resulting in a final weight loss of less than 1%.

To further enhance the homogeneity, the melted
sample in the arc was finally sealed into a quartz
ampoule and then heated. After annealing at 1000 °C for
six hours in a tube furnace, the sample was allowed to
cool on its own to ambient temperature before it was
taken out for analysis. Powder samples were subjected
to Cu-Ka radiation (1.5406 A) to capture X-ray diffraction
patterns at ambient temperature (Rigaku Smart Lab,
Japan). With a JEOL JIB 4700 FIB-SEM in EDS mode
and collecting EDS data, we quantified the sample
composition with scanning electron microscopy. The
investigation of magnetic properties is performed with
the PPMS (Dynacool Quantum Design, USA) with an
applied magnetic field ranging from -7 to +7 Tesla (T),
and with the temperature swept from 5 K to 300 K.

A JEOL (JES FA200) spectrometer was utilized
to capture the ESR data at an applied frequency of X-
band, with the magnetic field varying from 0 to 800 mT.
Additionally, a PerkinElmer Lambda 1050 UV-Vis
spectrophotometer was employed to assess the optical
absorbance spectra were recorded at ambient
temperature, with wavelengths measured between 200
and 800 nm.

The Raman spectra of the samples were
captured with a custom-made optical system. This
enabled accurate characterization of the materials,
which showed clear peaks corresponding to their
molecular vibrations. An Andor Kymera 328i
spectrometer coupled with an Oxford Instruments
Newton 920 CCD camera was the core of the setup,
along with an inverted microscope (Nikon Ti2U, Nikon).
The samples were excited using a 60x objective (N) via
a glass substrate. The 594 nm laser source used is an
OBIS 594LX model from Coherent with an objective lens
of power 5 mW to detect scattered light via the same
objective (NA = 0.7). Each spectrum was recorded using
a 60-second interval and repeated three times, with a
notch filter positioned prior to the spectrometer to
eliminate Rayleigh scattering.

3. Results and Discussion
3.1. Structural Analysis

The XRD pattern of the prepared Mn2CoFeGe:
powder confirms its crystalline nature and indicates a
combination of two distinct crystalline phases. Phase
identification was carried out with X’Pert High Score Plus
(HSP) software, and the fitted data are presented in
Figure 1. The fitted results indicated that the
synthesized Mn:CoFeGez comprises a cubic and an
orthorhombic crystal structure. The primary phase (83%)
corresponds to an orthorhombic structure with the P-
nma space group as indicated by reference code 96-
210-6530. The secondary phase (17%) is identified as a
cubic structure with space group Im-3m according to
reference code 96-901-3485. A literature by E. YlUzuak
et. al. studied a similar CoMno.9Feo1Ge alloy, and
showed a secondary phase [24]. This polymorphism
may affect the material properties by potentially
combining characteristics from both the orthorhombic
and cubic phases. The lattice parameters are found to
be a =5.283270 A, b = 4.095393 A, and ¢ = 7.112414 A
for the orthorhombic structure, a = 2.898657 A, b =
2.898657 A, and ¢ = 2.898657A for the cubic structure.
Studies on related MnCoGe-based alloys reveal that
structural transitions frequently occur between
orthorhombic (low symmetry) and hexagonal or cubic
(higher symmetry) phases, often accompanied by
magnetic phase transitions. These transitions can be
first order and strongly coupled to magnetism, resulting
in notable magneto-structural effects. Adjustment of
synthesis conditions, such as annealing temperature,
annealing time, and cooling rate. High-temperature
annealing for long duration followed by slow cooling is
expected to promote single-phase formation, while rapid
cooling or insufficient annealing may lead to the
formation of multiple phases or structural disorder [25],
[26]. The Structural strain was calculated by the
Williamson-Hall plot of XRD data and found that 2.88x
10-4.
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Figure 1. X-ray diffraction patterns of the Mn.CoFeGe: alloy obtained at ambient temperature:
The plot displays the experimental data (black), fitted curve (red), difference plot (blue), and Bragg peak
positions (vertical lines).

3.2 Morphological Analysis

The synthesized Mn:CoFeGe: alloy powders
are shown in Figure 2, which reveals their morphology
and elemental composition. The synthesized powder
sample Mn2CoFeGe: alloy possesses a granular nature,
as evident from the SEM image in Figure 2(a).

EDS was used to check the chemical
composition of Mn2CoFeGe>, and the findings in Figure
2(b) match the nominal composition. Which was
discovered to fit the nominal composition. The volume
particles homogeneous of Mn, Fe, Co, and Ge were
discovered through X-ray element mapping; no obvious
inhomogeneities were discovered. The atomic
percentage ratio of the composition of the Mn2CoFeGe:
double half-Heusler alloy was identified through EDS,
and the findings are presented in Table 1. The atomic
percentage ratio of the composition being 2:1:1:2 agrees
with the values anticipated from the findings.

3.3 UV Spectra Analysis

The optical behavior of the Mn.CoFeGe:2 double
half-Heusler alloy was studied through UV-visible
spectroscopy in the wavelength region 250-800 nm. The
absorption spectrum, shown in Figure 3 alongside the
corresponding graph of hv (energy) versus (ahv)Y2,
reveals that the Mn:CoFeGe: alloy has a wide
absorption peak near 320 nm. By extrapolating the linear

section of the Tauc plot shown in the plot inside sub-
Figure 3, the optical band gap (Eg) is found to be 1.07
eV, confirming its semiconducting nature. Double half-
Heusler alloys possess mostly semiconducting
character with band gaps of 0.2-1.0 eV, depending on
composition, atomic ordering, and phase stability. These
gaps position the absorption edge between the infrared
and visible parts of the spectrum, with higher-gap
compositions reaching into the near-UV [27-29]. The
Double half-Heusler alloys show semiconducting
behaviour with similar band gap values in the literature
[30-31].

3.4 Magnetic Properties

The magnetic hysteresis (M-H) loops
corresponding to the Mn.CoFeGez sample inthe =7 T to
+7 T magnetic field range at 5 K, 150 K, and 300 K,
corresponding to the ferromagnetic, near-transition, and
paramagnetic regimes, respectively, as shown in Figure
4 (a). Magnetic characteristics, including saturation
magnetization (Ms), magnetic coercivity (Hc), and
remanence magnetization (Mr), were derived from the
M-H loops. The Mn:CoFeGez sample exhibits a
saturation magnetization of approximately 60 emu/g at 5
K and 57 emu/g at 150 K in the presence of an applied
field of 4 kOe. The increase in Ms at lower temperatures
arises from the thermal ordering of magnetic moments
along the applied field. The M—H loop measured at 300
K displays paramagnetic behavior, consistent with the
sample’s Curie temperature (Tc~250K).
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Figure 2. (a) High-Resolution SEM Images of the Material. (b) Elemental mapping and EDS pattern of the
Mn2CoFeGe: alloy.

Table 1. Composition ratio for Mn2CoFeGe2 double half-Heusler alloy.

Manganese (Mn) Cobalt (Co) Iron (Fe) Germanium (Ge)
DHH alloy - - - - - - - -
(MnzCoFeGez) Weight Atomic Weight | Atomic Weight | Atomic Weight Atomic
(%) (%) (%) (%) (%) (%) (%) (%)
Spectrum 1 29.23 32.77 16.14 16.87 15.71 17.33 38.92 33.03
Composition Ratio 2 1 : 1 : 2
Mn,CoFeGe, 3
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Figure 3. UV absorption spectrum and tau plot of Mn2CoFeGe:z double half-Heusler alloy
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Figure 4. (a) The field dependence of magnetization was measured at 5 K, 150 K, and 300 K. (b)
Magnetization isotherms were recorded at various temperatures. (c) Temperature-dependent magnetization was
measured under FC and ZFC conditions. (d) Electron spin resonance spectra of the Mn2CoFeGe: alloy.

There is a drastic decrease in the remanent
magnetization (Mr), which drops from 1.109emu/g at 150
K to 0.283 emu/g at 5 K. The Hc values found that 30 Oe
and 64 Oe at 150 K and 5 K respectively. These findings
establish that the Mn2CoFeGe: alloy exhibits soft
ferromagnetic characteristics.

Figure 4(c) illustrates that the temperature-
dependent magnetization (M-T) of the Mn2CoFeGe:
double half-Heusler sample exhibits a field-induced
transition from a high-temperature paramagnetic state to
a low-temperature ferromagnetic state below Tc.
measurements were performed in a field of 5 kOe with
both zero-field-cooled (ZFC) and field-cooled (FC)
procedures. The measurements were carried out in the
presence of an external magnetic field of 5 kOe using
ZFC and FC processes. The ZFC and FC curves almost
entirely collapse on top of each other in the temperature
range, making them nearly inseparable. However, the
curves show a sharp jump of magnetization at 250 K and
some weak bifurcation at low temperature. The Curie
temperature was found to be 250 K from dM/dT plot,
shown in the insert of Figure 4c. The Tc value of the
prepared material matching with similar materials in the
literature [32, 33].

Isothermal magnetization (M-H) curves of
Mn2CoFeGez were measured from 150 to 350 K at 30 K
intervals, as presented in Figure 4(b). For the 350-300
K range, the M—H profiles show a linear dependence on
applied field, typical of paramagnetic behavior. Between
270 and 240 K, there is a transitional regime from the
curves, whereas from 240-150 K, as the temperature
falls from 350K to 150K, Mn2CoFeGe: shifts from being
paramagnetic to ferromagnetic, with a distinct
intermediate region serving as a transitional phase.
Magnetization strength and nature are thus extremely
temperature-dependent, with ferromagnetic order and
increased magnetocaloric behavior seen at lower
temperatures. Similar Heusler alloys (like Mn,FeGe and
Fe,MnGe) also show ferromagnetic ordering with
comparable or higher saturation magnetization values
(up to ~5.1 uB/f.u. for Fe-substituted samples), and
Curie temperatures ranging from about 200 K to above
400 K [34]. Other Co/Fe-doped Mn-rich Heusler alloys,
like CoFeMnGe or Mn—-Ni-Ga-based analogs, exhibit
intense ferromagnetism and magnetocaloric effects near
ambient temperature, occasionally with greater
magnetic moments (e.g., CozFeGe: 6.1 uB/f.u.,
Fe2MnGe: 5 pB/f.u.) and similar entropy changes for
magnetocaloric devices [35].
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3.5. Electron Spin Resonance Study

ESR measurements for the Mn:CoFeGe:
double half-Heusler alloy were conducted at ambient
temperature across a magnetic field range of 0-800 mT.
The derivative spectra of microwave absorption for the
applied magnetic field are presented in Figure 4(d). The
analysis yielded a g-factor of 4.17, a resonance field (Hr)
of 160 mT, a peak-to-peak linewidth (AH,,,) of 31.65 mT,
and an absorption positive and negative intensity ratio

(g) of 2.09. As shown in Figure 4(d), the ESR signal

exhibits characteristic variations with the applied
magnetic field, reflecting the alloys non-magnetic matrix.
The Mn2CoFeGe: alloy displays magnetic spin
resonance with distinct positive and negative peaks as
the field is varied, a behavior arising from unpaired
electrons localized in the ferrite phase of the composite,
which are primarily responsible for the ESR response.

The equation was used to calculate the g-factor
[36].
hv
up Hy

g:

Here h is Planck’s constant, uB is the Bohr
magneton, v is the microwave frequency (in Hz), and Hr
is the resonance field (in Tesla). The g-value found is
more than 2; the reason could be the substantial orbital
contribution to the magnetic moment, compared with the
literature [37], [38]. In Heusler alloys, transition metals
such as Co, Fe, and Mn retain partial orbital angular

momentum due to crystal-field and spin—orbit coupling
effects. The (g) ratio measures approximately 2. For free

electrons, the ratio (g) is approximately equal to one.

However, in the present Mn2CoFeGe: alloy, this ratio is
greater than unity because of the spin resonance high
spin coupling to other spins. The relative intensities of
absorption around 2 are sensitive to the diagnosis of
magnetic phase composition, spin dynamics, and
electronic structure. These are known to exist in several
Heusler alloy systems, such as Co,MnSi, Ni-Mn-In-Si,
and Mn-Co-Fe-Ge compounds, because these have
been demonstrated by systematic ESR and magnetic
resonance studies [39, 40].

3.6. Raman Spectroscopy Analysis

The Raman spectrum of Mn2CoFeGe: at
ambient temperature exhibits a Raman shift within the
range of values from 550 cm to 700 cm, in the
prepared alloy shows the Raman peak is at 630 cm?, as
presented in Figure 5. There are very few experimental
Raman spectra that have been reported for Heusler
alloys [41, 42] For instance, Bera et al. [43] A Raman
peak was observed at 645 cm for the NiFeMnSn
sample. Attributed to crystal field excitations, which
significantly enhanced the vibrational characteristics of
Heusler alloys. Here, anticipates the observed Raman
peak due to atom vibrations in the orthorhombic
structure. Although most Heusler alloys exhibit either
metallic or semi-metallic properties.
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Figure 5. Ambient temperature Raman spectrum of the sample.
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4. Conclusions

A novel double half-Heusler alloy, Mn2CoFeGe:,
was synthesized for the first time via arc melting. Here,
its structure and magnetic properties have been studied
and presented for the first time. X-ray diffraction
experiments confirmed that the compound is
orthorhombic (P-nma) and cubic (Im-3m) in nature.
Energy-dispersive X-ray spectroscopy confirmed the
elemental composition of the alloys, whereas scanning
electron microscopy ascertained a well-homogenized
microstructure. Magnetic measurements from 300 Kto 5
K revealed a clear transition from paramagnetic to
ferromagnetic behavior. ESR measured the g-value of
the alloy is greater than 2. The alloy behaves like
a semiconductor based on UV measurements. These
findings not only reveal significant detail regarding the
crystal structure and magnetism of Mn2CoFeGe2z but
also create a solid platform for further work. Due to its
magnetically tunable nature, this material shows
immense potential for use in magnetocaloric
applications.
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