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Abstract

This study presents the concentration-dependent structural, morphological, and magnetic properties of Fe,V, ,Mn,Ge
Heusler alloys (x=0.0, 0.25, and 0.50) have not been studied previously in the literature, and are investigated by using
X-ray Diffractometer, Scanning Electron Microscope (SEM), and Physical Properties Measurement System (PPMS). We
observed from the X-ray diffraction measurements that (except x=0) Fe,V,  ,Mn,Ge samples have had L2,-type crystal
structure, matching well with the literature. In all SEM images, some holes and crack-type formations are observed.
Increasing Mn content in Fe,V,_ ,Mn,Ge Heusler alloys can effectively inhibit grain boundary migration. Except for Fe,VGe,
the other alloys in the series are investigated to be soft ferromagnets at 5 K with saturation magnetic moment. The (M-H)
graphs especially for Fe,V, ;sMn, ,sGe and Fe,V, ;Mn, ;Ge measured at 5 K reveal almost no coercive fields and easy
magnetization. Namely, the system easily saturates without needing any high fields. The obtained results show that
these new samples may be suitable candidates for technological applications.

Article highlights ¢ The M-H graphs for Fe,V, ,Mn,Ge alloys measured at
5 K present almost no coercive fields and easy magneti-

e The arc-melting method is used to synthesize new .
zation.

Fe,V,..Mn,Ge cubic Heusler alloys.

e Both increment of Mn and decrementV in the structure,
reveal phase transition from hexagonal DO, to cubic
L2, form.

Keywords Heusler alloys - Sintering procedure - Structural
and magnetic properties

1 Introduction
Heusler alloys that exhibit half-metal behavior have an

important place in industrial applications in terms of ver-
satile physical properties and spintronic applications. These

compounds, which also had triple intermetallic properties,
were found by Fritz Heusler in 1903 [1, 2]. Heusler alloys with
the face-centered cubic structure are found in the forms of
XYZ (half Heusler), X,YZ (full Heusler), inverse-Heusler (Y,XZ),
and quaternary-Heusler (XX'YZ). Most of these types of com-
pounds have become quite a subject of study with their
characteristics such as topological insulator, magnetoresist-
ance, semiconductor, superconductivity, ferromagnetism,
ferrimagnetism, and antiferromagnetic which are related to
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spintronics. Some new developments on half-metallic mate-
rials which have fully spin-polarized are still on the attention
of researchers [3]. With the property of zero total magnetic
moments, half-metallic antiferromagnets are also the focus
of the research due to low energy loss. An important feature
of most Heusler alloys is that the physical category entered
by the alloy can be determined by counting the valence
electrons [4, 5]. Another important feature of Heusler alloys
is that the energy band ranges can be adjusted between 0
and ~4 eV by changing the chemical composition. Due to
this feature, Heusler alloys are among the important can-
didates for both solar cell and thermoelectric applications
[6-9].

The optimization of the crystal structure by using vary-
ing atoms with different radii or annealing temperatures
and durations is essential for the creation of the desired
physical and chemical properties. Previous studies are
mostly on substituting V in one of the Fe sites in Fe;Ge
under the condition of higher annealing temperature
[10]. To our best knowledge, there are a few studies on
Fe;V,Ge but neither experimentally nor theoretically,
there is not yet a detailed report on the Mn-doped
Fe,V,Ge compound. In cubic Heusler alloys, the inher-
ently low magneto-crystalline anisotropy can be a limit-
ing factor in spintronic and magnetic applications [4].
A hexagonal Heusler analogue retaining half metallic-
ity and exhibiting a high magnetocrystalline anisotropy
should be very interesting for spin-torque-transfer RAM
(STT-RAM) [11]. In the literature, for half-metallicity, some
hexagonal DO,4 Heusler alloys (with the space group of
P63/mmc) have been predicted [12-14]. In this study, for
the first time, the properties of the structure, morphology,
and magnetic properties of Fe,V,_,Mn,Ge Heusler alloys
obtained by the arc-melting method are detailed. The
syntheses and physical properties of cubic Fe,V, ,Mn,Ge
Heusler alloys are detailed. The results are evaluated by
the provided data. In the materials and methods section,
the synthesizing conditions of the Heusler alloys and the
details of measurement techniques are summarized. An
overview of the conducted research is provided using
some important details in the conclusion section experi-
mental results and their correlations with each other
and literature are provided in the results and discussion
section.

2 Materials and methods

The 99,999% pure Fe, V, Mn, and Ge chemicals obtained
from Sigma-Aldrich were synthesized by the arc-melting
method by mixing them in appropriate proportions for
final Fe,V,_,Mn,Ge alloys. To obtain a homogeneous struc-
ture, the melting process was applied 5 times in the argon
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Fig. 1 The XRD patterns of Fe,V, ,Mn,Ge compounds. Note that
the indexes shown in red color belong to the possible DO,;4 hex-
agonal phase and the indexes in black color belong to L2, cubic
phase [10, 13]

gas environment. The obtained samples were subjected to
the heating and cooling treatment by applying a specific
heating and cooling procedure. The samples were heated
to 900 °C at a rate of 2 °C / min and kept at that tempera-
ture for 5 days. The samples were ground in an agate mor-
tar to obtain the powder form for physical measurements.
Then, the samples were released for the cooling process
without a programmed decrease in the furnace. For the
determination of the structural phases of the samples, a
Bruker D8 Discover XRD device was used. Co Ka source
with 40 kV voltage, 30 mA current, and A=1.79 A wave-
length were used in the measurements. The surfaces of
the samples were sanded, smoothed, and polished to take
the surface images using the Philips XL30 brand Scanning
Electron Microscope (SEM). The elemental compositions
of the formed structures were studied by the energy dis-
tribution spectrometer (EDS) unit connected to the SEM
device. The magnetic measurements were provided under
the maximum of 2 Tesla magnetic fields by the Quantum
Design Physical Properties Measurement System (PPMS).
Temperature-dependent magnetic field measurement
data were obtained in the temperature range of 5-400 K
by PPMS tool.

3 Results and discussions

The diffraction patterns of the Fe,V, ,Mn,Ge samples pre-
pared by the arc-melting method using Fe, V, Mn, and Ge
elements were exhibited in Fig. 1. The arc melting process
was repeated 5 times to obtain homogeneous structures.
Fe;,V,Ge composition which presents similar structural
properties to Fe,V, ,Mn,Ge possesses two space groups:
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L2, Xa (F43m) and (Fm3m) [10]. As seen in Fig. 1 given by
blue color for Fe,VGe, the structure is almost showing a
sign of a good fit with the proposed crystal model L2,.
However, some additional peaks are given by the red color
belonging to the DO, 4 crystal model [13]. It is known in the
literature that possible site assignments for cubic. Add-
ing Mn to the Fe,V, ,Mn,Ge structure (Fe,V, sMn, ;Ge and
Fe,V,,5Mn ,5Ge) shows the disappearing small amount of
DO,4 (P65/mmc no.194) peaks. This may indicate a reduc-
tion in structural defect and transition of the structure
to a fully cubic state. The * symbol in Fig. 1 indicates the
unknown peaks. The lattice parameters were calculated
by X'Pert HighScore Plus software using XRD pattern and
the results were checked by Cohen’s method for L2, (space
group 225) structure.

Both in terms of increasing Mn or decreasing V ele-
ments in the Fe,V,,Mn,Ge samples revealed a decrease in
the value of in-plane lattice parameters and cell volume in
Fig. 2a and b. As seen in Table 1, the effect of the V atom on
the lattices and cell volume is quite small in the structure.

Using randomly selected regions of the samples,
the surface morphology and elemental compositions
of Fe,V, ,Mn,Ge Heusler alloys were depicted in Fig. 3,
4, and 5 for the samples Fe,VGe, Fe,V,sMn, ;Ge, and
Fe,V,75Mng ,5Ge respectively. In all SEM images, some
holes and crack-type formations were observed. This
should be the reason for sanding, smoothing, polishing,
and heat treatment before taking the SEM images [10,
15]. The colored SEM pictures also showed that the ele-
ments belong the compositions still existed after the heat
treatment procedure. The SEM surface images have also
awakened the idea of smooth, stuck well, and dense struc-
tures of all samples. This idea was also supported by EDX
measurements in all micrographs of Fe,V; ,Mn,Ge Heu-
sler alloys by obtaining all necessary peaks of elements
given in Figs. 3, 4, and 5c. The obtained stoichiometry for
all chemical compositions was depicted in the inset tables
of Figs. 3,4, and 5c.

To reveal the average grain size, the SEM images in
100 um frames were exhibited in Fig. 6. Increasing Mn
content in Fe,V, ,Mn,Ge Heusler alloys can effectively
inhibit grain boundary migration. The magnetic moment
variations due to the external magnetic field of the
Fe,V,.,Mn,Ge Heusler alloys obtained by the arc-melting
process are exhibited in Fig. 7 at constant temperatures
of 400 K, 300 K, and 5 K. The saturation magnetization
values of all three different Fe,VGe, Fe,V,,sMn, ,sGe, and
Fe,V,5Mng sGe samples are 0.515 pg/f.u., 1.93 pg/f.u., and
1.781 pg/f.u. at 5 K measurements respectively. The high-
est magnetization was obtained for the Fe,V,,sMn,,:Ge
sample to be 1.93 pg/f.u. and doping enough Mn to the
Fe,VGe structure stabilized the system by saturating the
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Fig.2 In (a), the variation of concentration-dependent in-plane
lattice parameters and concentration-dependent cell volume vari-
ation in (b)

Table 1 The variation of concentration-dependent, lattice param-
eters, and the unit cell volume

Sample formula Experimental Theoretical ~ Cell volume (A3)
lattice a (A) lattice a (A)

Fe,VGe 5.7674 5.7802 193.121

Fe,Vy,sMng,sGe 57663 5.7769 192.790

Fe,VpsMnysGe 57649 57742 192.520

magnetic moments as seen in Fig. 7b and c at 5 K. As seen
in Fig. 7a-c, the magnetization (M-H) curves due to the
magnetic field taken at a temperature of 5 K creates a neg-
ligible coercive field, while at the 300 K and 400 K (M-H)
curves, there is no coercive field and the ferromagnetic
properties of the samples are lost at these temperatures
[10]. In all Fe,V, ,Mn,Ge Heusler systems, the annealing
temperature is the predominant factor determining the
characteristic behaviors of the investigated system. All
Fe,V, Mn,Ge Heusler alloys measured at 5 K exhibited
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Fig.3 SEM images in 200 and 100 pm frames in (a) and (b) and EDX micrograph with the atomic ratio in (c) and colored SEM images of V, Fe,

and K elements for Fe,VGe composition

ferromagnetic behavior and turned to paramagnetic
when applied to higher temperatures (300 K and 400 K).
The (M-H) graphs especially for Fe,V,,:Mn,,;Ge and
Fe,V,5Mn, ;Ge measured at 5 K in Fig. 7b and c reveals
almost no coercive fields and easily magnetization [10].
Namely, the system easily saturates without needing any
high fields. Therefore this result should be a significant
indication of new material candidates for electric circuits
working at low temperatures.

In Fig. 8, the temperature-dependent moment
variations of Fe,V, ,Mn,Ge Heusler alloys obtained
by arc melting under the 2 Tesla magnetic field were
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observed. Zero field cooling (ZFC) and field cooling
FC curves match well and depict a general decrease in
the moment values with increasing temperature. This
behavior is particularly consistent with the Curie law
after T=200 K.

Temperature-dependent magnetic moment varia-
tion was clarified by using Fe,V, ;Mn, ;Ge data and fit-
ting it to the Curie-Weiss equation (red color). The fitting
parameters were demonstrated in Fig. 9 and using the
Table Curve program (linear and non-linear Curve fitting
software package) p¢=4.8/ion was found.
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Fig.4 SEM images in 200 and 100 pm frames in (a) and (b) and EDX micrograph with an atomic ratio in (c) and colored SEM images of V, Mn,
Fe, and K elements for Fe,V, ;sMn, ,;Ge composition
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Fig.5 SEM images in 200 and 100 um frames in (a) and (b) and EDX micrograph with the atomic ratio in (c) and colored SEM images of V,

Mn, Fe, and K elements for Fe,V, sMn, ;Ge composition

4 Conclusion

The Fe,V, :Mn, sGe cubic structure was obtained using
the arc melting method. Although a few minor DO,
peaks were observed in the Fe,VGe sample, the main
structure L2, was observed in Fe,V,;sMn;,;Ge and
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Fe,V,5sMn,sGe samples by doping Mn element. Thus,
we conclude that DO,y hexagonal peaks in the structure
were no longer visible by coexisting V and Mn elements
in the structure. As observed in Fig. 6, increasing Mn
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Fig.6 SEM images in 100 pm frames for x=0, x=0.25, and x=0.5 of
Fe,V,Mn,Ge Heusler alloys

content in Fe,V, ,Mn,Ge Heusler alloys can effectively
inhibit grain boundary migration. Except for Fe,VGe, the
other alloys in the series (x=0.25 and x=0.50) revealed
soft ferromagnetic properties at 5 K with saturation
magnetic moment. The (M-H) graphs especially for
Fe,V,,5Mng 5,:Ge and Fe,V, :Mn, sGe measured at 5 K in
Fig. 7b and c reveals almost no coercive fields and eas-
ily magnetization. Namely, the system easily saturates
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Fig.7 (M-H) graphs of Fe,V, ,Mn,Ge Heusler alloys under up to 50
kOe magnetic field and at 5 K, 300 K, and 400 K temperatures

without needing any high fields. The obtained results
show that these new samples may be suitable candi-
dates for technological applications.
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