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The paper presents results of computational studies on Fe,MnGe heusler alloy using density functional
theory approach. The material exhibit half metalic propert/es with spin polarization of 98% in the Fermi
energy. Paper contain results of three population analysis methods namely Léwdin’s, Henkelman (Bader)
and Yu and Trinkle (YT) using Quantum Espresso, Critic2 and Bader Charge Analysis sowtware packages.
The charge density visualization planes resulting from Bader analysis are also presented. Studies showed
localized-covalent bonding character between transition metals and Ge. The total magnetization is caused
mainly by to Mn-d shell electrons, with small Fe and marginal Ge magnetic moments participation.

Keywords: density functional theory, population analysis, charge density, Heusler alloys

Fundamental research of new materials is very
important for bringing understanding of their properties in
relation to their atomic and electronic structures.
Development of new technigues and methods that allow
for deep insight into materials properties at their lowest
level is crucial for progress in manufacturing technology
as well as for their basic interpretation. For this reason
methods like molecular mechanics (MM) [1,2], molecular
dynamics (MD) [3,5], density functional theory (DFT) [6,9],
Hartree-Fock (HF) [10-12], or quantum monte carlo (QMC)
[13-16] to name few, and also many other ab initio
approaches has gained recently great interest. With the
use of those methods, one can obtain information that is
normally not available or at least very difficult to obtain
using other experimental techniques. One example is to
illustrate the behaviour of electrons in crystalline phases.
Techniques like x-ray diffraction/scattering can be utilised
to obtain information about electron clouds density in
material, but averaged over the whole crystal, so for
example the particular effect of single vacancy defect on
electron density is therefore lost or strongly diluted. On the
other hand, first principles simulation methods allow for
studying behaviour of individual electrons if required,
therefore enabling much more information about
considered material.

The Fe,MnGe material is one of the Heusler’s kind
compound characterized by the X YZ type structure. This
material exhibits magnetocalorlc effect [17] and is a
competitor to othe magnetocaloric materials i.e.
La(Fe,Si),.- type alloys [18,19]. Moreover, it could be applied
in spin m;ector devices [20]. Such material can be
laboratory produced using long term heat treatment of
polycrystalline ingot, possibly Bridgeman or Czochralski
traditional methods. This particular material crystallize in
the L2, structure, in cubic Fm-3m space group (no. 225)
where the Mn atoms occupy corners and faces of the cube,
Ge occupies middle of the edges and Fe is located inside,
interpenetrating with the second cube (Fe occupy the
corners). Previously we reported the electronic and
magnetic properties study focusing mainly on the influence
of iron-copper ion substitution in relation to half metallic
properties [21-29]. As we shown earlier, this substitution
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breaks the high spin polarization at Fermi level, so the
material properties are gaining more metallic character.
Inthis paper main focus is devoted to structural and binding
study unravelling its characteristics by the use of density
functional theory calculations using Quantum Espresso
software and various bonding and charge population
analysis.

Experimental part
Computational details

All DFT calculations presented here were performed
using Quantum Espresso software package with the
additional use of Critic2 code [30, 31] (for both Bader and
Yu and Trinkle (YT) analysis) and Bader charge analysis
code [32, 33] for comparison purpose. As in previous study
a projected augmented-wave (PAW) pseudopotentials
including scalar relativistic effects and nonlinear core
corrections were used. The electronic configuration of Mn
was [Ne] 3s? 3p® 4s? 3d° located in 4a, Ge - [Ar] 4s? 3d 4p?
in 4b and Fe - [Ne] 4s? 3d® in 8¢ Wyckoff positions. The
generalized gradient approximation (GGA) approach in the
Perdew, Burke and Ernzerhof (PBE) [33, 34] form was used.
In contrast to previous calculations the supercell approach
was not necessary, as this time no substitutions were
made. Because of this reduction, the convergence tests
were carried out again. The Brillouin zone sampling with
appropriate Monkhorst-Pack grid was done with 15 x 15 x
15 k-points. For structure optimization the Broyden-
Fletcher-Goldfarb-Shannon (BFGS) algorithm was utilized
with force criteria setto 102Ry/au. The kinetic energy cutoff
ecutwfc=80 Ry and ecutrho=800 Ry for charge density
cutoff. The electronic convergence criteria was set to 10°®
Ry. As we shown in [21, 34-36] and our previous paper
ferromagnetic configuration was the most stable one,
therefore only this kind of magnetic ordering was included
in the calculation, as it has some noticeable influence on
structural parameters. For the population analysis the 72 x
72 x 72 FFT-grid was used in Bader charge code and in
Critic2 code. For charge analysis first a cube file was
generated consisting of 300 x 300 x 300 electronic density
points via postprocessing tools (pp.x) provided by Quantum
Espresso package.
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Results and discussions
Structural parameters

In order to verify the correctness of calculations
comparison between some structural parameters to
previous studies were made. Figure 1 shows structure of

Fig. 1. Structure of
conventional unit cell
for Fe, MnGe material

Fe,MnGe material and some structural parameters are
presented in table 1.

By analysing data collected in table 1, a very good
accordance with previous work as well as with
experimental results can be seen. Therefore conclusion
about correctness of adopted methodology can be stated.
Next, the charge population calculations were made.

Charge density and population analysis

In order to get some insight into binding and magnetic
properties several population analysis were performed
table 2 shows Lowdin charge population analysis data (the
plane-waves states of valence electrons are being
projected on the psudo-atomic basis and the sum of
these projections or Léwdin charge).

Values given in table 2 are showed taking into account
only valence electrons (including 3s and 3p semicore states
for both Mn and Fe). As can be seen by analysing Lowdin
data, the valence iron charge is less than 16, which is
normal Fe behaviour, as Fe tends to give electrons to the
more electronegative neighbours (in this case germanium
electronegativity is 2.01 in respect to iron’s 1.83). The same

Stucture a[A] VAT I Fefe' [A Fe-Ge [A]FF | Fehn [A]¥F Mo hn [A]Fr
Fe:MnGe — thiz work 3601 18432 28435 2484 2484 1023 Table 1
FesMinGe - FLI mag.- 3680 18413 2844 STRUCTURAL
previous work [19]
FeslinGe [31] .68 - - PARAMETERS
FaslinGe [33] 3700 - -
FeslinGe [34] - EXP. 3781 19371 -
* nearest Fe-Fe; **Fe to central Ge; *** nearest Fe-Wn; ****nearest Mn-In
Atom Total charge s P d
Fe 15,6505 15730 30081 11145
Spmnup z= [ T8I p= 29981 d= 38851
pz= 0.9904 dz2= 0.7338
px= 0.9994 dxz= 0.7382
pyv= 09994 dyz= 0.7392
dx2-y2=0.7358
dey= 0.7392
Spin down 3= [.100F p= 29980 d= 34354
pz= 0.8803 dz2= 05310
px= 0.9993 dxz= 0.7873
py= 09993 dyz= 0.7878
dx2-y2= (.5310
dzy= 0.7878
polarization 0.7457 s =-0L0148 p = 00001 d=10.2637
Ge 14.6348 13079 3.3303 0.95930
Spmup 3= 0_7060 p= 15788 d= 40990
pz= 035262 dz2= 0.5050
pr= 0.5262 dxz= 05997 Table 2
py= 0.3262 g;_%f 5-9%95999 LOWDIN VALENCE CHARGES
va= (.
dxy= 0.9997 PROJECTED ON ATOMIC ORBITALS
Spin down 3= (06914 p= 1.5608 d= 495470
pz= 0.5336 dz2= 059580
px= 0.5534 dxz= 09097
pyv= 0.553§ dyz= 0.9997
dx2-y2= (9999
dmy= 0.9997
polarization -0.0676 s =0.0146 p =-0.0822 d=0.0000
Mn 133010 1.o007 30050 471143
Spin up 3= 13608 p= 29981 dzI= 0.9706
pz= 0.9904 dxz= 0.7610
px= 0.9994 dyz= 0.7610
pyv= 09994 dx2-y2= (.9708
d=zy= 0.7610
Spin down 3= [ 3391 p= 29970 d= 13712
pz= 0.9903 dz2= 0.1373
px= 0.9993 dxz= 04313
pyv= 09993 dyz= 0.4318
dx2-y2= (.1378
dmy= 04318
polarization 16748 s= 0.0T14 p = 00002 d= 2.6530
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Atom | Lowdin charge | Bader charge | Bader charge | YT charge
(critic?) | (bader code) Table 3
= e E 1 TabE TR COMPARISON OF TOTAL ATOMIC CHARGES USING
Ma 14.635 14.070 14.070 14,099 DIFFERENT METHODS
Ge 14,490 14.586 14.586 11568

situation is visible for Mn valence charge, which is lower
(starting configuration is 15). The iron 4s shell charge is
only 0=0.58 therefore iron tends to lose its least bonded
electrons. Calculation of magnetic properties (in terms of
magnetic moment localized on each atom) reveals that
iron ions have only small contribution to the overall cell’s
magnetism and the Ge ions are negligible in this sense.
The Fe-d subshell is filled with 7 electrons, leaving only 3
unpaired ones, thus reducing its overall spin magnetism
(polarization of d orbital is only ~0.26) and giving total Fe
magnetic moment of ~0.25 pB. As shown before, the
manganese is mainly responsible for materials magnetic
properties with 2.67 uB moment resulting mainly from 3d-
subshell electrons and the total magnetic moment is ~3
MB. Interestingly, Mn also loses its 4s electrons but in
contrast to Fe, it loses its 3d subshell charge, however, its
polarization remains high because charge depletion is
visible mainly in minority spin channel. The calculated
magnetic moments of Ge -0.06 uB, therefore calculated
magnetic properties are consistent with other studies. The
total charge derived from Lowdin analysis (especially when
comparing to other population analysis methods) shows
some substantial difference (table 3).

The biggest one is observed at Fe ion population where
according to Léwdin analysis charge is not only smaller,
but also difference between valence and obtained charge
value has opposite sign than those calculated by Bader
and Yu-Trinkle methods.

The bader population analysis gives information
resulting from analysis of critical points in electron density,
and it is usually considered more robust. While analyzing
data in table 3 it can be noticed that both Bader charge and
YT charge gave very similar results. According to this, it
can be concluded that iron tend to gain very small charge

An~-0.17, germanium charge remains almost constant
(baderAnG ~-0.07and YT An, ~-0.1) while Mn noticeably
loses charge An, ~0.43 (An'is calculated as free atom
valence charge - calculated charge). However, it should
be remembered that observed discrepancies arise from
different ways of their evaluation. Nevertheless, from all
analysis it seems that Mn tend to lose charge while Ge is
an acceptor in this context which is generally expected
behavior.
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Fig. 2. Charge density in Mn Fe-Ge-Fe-Mn (on diagonal) plane. Scale
unit electrons/bohr®
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Fig. 3. Charge density minus
superposition of atomic
densities. In red - positive
values, blue- negative values
of charge difference

4

é

Charge density plot and charge density minus
superposition of atomic densities plot are given in figure 2
and figure 3 respectively.

The presented charge distribution for Fe,MnGe shows
that character of bonding between central germanlum and
neighbouring Fe ions is clearly localized, similarly electronic
density localization between Fe and Mn ions is visible. In
the latter case both density and charge volume between
ions seems to be smaller than former, suggesting more
localized binding. At the same time, a minimum charge
distribution is visible between Fe-Fe ions. Further
information about bonding can be derived from charge
difference plot (fig. 3). As can be seen there are visible red
regions of increased density coming from Fe ions toward
Mn. The shape and spatial position of those regions shows
significant similarity to sp*like orbital hybridization. Also
the spherical depletion of charge around germanium is
visible, in accordance with data in table 2, where for Ge 4s
- shell charge is also depleted.

The bonding type between Fe-Ge and Mn-Ge appear to
be a covalent one. This and also band gap in minority
channel of total dos [21] suggest that a relatively strong p-
d hybridization between both transition metals and
germanium occur. As shown in [38, 39] for the covalent
like system, the depth of the pseudogap correspond to the
strength of the covalent bond. Therefore deeper pseudogap
is an indication of stronger hybridization between the
electronic orbitals, what corresponds to a stronger covalent
bond.

Conclusions

In this paper a Fe, MnGe Heusler alloy was investigated
using density functional theory calculations. Structural
parameters calculated in this work are in good agreement
with both previous studies and experimental results. The
various charge population analyses were proposed, namely
Loéwdin, Bader and Yu-Tinkle methods were utilized,
accompanied with charge density plots. Based on obtained
results and their analysis, localized bonding picture between
transition metals and Ge is emerging. The total
magnetization is caused mainly by to Mn-d shell electrons,
with small Fe and marginal Ge magnetic moments
participation. Both codes (Henkelman and Critic2) gave
similar results of valence charge as opposed to Léwdin
analysis. The character of bonding between germanium
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and transition metals is covalent, resulting from p-d orbitals
hybridization.
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