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ARTICLE INFO ABSTRACT

Keywords: Earlier, we experimentally showed a significant effect of oxygen on the magnetic and structural
Ab initio calculations properties of MnsGe; due to the formation of a Nowotny phase of MnsGe;Oy. Here, in con-
Mn-Ge system tinuation of this study, we present a theoretical study of the magnetic and electronic properties of

Mn;sGes alloy

Nowotny MnsGezO, phase
Magnetic properties
Impurities

Spin-crossover

MnsGez and MnsGesDy (D = B, C, O). It was found that hexagonal MnsGe; is a ferromagnetic
metal with two nonequivalent manganese atoms in the structure. Our ab initio calculations also
predict the existence of a spin-crossover in MnsGes under pressure. Impurities reduce saturation
magnetization and electrical and thermal conductivity; however, the magnetic susceptibility and
Curie temperature increase. Microscopic mechanisms of the effect of the impurities on the
magnetic and electronic properties MnsGes are discussed.

1. Introduction

Recently, the structural, electronic, and magnetic properties of ferromagnetic bulk MnsGes crystals and thin films have been
thoroughly studied due to their possible application in the field of spintronics. [1-5]. MnsGes has a number of attractive features,
such as a high spin polarization [[6],[7]] and the possibility of epitaxial growth on Ge(111) and Ge(001) substrates [8-11]. These
two facts allows the MnsGes; compound to be a potential source of spin injection into the Ge [8-11] layer in the epitaxial samples of
MnsGes/Ge (111) and MnsGes/Ge (001).

The present work was inspired by our recent experimental success in solid-state synthesis and characterization of ferromagnetic
MnsGes nanoclusters in GeO/Mn thin films [12]. We have shown the considerable effect of oxygen on chemical and physical
properties of MnsGez nanoclusters. Chemical properties are associated with a change in the temperature of the onset of solid-phase
synthesis of the ferromagnetic phase from 120 to 180 °C. The physical properties of MnsGe3Oy, in particular the magnetic ones, have
also changed compared to the pure MnsGe; phase; namely, a significant increase in saturation magnetization to 600 emu/ cm®, and
an increase in the Curie temperature from 300 K to 400 K was obtained. It was suggested that the increase in the Curie temperature
and magnetization is due to the migration of C and O impurities to the MnsGes lattice and the formation of the Nowotny phase of
MnsGesCOy [13-15]. The possibility of increasing the Curie temperature by doping MnsGes with C and O atoms was also proposed
in [[8],[9],[16],[17]]. For example, in MnsGesC, epitaxial films, an increase in the carbon concentration (x) leads to an increase in
the Curie temperature, which reaches a maximum T¢ = 460 K at x ~ 0.6-0.7 [17]. Other experimental studies have also shown that
N, C, and O impurities, which are present even in ultra-high vacuum, migrates into the Mn-Ge nanostructures during precipitation or
annealing and change the magnetic and electrical properties [18-21]. However, the microscopic nature of the effect of the impurities
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Fig. 1. Crystal structure of MnsGes. (a) Mn-Ge octahedra are highlighted; (b) MnI-MnlI tetrahedra are highlighted. MnI, MnII and Ge atoms are
shown by green, blue and red balls, correspondingly.

Table. I

The total energies of ferromagnetic (FM),
ferrimagnetic (FiM) and nonmagnetic (NM)
phases of MnsGes.

Phase E (eV)

FM —118.522
FiM —117.830
NM —115.492

on the physical properties of Mn with Ge is still poorly understood.

This work is a logical continuation of our experimental work [12] for the theoretical foundation of the observed effects. Herein,
we report the results of ab initio calculations of electronic, magnetic, and optical properties of the pure ferromagnetic MnsGez and
MnsGe3 doped by O, C, and B atoms. The paper organized as follows. Section II contains details of calculations. Section IIla report and
discuss the results of calculations of magnetic, electronic, and optical properties of pure MnsGes. In Section IIIb we compare and
discuss the results obtained for pure and doped MnsGes, and in the last Section we make conclusions.

2. Calculation details

Ab initio calculations have been performed using the Vienna ab initio simulation package (VASP) [22]. Throughout all calcu-
lations, projector augmented wave (PAW) pseudopotentials [23], Perdew-Burke-Ernzerhoff (PBE) parameterization of the exchange-
correlation functional [[24]] and the generalized gradient approximation (GGA) has been used. The valence electron configurations
3d®4s® were taken for Mn atoms and 4s%4p> for Ge atoms. The plane-wave cutoff energy 500 eV is used. The Brillouin-zone in-
tegration was performed on the 8 X 8 x 8 Monkhorst-Pack mesh [[25]] .

The temperature dependencies of the electrical conductivity, thermal conductivity, and magnetic susceptibility were calculated
using BoltzTrap code [[26]] , i.e., within the semi-classic Boltzmann theory. The obtained in VASP band structures were processed by
BoltzTrap code to obtain mentioned above quantities. Since the electrical conductivity and the thermal conductivity are obtained
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Fig. 2. Total and projected densities of electronic states. Panels (b) and (c) show the contribution of t2g- and eg-orbitals in density of p-states of Mnl
(b) and MnlI (c) atoms. The zero on the energy axis is the Fermi energy. Negative values of DOS correspond to the spin-down states.

within constant relaxation time approximation in BoltzTrap code, the results are given as o/t and x/t, where 7 is relaxation time
which needs to be carefully determined.

3. Results and discussion
3.1. The structural, magnetic and electronic properties of the pure MnsGes

The manganese germinates MnsGes has a hexagonal crystal structure (space symmetry group P63/mcm) with two formula units
(Fig.1a). The unit cell contains two nonequivalent manganese atoms: six Mnl atoms (Wycoff position 6 g) and four MnlIl atoms
(Wycoff position 4d). There are four atomic planes in structure along the c-axis can be: the planes at z = 0 and z = 0.5 are occupied
by Mnll atoms only, the planes at z = 1/4 and z = 3/4 are occupied by Mnl and Ge atoms. MnlI atoms have an octahedral
environment: they are surrounded by six germanium ions located at the vertices of the octahedron. MnI atom has three in-plane and
two out-of-plane Ge atoms in the local environment.

The geometry of the structure was fully optimized within GGA. Calculated optimized lattice parameters a = 7.14 and ¢ = 4.97
are close to the experimental lattice parameters [[27,28]][, ]. We also evaluated the bond lengths between MnlI-Ge atoms inside the
octahedrons and between MnlI-Ge atoms which are: dymmo = 2.52 A, dyno = 2.46 and 2.6 A for in-plane neighbors and
dyinro = 2.71 A for the out-of-plane neighbors. As seen, the distances between the MnlI-Ge atoms are on average smaller than ones
between MnI-Ge atoms. Magnetic manganese atoms form tetrahedra with MnlI atoms at the base and a MnI atom at the top of the
tetrahedron (Fig. 1b). The shortest distances between MnI-MnII and MnI-MnlII atoms are d = 3.02 10\, and the shortest distances
between MnII-MnlI atoms are d = 2.48 A.

To study the magnetic properties of MnsGes we have compared the energies of three possible phases: nonmagnetic, ferromagnetic and
ferrimagnetic. Besides, during the optimization procedure the initial values of magnetic moments on the non-equivalent manganese atoms were
taken as equal as well different. As a result we obtained that the ferromagnetic phase is lower in energy (Table I). The nonequivalent Mn
atoms have different magnetic moments: iy, =3.1uB and pym» =2.2uB, i.e., magnetic moments of octahedrally coordinated MnlIl
atoms are smaller than of the Mn1 atoms. The total magnetization is M, = 26.8p, and it well corresponds with the experimental
value: M, =26.8up [[27]]. The total and partial densities of states of MnsGez are shown in Fig. 2. The pure compound is a
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Fig. 3. The majority (a) and minority (b) states band structures of MnsGes. The zero on the energy axis is the Fermi energy.
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Fig. 4. The electronic localization function. The red color corresponds to the strong localized electrons, blue color to the delocalized electrons.

ferromagnetic metal with the spin polarization P= —35%. The partial density of states of both manganese atoms is located in the
approximately same wide energy range indicating strong hybridization between MnI and MnlI states. At that, electronic states of MnlII
are more localized than Mnl atom. t2g-states of both manganese atoms are closest to the Fermi energy ([ —4; 0] eV) than eg-states
([—6;—2] eV). P-states of germanium are smeared in the whole energy range. Moreover, if p-states of Mnl and Mn II are most
hybridized in the energy region near the Fermi energy, then the maximal hybridization of Mn p- and Ge p-states is in the energy range
below Fermi energy [—8;3] eV.

The band structure for the majority and minority spins of MnsGes is shown in Fig. 3a and 3b. One can see that the bands around
Fermi energy are rather dispersed for the majority spin states, whereas they are more localized in the minority spin channel. The
dispersion around Fermi energy in the majority spin component confirms the strong hybridization between MnlI and MnlI spin-up b-
states, and between Mn and Ge spin-up p- and p-states, correspondingly.

Fig. 4 shows the so-called electron localization function (ELF) [[29]], which displays the degree of localization of electrons in the
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Fig. 5. The pressure dependence of the total magnetization of MnsGes.

cell. This function can lie in the range from 0 to 1, where 0.5 corresponds to the uniform electronic gas and 1 to localized electrons.
One can see that electrons are localized near the Ge atoms (red area in Fig. 4) and delocalized in the intermediate space forming
electron gas (blue area in Fig.4). This indicates the predominantly metal character of the bonds in MnsGes.

The intriguing feature of the pure MnsGes is the strong dependence of the total magnetization in MnsGes on the applied hy-
drostatic pressure. As seen in Fig. 5, at the low-pressure total magnetization smoothly decrease when pressure increase. However, at
the pressure above P = 25 GPa, the total magnetization abruptly drops to zero, i.e., ab initio calculation predict the high-to low-spin
crossover at the pressure P = 25 GPa. The decrease of magnetization is related to the shift of the spin-up and spin-down density of
states of both manganese atoms to each other in the direction of the Fermi energy (Fig. 6). At that, the p-electrons of Mnl atom are
delocalized stronger than p-electrons of MnlI atom.

3.2. The effect of impurities on the electronic, magnetic, and optical properties

As was suggested in [[12],[17]], the migration of oxygen or/and carbon atoms in MnsGejs films during film growth and annealing
is possible. This leads to the formation of the Nowotny phase MnsGe3;0,/MnsGesC,. This process is accompanied by an increase in
magnetization at room temperature and a significant increase in Curie temperature of the obtained compound. At that, the saturation
magnetization of MnsGesO, at T = 0 K decreases as compared with pure MnsGes. In the present paper, we have studied how the
doping of MnsGes by oxygen, carbon atoms, and also boron atoms influence the magnetic and optical properties and electronic
structure of the MnsGes compounds. The number and location of doped atoms were varied. Fig. 7 shows two of possible variants of
the impurity placement in the structure: the doped atoms can be placed as between neighbor MnlI-Ge polyhedral on the MnI-MnlII
bond (Fig. 7a) as well as on the bond between MnlII-MnlI atoms (Fig. 7b). The Fig. 8 shows the dependence of the total magnetization
on the type and the number of doped atoms. The increase in the number of doped atoms leads to a decrease in the total saturation
magnetization as in the experimental measurements. In turn, the behavior of the total magnetization depends on the placement of the
impurity in the structure. In the first variant of the impurity placement (Fig. 7a), the doping by oxygen atom has the least apparent
effect on the magnetization; the most pronounced decrease of the magnetization occurs for MnsGes; doped by boron atoms. In the
second variant (Fig. 7b), boron atoms, in contrast, have a smaller effect on the reduction of the magnetization than oxygen and
carbon atoms. In both cases, the decrease of the total magnetization due mainly to the reduction in magnetic moment Mnll, which
falls significantly stronger when doped than the magnetic moment of the Mnl atom (see Table II).

The increase of Curie temperature with the doping by O and C atoms observed in [12] can be understood within a simple scenario.
In pure MnsGes, the exchange between Mn atoms is direct (dy— v = 2.48 A). The doped atoms during annealing can be on the
bond between various Mn atoms (see Fig. 8). This leads to the increase in the exchange between magnetic species due to the new
shorter superexchange path Mn-X-Mn (X-doped atom) and, as a result, the increase Curie temperature. On the other hand, the
placement of an impurity atom between manganese atoms leads to increased delocalization of Mn p-electrons, forming a magnetic
moment, on the bonds between them. The consequence of this is a decrease in the magnetic moment of manganese atoms and, as a
result of total magnetization of the sample, which is observed experimentally [12] and in the present calculation.

The density of states does not differ significantly when changing the number of doped atoms or when changing the type of dopant
(Fig.9). The main distinction is on the edge of the densities of states. The high-energy empty states are shifted toward the low energy
range. At that, spin polarization practically stays the same as for pure MnsGes. Notice that the p- states of the impurities are mainly in
the low energy range about [—10;—15] eV.

However, doped atoms adversely affect the temperature dependence of electrical and thermal conductivity. As seen from
Fig. 10a,b, the electroconductivity and thermal conductivity fall with the increase of the atomic radius of doped atoms. For example,
at room temperature, the electroconductivity decreases almost twice when doped with boron and almost four times when doped with
oxygen. However, the magnetic susceptibility of MnsGes slightly increases with the doping (Fig. 10c). At room temperature, the
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Fig. 6. The comparison of MnsGe; densities of states without pressure (P = 0 GPa) and under pressure P = 30 GPa. Panel (a) shows total density of
states, panels (b) and (c) show partial density of p-states of MnI atom (b) and MnII atom(c). The zero on the energy axis is the Fermi energy. Negative

values of DOS correspond to the spin-down states.
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Fig. 7. Two of the possible options for placing impurities on the bonds between manganese atoms. Mnl, MnlII and Ge atoms are shown by green, blue
and red balls, correspondingly. Impurity atom is shown by black ball.
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Fig. 8. The dependence of magnetization of the doped MnsGez on the number and type of impurity.

magnetic susceptibility of the MnsGez doped by oxygen exceeds the value for pure compound by 1.2 times. At the same time, at
temperatures above 400 K, the maximum value of magnetic susceptibility is observed for the compound doped with boron.

The comparison of the optical properties of the pure and doped MnsGejs is shown in Fig. 11. First, we discuss the optical properties
of pure MnsGes The imaginary part of the dielectric function (responsible for absorption) drops rapidly in the range [0; 3] eV, one
smaller peak is observed in the range [4-7] eV and then ¢” tend to zero. Real part of dielectric function has three poles: at 0.5 eV,
5.3 eV, 13.3 eV. In the range of [5.3; 13.3] eV, the real part of dielectric function is negative, and the absorption spectra have a large
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Table. IT
The list of MnI and MnII magnetic moments (u) for the doped MnsGes (the case shown in Fig. 6b).
y MnsGesBy, MnsGesCy MnsGe30y
Matnr (MB) atnrr (MB) Matnr (MB) atnrr (MB) Manr (MB) Matnrr (MB)
1 3.1 1.9 3.1 1.8 3.1 1.9
2.9 1.6 2.9 1.5 2.8 1.7
3 2.6 0.5 2.7 0.7 2.7 0.8

pure
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Fig. 9. The comparison of the dependence of the total densities of electronic states of pure and doped MnsGes: on the number of doped atoms (a); on
the type of doped atoms (b). The zero on the energy axis is the Fermi energy. Negative values of DOS correspond to the spin-down states.
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Fig. 10. The temperature dependence of the electroconductivity (a), thermal conductivity (b) and magnetic susceptibility (c).
smeared peak. At 2.4 eV, the ¢’ comes very close to the zero value but does not reach it. Reflectivity drops sharply in the low-energy
range, then in the middle range, it begins to rise to R = 0.7 at ®~10 eV, and then drops above zero to w=13.3 eV. When doping, the

behavior and shape of the optical spectra remain qualitatively unchanged; only quantitative changes are observed. So, in doped
MnsGejs, the absorption band slightly shifts toward the low energy range and becomes narrower with the increase valence number of
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Fig. 11. Optical properties of doped MnsGes: real and imaginary part of dielectric function ((a) and (b)); absorption (c) and reflection spectra (d).

the doping impurity. The similar behavior is observed for the reflectance spectra also. At that, the poles of the real part of dielectric
function are also shifted to the low-energy range.

4. Conclusion

We have performed a theoretical study of the effect of the doping by O, C, and B atoms on the magnetic, electronic, and optical
properties of MnsGes within the ab initio DFT approach. The magnetic, electronic, and optical properties are calculated. The pure
MnsGes was characterized as ferromagnetic metal containing two nonequivalent manganese atoms in accordance with experimental
results. The spin-crossover at the hydrostatic pressure in pure MnsGes is predicted. In doped compounds, the change in the electronic
structure is not very pronounced, however total magnetization is strongly dependent on the type and number of impurities. The
decrease of saturation magnetization at T = 0 K and increase of the Curie temperature can be understood in the terms of the forming
of the new superexchange path between manganese atoms under doping and the delocalization of Mn p-electrons on these bonds.
Electrical conductivity and thermal conductivity decrease in a doped compound compared to pure MnsGes, in contrast to the
magnetic susceptibility, which increases in a doped compound. The experimental results of [12] are in well agreement with the
theoretical calculations of the present paper.
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