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Ab initio study of the band structures of different phases of higher manganese silicides
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By means of first principles calculations, we have investigated the band structures of different phases of
higher manganese silicides (MnSi, with x ranging from 1.73 to 1.75). In this family, Mn;;Si;9, Mn;sSiss, and
Mn,,Siy; have been found to behave like degenerate semiconductors and, at the same time, like metals because
the Fermi level stays partly in the energy gap and partly in the valence band close to its top. The spin-polarized
calculations have revealed that these phases can be also treated as half-metals displaying 100% spin polariza-
tion of holes at the Fermi energy. On the contrary, Mn,Si; is shown to be a semiconductor with the indirect
band gap of 0.77 eV. Its dielectric function possesses some anisotropy effects with respect to different light
polarizations. We have also discovered that the MnSi; ;5 stoichiometry provides semiconductor properties

without degeneracy. The role of stacking faults in the gap reduction of higher manganese silicides is discussed.
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I. INTRODUCTION

Semiconducting silicides have attracted much attention
because of their prospects for optoelectronic and thermoelec-
tric applications.! Among them, iron disilicide (3-FeSi,) is
one of the most promising and well studied both experimen-
tally and theoretically.! However, in the case of higher man-
ganese silicides (HMSs) (MnSi, with x=1.73-1.75), also
indicated to have promising properties,' there are several is-
sues which are not fully understood and explored: the exis-
tence of different phases with similar crystal structures and
the value and the character of the gap in addition to the
reported degenerate semiconducting nature and observed
metallic behavior as a magnetic system. In fact, HMSs were
shown to have several phases with slightly different stoichi-
ometry (see Table I) such as Mn,Si;,2 Mn;;Si;o,>* Mn;5Siy,>
and Mn,;Si4;.% They all derived from the TiSi, structure’ and
displayed the tetragonal crystal structure with almost equal a
lattice parameters and unusually long c lattice parameters
(Table I). The corresponding unit cells of HMSs are shown in
Fig. 1. Moreover, HMSs are also characterized by the same
building principle as determined by the high-resolution elec-
tron microscopy study.” Thus, Mn atoms occupy Ti sites and
form the Mn sublattice, while Si atoms in a double-helical
arrangement form another sublattice by filling intersites in
the Mn sublattice. A commensurate match of the two sublat-
tices requires such a long ¢ lattice parameter. However, it is
hard to distinguish between different phases of HMS.”#

From the other side, resistivity of HMS indicates the be-
havior usually observed for degenerate semiconductors: at
temperatures below 500 K, the resistivity increases with
temperature, while above 500 K, the resistivity starts de-
creasing exponentially indicating the gap of about 0.4 eV.%!0
The Hall effect measurements identify holes to be the domi-
nant carriers in the whole temperature range,’~!! and the hole
mobility is shown to be very small.3-!! The band gaps for
bulk samples were found to scatter from 0.4 eV (Ref. 9) to
0.7 eV (Ref. 11) and to 0.9 eV.'? In addition, the gaps of
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0.40 and 0.42 eV have been obtained on thin film samples
according to resistivity and the Hall effect experiments,
respectively.'” Bost and Mahan'3 by analyzing the absorption
coefficient data have shown that polycrystalline films of
HMS were characterized by the direct transition of 0.68 eV
with a strong free carrier absorption below 0.2 eV. The same
band gap was derived from their resistivity measurements.'?
Another optical investigation'* carried out on a single layer
of HMS has determined the direct band gap between 0.78
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FIG. 1. (Color online) The unit cells of HMS. The larger gray
(blue) balls stand for Mn atoms, while the smaller dark (red) balls

indicate Si atoms.
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and 0.83 eV. On the contrary, Teichert et al.® have found the
indirect band gap of 0.46 eV along with the first direct tran-
sition of 0.78 eV by means of absorption measurements.
Very similar results have been obtained by Rebien et al.'
when investigating absorption coefficient: the indirect and
the lowest direct transitions were shown to be 0.40 and
0.96 eV, respectively. In the latter case, the epitaxially grown
thin films of HMS were studied. In addition, Mn,Si; was
reported to be a weak itinerant magnetic system displaying
the saturation magnetization of 0.012u;/Mn below 40 K.?

To the best of our knowledge, there was no attempt to
perform theoretical calculations of electronic and optical
properties of HMS in order to shed some light on semicon-
ducting and/or metallic nature of these materials. In this pa-
per, we present the band structures (nonmagnetic and mag-
netic cases), the density of states (DOS), and the dielectric
function of different phases of HMS obtained by ab initio
calculations. Eventually, an interpretation on the existing ex-
perimental data is provided.

II. COMPUTATIONAL DETAILS

Full structural optimization of HMS has been performed
by the first principles total energy code VASP with plane-
wave basis set and ultrasoft pseudopotentials (USPPs) de-
scribed in detail elsewhere.'®!® In our study, we applied ex-
change and correlation potentials using the generalized
gradient approximation (GGA) of Perdew and Wang.'® Total
energy minimization, via an optimization of lattice param-
eters and a relaxation of atomic positions in a conjugate gra-
dient routine, was obtained by calculating the Hellmann—
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FIG. 2. (Color online) The simple tetragonal Brillouin zone.

Feynman forces and the stress tensor. The Pulay corrections
have been included in order to compensate for changes of the
basis set due to a variation in the shape of the unit cell. We
have used the energy cutoff of 320 eV. The 12X 12X 4 grid
of the Monkhorst—Pack points was utilized in the case of
Mn,Si;. Because of the relatively large ¢ lattice parameter
(see Table T and Fig. 1), for Mn;;Si;9 and Mn,5Si,4, we used
the 6 X6 X 1 grid, while for Mn,;Si4;, the k-point mesh was
set to 2 X2 X 1. The calculation of band structures was per-
formed on the obtained self-consistent charge densities.

The electronic band structure, the total and projected
DOS, and the dielectric function of Mn,Si; have been calcu-
lated by using WIEN2K package,?? which is a full potential
linearized augmented plane-wave (FLAPW) method. We ap-
plied GGA of Perdew and Wang'® along with the structural
parameters of Mn,Si; fully optimized by USPP. The self-
consistent procedure has been carried out with the energy
cutoff constant R,,,K,,,.=8 and on mesh of 30 k points in the
irreducible part of the simple tetragonal Brillouin zone (BZ).
The corresponding BZ is shown in Fig. 2. Further increase in
the cutoff value, basis set, and k-point number did not lead to
any noticeable changes in the eigenvalues. The integration

TABLE 1. Experimental and theoretical lattice parameters [a and ¢ (A)], the number of Mn (12y,) and Si
(ng;) atoms in the unit cell, and the stoichiometry (ng;,) of different phases of HMS. The s.f. and s.p. stand
for the stacking fault and spin-polarized cases, while 2b, 4f, and 4b indicate the Wyckoff position of the Si
adatom in the unit cell. The experimental lattice parameters for Mn,Si;, Mn;;Sij9, Mn;5Siys, and Mn,;Siy;

are from Refs. 2 and 4-6, respectively.

Mn4Si7 Mn155i26
Theory Theory Theory Theory
Expt Theory s.f. s.f. s.p. Expt Theory Si (4b) S.p.
a 5.526 5.510 5.522 5.525 5.531 5.502 5.518 5.503
c 17.517 17.418 34.998 35.126 65.311 65.284 65.267 65.293
Mvin 16 16 32 32 60 60 60 60
ng; 28 28 56 56 104 104 105 104
1§i/Mn 1.75 1.75 1.75 1.75 1.733 1.733 1.75 1.733
Mn;;Sijg Mny;Sig;
Expt Theory Theory Theory Theory Expt Theory
Si (2b) Si (4f) s.p.
a 5.530 5.500 5.521 5.519 5.499 5.530 5.494
c 47.763 47.881 47.857 47913 47.877 117.9 117.731
Mvin 44 44 44 44 44 108 108
ng; 76 76 71 77 76 188 188
1Si/Mn 1.727 1.727 1.75 1.75 1.727 1.741 1.741
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FIG. 3. (Color online) The band structures of (a) Mn,Si;, (b) Mny;Sijg, (¢) Mn;5Sis, and (d) Mn,;Siy;. Zero at the energy scale

corresponds to the Fermi energy.

on the BZ was performed by the tetrahedron method with the
Blochl corrections. For a band structure representation, we
choose up to 30 k points for any high-symmetry direction.
The dense mesh of 680 k points was generated to calculate
total and projected DOSs as well as dipole matrix elements
for evaluation of the imaginary (e,) and real (g,) parts of the
dielectric function. The effective mass tensors for holes and
electrons were evaluated along the principal axes of the el-
lipsoidal energy surface in the band extrema by calculating
the appropriate second derivatives within the five-point ap-
proximation.

III. RESULTS AND DISCUSSION

A. Role of stoichiometry on degeneracy in semiconducting
properties of higher manganese silicide

The band structures of the MnySi;, Mn;;Sijg, Mny5Siyg,
and Mn,,Siy; phases as calculated by USPP along some
high-symmetry directions of the simple tetragonal BZ (Fig.
2) are shown in Fig. 3. It is evident that Mn,Si, [Fig. 3(a)] is
a semiconductor because the Fermi level stays in the gap. On
the contrary to Mn,Si;, the other phases of HMS, namely,
Mny;Siy9, Mn;5Siy4, and Mn,;Sis;, have turned out to be met-
als [Figs. 3(b)-3(d)] because the Fermi level crosses some
bands regardless of the presence of the energy gap. Never-
theless, the latter phases can also be treated as degenerate
p-type semiconductors due to the fact that the Fermi level is
partly inside the valence band dividing it into occupied and
unoccupied parts and partly in the energy gap. In the case of
Mn,;Si;g, the number of the valence electrons is 612 indicat-
ing that the Fermi level should be between the 306th and

307th bands, whereas the energy gap in the band structure is
between the 308th and 309th bands as if two top valence
bands were virtually unoccupied. The same issue (two virtu-
ally unoccupied top valence bands) is observed for MnsSiy
and Mn,;Siy;. Our findings can easily explain the experimen-
tally observed degenerate nature of semiconducting proper-
ties of HMS. In fact, at low temperatures, the metalliclike
behavior of the increasing resistivity with temperature>8-!! is
attributed to the existence of the unoccupied part of the va-
lence band acting as the conduction band. At higher tempera-
tures, the thermal activation is capable of transferring an
electron from the valence band to the conduction band via
the energy gap providing the decrease in the resistivity?!!
typical of a semiconducting material. To this end, we would
like to point out that the concentration of free carriers in
degenerate HMS is limited to four holes per unit cell. Our
estimates of the hole concentration are 1.1 X 10%, 2.0
X 10?!, and 2.7X10?! cm™ for Mn,;Sis;, Mn;sSiy, and
Mn,;Si,q, respectively. These values, being an order of mag-
nitude lower than in metals, are very well comparable with
the experimentally determined ones, —2 X 10%°,8 7.1 x 10%0,10
2.1x10*",'" and 2.3 % 10*! cm™".?

One possible way to fill completely the valence band and
to shift the Fermi level to the energy gap can be four elec-
trons or one Si atom which should be added to the unit cell
of Mn;Sijg, Mn;5Siss, and Mn,;Siy;. The unit cell of
Mn,;Si;9 contains the unoccupied 2b and 4f Wyckoff
positions:* in the case of Mn5Siy, the 4b Wyckoff position,’
while for Mn,;Siy;, the 2b and 2d Wyckoff positions.® In the
cases of Mn;;Si;g and Mn;5Si,s, we have added one Si atom
to the unit cell and the corresponding band diagrams are
reported in Figs. 4(a)—4(c). These new phases with the addi-
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FIG. 4. (Color online) The band structures of (a) Mn;;Sijo+ 1Si atom per unit cell in the 2b Wyckoff position, (b) Mn,;Si o+ 1Si atom
per unit cell in the 4f Wyckoff position, (c) Mn;5Siys+ 1Si atom per unit cell in the 40 Wyckoff position, and (d) Mn,Si; with stacking faults.

Zero at the energy scale corresponds to the Fermi energy.

tional Si atom do not display the degenerate nature because
the Fermi level is in the band gap. We also believe that the
Mn,,Sis; phase follows the same trend. Moreover, our cal-
culations have also revealed the Mn;;Sijg+1Si, Mn;5Sisg
+18Si, and Mn,Si; phases to be close in total energy.

By introducing a Si atom into the unit cell of HMS, we
have noticed that stoichiometry of Mn;;Sijo+1Si and
MnsSise+ 1Si changes to MnSi, ;5 (see Table I). The same
happens to Mny;Siy;+1Si (189/108=1.75). In our previous
papers,”?2 we have already pointed out the importance of
stoichiometry in providing the semiconducting nature: only
ReSi; ;5 was found to be the semiconducting phase of rhe-
nium silicide (ReSi,). This issue also indicates that semicon-
ducting phases of silicides of Mn and Re (both elements
belong to the VII column of the Periodic Table) display the
same stoichiometry. In addition, in Table I, we have also
summarized the optimized lattice parameters along with ex-
perimental values. It is clearly seen that the measured a lat-
tice parameter is constantly larger than the calculated one for
Mn,Si;, Mny;Sij9, Mn;5Siy, and Mn,;Siy; even though the
GGA approximation was used in our study. The latter ap-
proximation is believed to slightly overestimate lattice pa-
rameters for transition metal silicides.”> However, in the
cases of Mn;;Si;o+ 1Si and Mn,5Sise+ 1Si, the a parameter is
closer to the experimental values (Table I).

B. Band structures of higher manganese silicide

Let us now consider the dispersion of the bands near the
gap region of HMS in detail. The band structure of Mn,Si,
[Fig. 3(a)] is characterized by the indirect band gap of

0.769 eV between the valence band maximum in the I" point
and the conduction band minimum in the Z point. The direct
transitions in I' (0.789 eV) and Z (0.771 eV) are very close
in energy due to flat bands along the I'-Z direction also in-
dicating that the energy difference between the direct and
indirect transitions is within a few meV. There are two other
minima of the conduction band in X and R close in energy to
the minima in I" and Z. Because of the relatively large ¢
lattice parameter, the planes with the I', M, and X points and
with the Z, A, and R points are not far away in the reciprocal
space (Fig. 2). This issue, in turn, leads to almost the same
dispersion of the bands near the gap region in both planes
(compare band dispersion along the I'-M-X-I' and the
Z-A-R-Z segments). Dispersion of the bands near the energy
gap of Mn;;Sijy [Fig. 3(b)], Mn;sSiy [Fig. 3(c)], and
Mn,,;Sis; [Fig. 3(d)] is very close to that of Mn,Si; [Fig.
3(a)]. In addition, the values of the energy gap are also simi-
lar and calculated to be 0.78 eV, while the Fermi level lies
0.05-0.07 eV below of the top of the valence band. The
introduction of a Si atom into the unit cell of Mn,;Si;¢ [Figs.
4(a) and 4(b)] and Mn;sSi,e [Fig. 4(c)] does not sizably af-
fect the values of the gap (about 0.68 €V), does not provide
any localized states, and does not change the indirect nature
of the gap. However, some variations in band dispersion can
be spotted. In fact, the conduction band minimum appears in
the X and R points due to the lowering of the first conduction
band at X and R [see Figs. 4(a)-4(c)]. For Mn;;Si o+ 1Si in
the 4f Wyckoff position, the last valence band shifts up at M
and A providing the valence band maximum in these points
[Fig. 4(b)].

We are aware that our calculations have not been done
within the GW approximation and the obtained band gaps
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FIG. 5. (Color online) The total and projected DOS (states/eV/
cell) of Mn,Si;. Zero at the energy scale corresponds to the Fermi
energy.

are underestimated. However, the calculated values
(0.68—0.77 eV) are larger than the experimentally measured
ones [about 0.40 eV (see Refs. 8—10 and 15)]. Moreover, the
recent optical measurements'> on high quality samples show
the indirect and the first direct transitions to be 0.40 and
0.96 eV, respectively, while our predictions indicate that sev-
eral indirect and direct transitions are very close in energy. In
order to clarify this issue, we have decided to trace energy
gaps of HMS with stacking faults. Stacking faults are com-
mon for the TiSi, structure? where unit cells are rotated by
90° around the z axis with respect to each other, which is
possible in a structure with the tetragonal symmetry. Thus,
the band structure of Mn,Si; with the doubled unit cell along
the z axis and having the stacking fault is presented in Fig.
4(d). Tt is clearly seen that such a defect in the Mn,Si; struc-
ture leads to the metallic nature along with a sizable reduc-
tion of the energy gap (0.31 eV). Even though the concen-
tration of staking faults in our calculations is very high, we
believe that this defect can locally reduce the gap and, even-
tually, be the origin of small band-gap values (about
0.40 eV) observed in the experiments.3'%!> In addition,
Mn,Si; with stacking faults displays the a lattice parameter
to be very close to the experimental value (Table I).

C. Density of states, mobility of holes, and dielectric function
of Mn,Si,

As far as the Mn,Si;, Mn;;Sijg+1Si, and Mn;5Si,q+ 1Si
phases of HMS have almost the same crystal structure and
display similar dispersion of the bands close to the gap re-
gion, we have chosen Mn,Si; in order to provide a detailed
description of DOSs, effective masses of holes and electrons,
the hole mobility, and the imaginary and real parts of the
dielectric function. It should be mentioned here that both
USPP and FLAPW methods fully agree about band disper-
sion near the gap region. Thus, in Fig. 5, we report the en-
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TABLE II. The principle-axis components of the effective-mass
tensor for holes (in the I" point) and electrons (in the Z point) in
units of the free-electron mass (m). Because of the tetragonal sym-
metry, the m,, and my, components are identical.

Holes Electrons

My m,, My mg,

Z

1.64 5.72 8.17 3.40

ergy dependence of the total and projected DOSs for Mn,Si,
as calculated by the FLAPW method. The valence band can
be virtually divided into three parts. The first part extends
from the bottom of the valence band up to —6 eV and the Si s
states dominate there. The second part (from —6 to —1 eV)
represents the bonding Mn d and Si p states with the main
peak at —2.1 eV. Finally, the third part (from —1 eV to the
Fermi level) is mostly characterized by the nonbonding Mn d
states with the narrow peak at —0.3 eV. The shape of the
total DOS and features in the projected DOS of Mn,Si; are
very close to those of semiconducting ReSi, 75.%!

We have also evaluated the effective mass tensor for elec-
trons and holes for Mn,Si; at the band extrema along the
main crystallographic axes. The masses of the electrons were
calculated at the conduction band minimum in the Z point,
while the masses of holes at the valence band maximum in
the center of the Brillouin zone (the I' point). The compo-
nents of the carrier effective mass tensor are represented in
Table II. One can observe strong anisotropy both for masses
of electrons and holes along different axes. Large values of
some components of the effective mass tensor, namely, m,,
(m..) for holes, (electrons) are caused by small dispersion of
the bands along the corresponding directions [Fig. 3(a)]. The
theoretical values obtained are smaller than the experimen-
tally observed ones (hole effective masses were estimated in
Ref. 11 as m,=11m, and m_,=15m,; average hole effective
mass of 12m, was found in Ref. 9). This discrepancy can be
explained by the fact that the estimates were based on the
experimental transport data performed for the imperfect crys-
tals or polycrystalline samples also assuming the reduced
gap of 0.40 eV due to the presence of defects. Nevertheless,
we have also obtained that the hole effective mass along the
¢ direction is considerably larger than the one in the perpen-
dicular direction.

The hole mobility of the nondegenerate semiconducting
phase (Mn,Si;) of HMS was also estimated. If one assumes
the contributions of different scattering mechanisms to be
independent, the total mobility according to the Mathiessens
approximation is

pwt=2
i

where i stands for different scattering mechanisms under
consideration. In our case, we have accounted for the follow-
ing scattering mechanisms:

R T |
M= Mact Bypot Mpo t My + Mo

where wac, tnvpos Mpos Maus and pg are the carrier mobilities
due to scattering by acoustic lattice mode, nonpolar and po-
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FIG. 6. (Color online) Mobility u versus temperature 7 for
Mn,Si;. The solid line demonstrates the hole mobility for perfect
crystals, the dashed one, the mobility of the defected material. We
used the following set of parameters in the calculations: the material
density to be 5.186 g/cm™3, the mean longitudinal sound velocity,
the constant defined by components of the deformational potential
tensor and the Debye temperature estimated to be 8.2 X 10° cm/s,
10 eV, and 600 K, respectively, the high frequency and static di-
electric constants obtained from our results to be 5 and 30, respec-
tively, and the ionized impurity concentration to be 3 X 10! cm™.

lar optical modes, and charged and neutral impurities, re-
spectively. The details of the calculations for each separate
mechanism can be found elsewhere.”® The models used in
the present work were successfully applied to various semi-
conducting silicides showing good correlation with available
experimental data.?6=3° The calculated mobility of holes with
the averaged effective mass value (2.49m) for the reason-
able set of parameters is shown in Fig. 6. At low temperature
range, the scattering by charge impurities mainly defines the
mobility rise behavior. However, the behavior can differ
from the ~7° one due to the increasing role of the other
mechanisms with temperature. On the other hand, at high
temperature range, the scattering by phonons is dominant. It
is worthwhile to note that the presence of the high defect
concentration (neutral impurities) can rather smooth this be-

60 —

Photon energy (eV)
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havior over the whole temperature range considered. Our
theoretical estimates indicate that the difference in the hole
mobility for rather perfect crystals with a low value of neu-
tral impurities (10'® cm™3, the solid line) as compared to the
one with the high defect concentration (10% cm™3, the
dashed line) can be significant (reaching an order of magni-
tude). Accounting for the high value of the neutral impurity
concentration allows one to generally reproduce the experi-
mental data for HMS.3-!! Thus, we suppose that the experi-
mentally observed large effective mass values as well as
small carrier mobilities may be caused by the possible struc-
tural defects in HMS in addition to the strong degeneracy.®
To clarify the point, the data of precise measurements on
perfect crystals are needed.

By means of the FLAPW method, dependences of the
imaginary (e,) and real (g,) parts of the dielectric function
on the photon energy are calculated and are shown in Fig. 7.
It is clearly seen that the optical functions display some an-
isotropy effects. In fact, in the case of the imaginary part of
the dielectric function (Fig. 7, left panel), the magnitude of
the main peak at about 1.5 eV is sizably larger for the Ellzz
light polarization than the one for the Ellxx light polariza-
tion. In addition, the Ellzz curve has a shoulder at 2.5 eV,
which is not present in the Ellxx curve. At the range of
4-6 eV, both curves possess the second maximum at 5 eV
displaying almost the same magnitude. We believe that the
dipole matrix elements are responsible for such a difference
in the magnitude of the main peak of &, at 1.5 eV. We have
checked the dipole matrix elements of transitions of about
1.5 eV across the gap and found out that they mostly had
larger values for the Ellzz light polarization with respect to
the Ellxx one. Another issue worthwhile to discuss is the
very small values of the dipole matrix elements of the first
direct transitions in the I' and Z points [Fig. 3(a)]. It is
clearly seen that the rapid start of the &, curves is at 0.91 eV
(compare to the first direct transitions of 0.77-0.79 eV) in-
dicating that such a rapid increase is due to higher lying
transitions with appreciable oscillator strength and the joint
density of the interband states. The reason why the first di-
rect transitions display small values of the dipole matrix el-
ements can be the Mn d states dominating across the gap (see
the projected DOS in Fig. 5), which is typical of transition
metal silicides.??31-33 In the case of the real part of the di-
electric function (Fig. 7, right panel), similar anisotropy ef-

80

- - - - Ellxx

Photon energy (eV)

FIG. 7. (Color online) The imaginary (g,) and real (&) parts of the dielectric function of Mn,Si; versus photon energy for different light

polarizations.
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FIG. 8. (Color online) The spin-dependent band structures of [(a) and (b)] Mn;;Si;, [(c) and (d)] Mn,5Siys, and [(e) and (f)] Mn,Si; with
stacking fault. The left and right panels correspond to the majority-spin and minority-spin cases, respectively. Zero at the energy scale

indicates the Fermi energy.

fects for different light polarizations can be easily spotted.
We also notice that the static dielectric constant &,(0) is
about 26 and 33 for the Ellxx and Ellzz light polarizations,
respectively. In our calculations of the dielectric function, we
did not take into account a real electron-hole excitation
which is known to provide a better description of optical
properties.>* However, in the case of B-FeSi,, we have al-
ready shown that our method has calculated &, and €, in
perfect agreement with experimental data.’? The latter issue
was attributed to the dielectric screening. For HMS, we also
expect the screening effects to attenuate the electron-hole
interaction. In fact, comparison with ellipsometry results for
HMS (see Fig. 2 of Ref. 15) indicates that we reproduce very
well the shape and features in the &, and &; dependences on
photon energy.

In the cases of Mn;;Sijg, Mn;5Siys, and Mny;Siy;, the
metal-like behavior of &, and &; at low photon energies is
expected and, actually, observed!? because of the free carrier

absorption due to the partly occupied valence band [Figs.
3(b)-3(d)]. However, at higher photon energies, these phases
should display the shape of the dielectric function close to
that of Mn,Si;. The latter statement can be easily understood
by taking into consideration the following facts. All HMSs
are characterized by similar dispersion of the bands close to
the gap. Moreover, the excluded contributions from transi-
tions across the gap involving the unoccupied part of the
valence band are not significant because this unoccupied part
is small and the Mn d states prevail in the energy range near
the gap that, in turn, would provide very low oscillator
strength of such transitions. Therefore, the Mn,Si; phase can
be considered as a model phase to describe optical properties
of HMS.

D. Spin-polarized calculations of higher manganese silicides

We have performed spin-polarized calculations of Mn,Si,,
Mn,;Si9, and Mn,5Si,4 by means of the USPP method. The
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FIG. 9. (Color online) The spin-dependent total DOS (states/eV/
cell) of (a) Mn;;Sijg and (b) Mn;sSis. Zero at the energy scale
corresponds to the Fermi energy.

Mn,Si; phase does not show any magnetic moment, while
the Mn;;Si; and Mn;5Si,¢ phases display very small ones
which have turned out to be 0.10uz/Mn and 0.08 g/ Mn,
respectively. The total energy difference between the non-
magnetic and ferromagnetic states in the case of Mn;;Sijg
and Mn;5Siyg is found to be marginal and quite comparable
with the accuracy of the method. The latter fact makes it
difficult to unambiguously identify the ground state. The
spin-dependent band structures of Mn;;Si;9 and Mn5Si,¢ are
shown in Fig. 8. It is clearly seen that both phases for the
majority-spin and minority-spin bands have the energy gap.
However, the majority-spin band is semiconducting (0.06
and 0.04 eV separate the Fermi level and the top of the va-
lence band for Mn,;Si;g and Mn,sSiy, respectively) and the
minority-spin band is metallic (the Fermi level intersects
bands 0.17 and 0.14 eV below the top of the valence band
for Mn,;Si;¢ and MnsSiy, respectively). In general, disper-
sion of the bands close to the gap for spin-polarized [Figs.
8(a)-8(d)] and non-spin-polarized [Figs. 3(a)-3(d)] cases is
similar, except for the cases with semiconducting nature
[Figs. 8(a)-8(c)] where the valence band maxima at the I’
and Z points are not so pronounced and shifted down in
energy. All spin-dependent bands with the metallic character
[Figs. 8(b)-8(d)] display the direct energy gap of 0.70 eV in
the I and Z points, and the bands with the semiconducting
behavior [Figs. 8(a)-8(c)] possess the direct band gap of
0.85 eV in the I" and Z points. In Fig. 9, we report the spin-
polarized total DOSs of Mn;Si;9 and Mn;5Si,¢ which shape
is almost identical to the one of the nonmagnetic Mn,Si,
phase (Fig. 5). A relatively small exchange splitting can only
be observed near the Fermi level between the majority-spin
and minority-spin bands mainly composed of the Mn d states
(Fig. 5). To this end, we believe that the Mn,,Siy; phase
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would also display a weak ferromagnetism like the Mn;;Si g
and Mn,5Si,¢ phases.

As we have mentioned above, for Mn;;Si;q and Mn;5Si,g,
the spin-dependent bands display both metallic and semicon-
ducting characters that are typical of half-metals. The latter
ones (Heusler alloys,® some oxides,? transition metal
chalcogenides’”) are promising for spintronic applications®®
because they provide only one electronic spin character at
the Fermi energy with the 100% spin polarization. The origin
of the gap was shown to stem from the strong hybridization
between the d states of transition metal atoms leading to the
large exchange splitting. However, in our case of HMS, the
gap was originally present with the Fermi energy just below
the top of the valence band [Figs. 3(b)-3(d)] and a rather
small exchange splitting was enough to display the half-
metallic character [Figs. 8(a)-8(d)]. Thus, the energy gaps
for spin excitation of holes are 0.06 and 0.04 eV in the case
of the Mn;;Si;9 and Mn5Siys phases, respectively. Even
though the high quality thin films of HMS can be grown on
silicon substrate,>*’ the low Curie temperature (40 K)? and
the existence of several phases of HMS with half-metal and
semiconducting properties would probably limit applications
of these silicides for spintronics.

Gottlieb et al.? reported the Mn,Si; phase to be a weak
itinerant magnetic system. However, our calculations have
shown that this phase has zero magnetic moment and the
nonmagnetic ground state. One possible explanation to this
discrepancy can be the presence of several phases of HMS”3
which may eventually provide nonzero magnetic moment.
Another possibility worthwhile to consider is a stacking fault
in the crystal structure of Mn,Si;. We have performed the
spin-polarized calculation of the Mn,Si, phase with stacking
faults and have revealed that the ferromagnetic state was the
ground state of this phase displaying the magnetic moment
of 0.24uz/Mn. The corresponding band diagrams are shown
in Figs. 8(e) and 8(f). Our calculations of the Mn,Si; phase
with stacking faults are based on an ideal structural model,
however, we would like to point out that stacking faults can
affect magnetic properties of HMS.

IV. CONCLUSIONS

Our study has shown the degenerate semiconducting na-
ture of Mnllsilg, Mn155i26, and Mn27Si47, which is found to
be an intrinsic feature of their band structures. This fact clari-
fies very well the measured resistivity variation with
temperature®~!! typical of degenerate semiconductors. These
phases also possess similar band dispersion near the energy
gap, which makes it difficult to distinguish between them by
means of resistivity and optical measurements. In addition,
the spin-polarized calculations of Mn;;Sij;9 and Mn;5Sisg
have revealed half-metallic properties with the possibility to
provide 100% spin polarization of holes at the Fermi energy.
Mn,Si; shows the semiconducting character displaying the
indirect and the direct band gaps of 0.77 and 0.79 eV, re-
spectively, and sizable anisotropy in the dielectric function.
We have also found stoichiometry of HMS to define their
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degeneracy: only HMSs with the MnSi, ;5 stoichiometry are
not degenerate semiconductors. We have suggested that
stacking faults can be a possible cause of a decrease of the
band gap to 0.40 eV observed in optical®!®> and transport®!!
experiments.
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