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Electronic structure of the Nowotny chimney-ladder silicide RuSig
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We reportab initio calculations for the electronic structure of the Nowotny chimney-ladder silicigSiRu
in the orthorhombic low-temperature phase. We fing$to be a semiconductor with a direct band gap of
about 0.45 eV. Since this gap ispad gap, the oscillator strength for a direct transition is expected to be of
sizable magnitude. Also, the calculated effective masses of hole and electron states suggesStha Ru
very promising material for various applications in semiconductor technology. The electronic structure is
controlled by the hybridization of Si states with Rud states and shows similarities to the group-IV transition-
metal disilicides(CrSk, MoSi,, WSi) and to transition-metal-rich silicides. The calculations are based on the
density-functional theory in local-density approximation and are performed by means of the full-potential
linearized-augmented-plane-wave methi@D163-18207)12007-0

[. INTRODUCTION band gap just collapses as for W8Refs. 9, 13, and )%also
stabilized in the metastable hexagonal GrSiucture?®2*

Transition-metal silicides have been studied intensively in  On the search for further semiconducting silicides, it is
the last decade because of their practical importance in worth mentioning that CrSihas 14 valence-electrorge)
silicon-based very-large-scale-integrated microelectronic deper transition-metal atorfve TM) and the Fermi energyHg)
vice technology as low-resistivity interconnects, gate met- is located in the band-gap separating filled valence-band
alizations, and Schottky barriers. The interest in silicidesstates from empty conduction-band states. For Mae®id
originates from their electronic properties in conjunction WSi,, which are isoelectronic to CrSithe Fermi energy is
with the possibility of epitaxial growth in and on Si. also located in the band gaps of the hexagonal structures or

The absolute majority of silicides is known to have me-in the partial gap of the tetragonal one, respectively. On the
tallic type of conductivityt and only a few silicides have other hand, VSi, which crystallizes also in the CrSétruc-
been identified as semiconductors, with typical band gaps iture, has only 13 veTM, and the Fermi energy is located
the range of 0.1-0.9 e¥ These semiconducting silicides below the partial gap and it is a mefalhe same is true for
have attracted attention because of their potential applicatiofiSi,,'* which has 12 veTM.
as optoelectronic devices such as light sources, infrared de- Ruthenium sesquisilicide B8i; is a further silicide with
tectors, electro-optic interconnects, etc. that can be fully in14 veTM. It is reported to be semiconductiig®with a band
tegrated with the current silicon microelectronic gap of about 0.7 e it can be grown epitaxially on §i11)
component§. (Ref. 27 and single crystals can be madeRu,Si; also

CrSi, is presumably experimentafly as well as exhibits interesting thermoelectric characteristitswith
theoreticallj—‘3the most intensively studied example amongthese properties B8i; is a promising candidate for techno-
the semiconducting silicides. From the measurenients logical applications.
reported that CrSiexhibits an indirect band gap of about RuwSi; is a member of a large, but sparsely investigated
0.35 eV, which basically was confirmed by band-structurefamily of transition-metal compounds, known as the
calculations which found indirect gaps of about 0.3 eV. Thisdefect-TiS, compound® or the stuffed white tin
band gap is derived from the hybridization offSstates with  structures? for which Pearsoft coined the descriptive term
Cr d states, and it is located in the midst of mainly € Nowotny “chimney-ladder” compounds. As for the tetrago-
states. This band gap is a generic feature of the band struoal MoSj, structure, the hexagonal CpSétructure or the
tures of a large variety of transition-metd@M) disilicides  orthorhombic TiSj structure, the building principle of the
TMSi,: ten TM d and 2<6 Si p states per formula unit are chimney-ladder compounds consists of close-packed-
grouped in terp-d bonding states, separated from ferd hexagonal(hcp) layers of TM disilicides. These hcp layers
antibonding states and two nonbondipgtates. Many-atom appear in the planes parallel to Mg@i10), CrSi,(0002), or
interaction may rearrange the electronic structure further andliSi,(100), respectively. In the chimney-ladder compounds
in some cases the band structures exhibit a partial gap suthe mode of stacking is as in TiSie.g., the TM atoms form
as for TiSp (Ref. 19 in its orthorhombic structure, or for approximately equilateral triangular nets, which are stacked
MoSi, (Refs. 15-2pand WS} (Refs. 15, 19, and 21n their  in the stacking sequen@eBCD, arising when the TM vertex
tetragonal ground-state structures. In some instances a trag one net does not fill the trigonal voids but the saddle point
band gap occurs such as for Mg8i*1®°grown as thin  or bridge positions, respectively, between the TM atoms.
films?>2%in the metastable hexagonal CyStructure, or the These hexagonal layers are parallel to th@l) plane of the
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band and the bottom of the conduction band are expected to
be sizable. Therefore, expectations about the optical proper-
ties of RySis are rated much higher than f@rFeSj, which

is ad-d gap semiconductdt and has a vanishingly small
oscillator strengti?

Because of the potential of Rsiz in future technological
applications, an understanding of the bulk electronic proper-
ties is highly desirable. Previous band-structure
calculation® based on the empirical tight-binding method
indicate the existence of a band gap with a width of the same
order of magnitude as found by the experiments, but the
band gap was actually not found. Lacking any detailed
knowledge of the electronic structure, we have carriecabut
initio electronic band-structure calculations for the low-
temperature phase of Ri;. We find RySi; to be a a semi-
conductor with a direct band gap at thepoint of about 0.45
eV. The character of the wave functions changes across the
gap byAl=1 from p to d states, and we expect interesting
optical properties. We argue that the true band gap may be
larger by a factor of 2. Although the existing experimental
data on the electronic properties of JSiy are quite sparse,
limited to electrical resistivity>?® magnetic susceptibility
and Hall measurement&?it is anticipated that this material
will be the focus of more comprehensive experimental inves-
tigations in the future.

II. CRYSTAL STRUCTURE

RwSi; crystallizes below ~1000°C in the low-
temperature phase, which is orthorhonibit! with the inter-
national space group symbd?bcn (Schoflies notation:

FIG. 1. The unit cell of RySi; (top) compared to two Tigiunit D zn), the Patterson symmetffmmmand the space group
cells seen from th¢001] and[101] directions respectively. Large Number No. 632 Above ~1000 °C, a first order phase
spheres indicate R(Ti) atoms, small spheres Si sites. Notice, that transitiort’ is reported from the orthorhombic phase to a te-
the RySi; structure corresponds to the TjSitructure with one- tragonal RySrg-type phase with the space group symbol
fourth of the Si atoms missingthe ellipse indicates missing Si P4c2 (No. 116. This phase transformation is reversible and
atoms. occurs gradually over a wide temperature range, where the Si

atoms are displaced from thBbcn structure and pass
chimney-ladder compounds and lead to a TM sublatticethrough the intermediate orthorhombic phaB&2n (No.
which can be described by-Sn-like pseudo-unit-cells, 30), while the Ru atoms remain static.
stacked along th¢001] direction in case of the tetragonal The orthorhombid®bcn unit cell contains 40 atoms, 16
chimney-ladder compounds or stacked in th@0] and[001] Ru atoms, and 24 Si atoms, which is equivalent to 16 for-
directions as in the orthorhombic compounds. With respecinula units of RuSi minus eight missing Si defect atoms.
to the disilicides the composition of the defect-TiSilicides ~ The unit cell contains three inequivalent Ru and three in-
is changed by a regular expansion of the Si sublattice, whilequivalent Si sites denoted by @i Ru(2), Ru(3) and S(1),
the sublattice of TM atoms remains unchangsele Fig. L Si(2), Si(3), respectively. Unless stated otherwise, the calcu-
The composition and the number gfSn-like pseudo-unit- lation is performed using the experimental lattice parameters
cells of transition-metal atoms of the defect-TiStructures and the experimental atomic positions taken from Poutch-
is controlled by the valence-electron concentrations in such arovsky and Parth& which are collected in Table 1. Calcu-
way that the number of valence-electrons per transition metdations that use another, slightly different crystallographic
site never exceeds the “magic” number of 14 veTRF32  data set given by Israiloff and Wlenkle*’ will be discussed
Due to the similarity to the above-mentioned group-VI sili- in Sec. IV C. The unit cell and the arrangement of the indi-
cides such as Crgi(stacking sequencdBC instead of vidual atoms are illustrated in Fig. @op). The large and
ABCD), it is speculated that the structures are stabilized bymall circles represent the Ru and Si atoms, respectively.
a 14 veTM gap between bonding and antibonding state$he Ru atoms are arranged close to the ideal positions of
formed by Sip and TMd electrons. Following a rigid-band atoms in four unit cells of3-Sn or as the Ti atoms in four
model, structures with more than 14 veTM would lose theirunit cells of TiSp, where two unit cells are stacked one on
stability, since the Fermi energy lies above the gap. top of the other, which is then doubled in the horizontal

For ap-d gap material the across-gap oscillator strengthdirection in Fig. 1. When the unit cell of B8i; is cut along
for dipole-allowed transitions between the top of the valencehe (101) plane, one finds the Ru atoms located in centered
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TABLE |. Space group, Pearson symbol, and lattice parameters £8ifRir'he atomic positionsmultiplicity and Wyckoff lettej and
their internal parameters are given together with the core shell and the muffin-tirRgadii

Rw,Si3 Pbcn oR0

a=20.895 a.u. b=16.883 a.u. €c=10.456 a.u.
atom position X y z core Rut
Ru(1) 4(c) 0 0.0451 0.25 [Kr] 2.20 a.u.
Ru(2) 4(c) 0 0.5748 0.25
Ru(3) 8(d) 0.2472 0.1864 0.2401
Si(1) 8(d) 0.4275 0.2841 0.4537 [Ne] 1.95 a.u.
Si(2) 8(d) 0.3253 0.4350 0.0934
Si(3) 8(d) 0.1366 0.3994 0.3946

rectangular squares as it is known from cutting a body cenhave been used in the irreducible wed{&Z) of the primi-
tered cube along thEL10] direction. These centered rectan- tive orthorhombic Brillouin zone(see Fig. 2 of Ru,Sis,
gular squares are the hexagonal building blocks common tahich forms one-eighth of the entire Brillouin zone. We uti-
the TiSi, structure as shown in Fig.(bottom. In opposite to  lized the linear tetrahedron met8dor the Brillouin-zone
the TiSh structure, which has four Si atoms in a centeredintegration. We found that the electronic structure was well
rectangular square, B8i; contains only three Si atoms, and converged with 75 LAPW’s and 1k points. The effective-
to accommodate for the Si defects the remaining Si atoms ahass tensor of electrons and holes, which depends on the
the RySis structure are not in the plane as in TiBut have curvature of the band structure, turned out to be the most
moved out of the generating plane to find ideal positionscritical quantity with respect to the number of plane waves.
between the transition-metal atoms. Reliable results were obtained with 100 LAPW'’s per atom as
The structure can also be described in terms of Si polywas confirmed by calculations with 140 basis functions taken
hedra which build the RuSi coordination polyhedfane  into account. The corresponding cutoff for the Fourier-series
find two deformed RuSitetrahedra atom-type R2), four  expansion of the interstitial charge density and potential was
RuSk polyhedra around atom type R), and two RuSj  chosen to include about 32 000 plane waves. The muffin-tin
octahedra around atom-type ®u The average interatomic radii Ry of the different types of Si and Ru were chosen to
Ru-Si distance varies only by about 5% from tetrahedra withbe Ry;(Si))=1.95 a.u. andRy(Ru=2.20 a.u., and the
4.460 a.u. and octahedra with 4.498 a.u. to 4.668 a.u. for theharge, potential, and wave functions within the sphere are
RuS}i, polyhedra. The variation within the polyhedra is larg- represented on a radial mesh with 361 grid points with a
est for RuSj with about 10%. Each Ru atom has four Ru logarithmic increment of 0.03. The LAPW wave functions
neighbors. Each Si atom has four Ru neighbors with an awithin the MT’s have been expanded in spherical harmonics
erage Ru-Si distance of 4.573, 4.639, and 4.573 a.u. fowith angular momenta through=6. The linearization ener-
Si(1), Si(2), and S{3) sites. RuSi; in the Pbcn phase has gies, for which the radial basis functions are solved, are po-
similar Ru-Si and Si-Si nearest neighbor distances of abouwitioned in the center of thé-projected and atom-type-
4.5 and 5.0 a.u., respectively, without any particularly shoriprojected occupied states. The nonspherical contributions to
Ru-Ru (5.7 a.u) bond length. the charge density and potential within the MT’'s are ex-
panded in lattice harmonics, which include all terms with
| <6. The band structure was plotted with 2d%®oints along
IIl. CALCULATIONAL METHOD the high-symmetry lines, and the denSiw of Std@@S) was

plotted using 9k points in the IBZ.
The calculations are based on the density-functional

theory (DFT) in the local-density approximatio.DA). For

the exchange and correlation potential, we used the Hedin-
Lundqvist parametrizatioff The density-functional equa-
tions are solved by applying the full-potential linearized-
augmented-plane-wa‘&LAPW) method:! which is known

to be precise for transition metals with localizedwave
functions in open crystal structures. The eigenstates of the
core electrongRu: [Kr], Si: [Ne]) are obtained as solutions
of the Dirac equation, and for the valence-electrons we used
a scalar-relativistic approach. The formation of the gap was
monitored with respect to the two most important cutoff pa-
rameters inherent in the FLAPW method: the number of ba-
sis functions to expand the wave functions and the number of
k points to perform the Brillouin-zone integration of the
charge density. We performed self-consistent calculations FIG. 2. Brillouin zone for the primitive orthorhombic structure
with 55 and 75 linearized augmented plane wailesPW) Pbcn The high symmetry points are chosen according to Bradley
per atom as variational basis sets and 9, 15 ank Boints  and CracknellRef. 47.
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IV. RESULTS AND DISCUSSION

1.4 :
A. Band structure 19 L % M
. s
The FLAPW energy-band structure results for the low- 10E
temperaturd®bcn phase of RySi; are shown in Figs. 3 and
4. With eight formula units of RySi; per orthorhombic unit 08 B
cell, which contains 224 valence electrons, that arise from 16 0.6 L

Ru 5s states, 112 Rudl states, 48 Si 8 states and 48 Sif3

states in the atomic configuration, a very complicated >
valence-conduction energy-band structure evolves. The 11272 02 |-
valence and some 48 conduction bands that are shown in theg 0.0
figures span an energy range of about 18 eV. Because of thaef 02
low (D) point symmetry of RySis, the energy-band states '
are, in general, singly degenerate throughout most of the -04
Brillouin zone. Exceptions arise for states with wave vectors -0.6

04 F

N\

in the Brillouin-zone faces, where a twofold degeneracy is N
. . 2 -0.8
induced by the nonsymmorphic nature of tBe}q space ]
group?* Such degeneracies occur along the high-symmetry ~ -1.0 >
linesY-S-R-T andZ-U-X denoted in Fig. 2. 1.2 ]
Despite this complexity, in Fig. 3 we can easily distin- r zZ U Y S R T
guish three energy regiong) the filled low-lying bands be-
tween 7 and 12 eV below the Fermi ener@§==0 eV). FIG. 4. Band structure of R&iz in the vicinity of the Fermi

These bands show a broad, partially parabolic dispersion ¢fn€ray-
nearly free-electron-like bands, and as shown below, ar

identified as bonding states formed predominantly by th rather flat as it is known for states involvird) electrons.

Si-Si 3s-3s hybridization and the hybridization of Sis3 . ; .
states with Ru d states. These bands are separated by Apovg the gap we find a thqu group of Ru“.'s' 3p states
F‘m) with somewhat larger dispersion. As discussed above,

small band gap of about 0.1 eV from the second group o : ; . .
states(ii), which occupy a broad energy region, and are iden_he formation of covalent Ru@+Si 3p bonds is crucial for

tified below as the Si-Rp-d hybridization region, starting |, 20 NS formatian of this structure. Accordngly, we.
about 6 eV below the Fermi energy and reaching ugto gap dy reg

These bands are dominated by Rd 4tates, but contain this p-d band cpmple?{separa}tingii) a.“d(‘”)]- Th_e Fermi
energy, which is positioned in the middle of this gap-type

6 _ energy region, separates the filled valence-band sttes

' with n<112 from the empty conduction-band staligg with
n=113. The dispersion of the valence-band states is flatter
than those of the conduction-band states, indicative of a
stronger emphasis of $i states in the conduction-band re-
gion.

In the band-structure plot zoomed in the vicinity of the
gap (Fig. 4), we find a single banth=112) of high disper-
sion reaching up to the Fermi energy at thpoint, approxi-
mately 0.4 eV higher than the next-lowest-lying band. The
approximatd character of four statelS,, encompassing the
energy gap at the high-symmetry poirks-I", k=X, and
k=Z are listed in Table Il. We see that these states are pre-
dominantly formed by Ru and Sip electrons with some
contributions from Rup and Sis electrons. The topmost
state of the valence band is of higd5%) Si p character
mixed with 10% Rud and smaller contributions of Rp-
and Sis-like charge. It is interesting to note that both atoms,
the Si2) that contributes most of the character to the va-
lence and R(B) that accounts for 58% of the conduction
state lie neatly grouped around tfe00) and(3 00) plane of
the unit cell. The highest valence band at pdinfand also,

r 7 U X T Y S R T to a lesser extent at andZ) is somewhat exceptional in that
it has almost 50% of its charge in the interstitial region.

FIG. 3. Band structure of RSi; along symmetry lines in the At the X and Z points, the states=111 and 112 are
first Brillouin zone. The position of the Fermi energ) is indi-  degenerate, and form the top of the valence bands, and the
cated by a horizontal dashed lineB&0 eV. The notation of the statesn=113 and 114 are degenerate and form the bottom of
high-symmetry points was chosen according to Bradley and Crackthe conduction bands. A, the situation is quite similar to
nell (Ref. 47, and are indicated in Fig. 2. the situation at th&" point. The top valence band has less Si

emportant contributions from Si3 states. The dispersion is

Energy [eV]

S| >

N

/ \/%\
AWAYINTTY

/
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TABLE II. Partial charge$% of charge inside the corresponding muffin-tin sphefehe states around the gap at fheX, andZ points.
The energies are given relative to the Fermi endtgy The three different rows of data per band give results for the three inequivalent Ru
and Si atoms as were listed in Table .

Band Energy Ru Si
State no. (eV) s p d s p d
r 111 —0.518 0.1 0.8 8.9 24 4.4 0.5
0.1 25 20.9 0.0 25 0.6
0.1 2.2 5.7 0.6 8.0 0.3
112 0.0 0.3 1.2 1.7 2.2 5.0 1.0
0.0 2.9 4.9 0.0 12.8 0.6
0.2 34 35 3.1 7.3 0.8
gap
113 0.418 0.3 0.0 4.1 0.0 0.8 0.0
0.6 0.0 6.0 0.3 3.9 0.6
1.3 0.2 57.9 0.0 25 0.5
114 0.507 0.0 0.2 1.3 0.1 1.4 0.3
0.0 0.3 1.3 0.2 7.9 0.8
3.8 0.4 457 0.0 51 0.6
X 111/112 —0.406 0.3 1.1 4.3 3.9 4.8 0.8
0.0 35 8.9 0.1 5.9 0.5
0.5 1.8 7.7 25 8.0 0.5
gap
113/114 0.483 0.1 0.2 1.9 0.0 1.1 0.1
0.3 0.3 3.8 0.3 6.3 0.7
2.1 0.3 50.5 0.2 4.4 0.5
VA 111/112 —-0.624 0.0 0.7 18.0 1.2 1.3 0.6
0.0 0.6 12.7 0.4 1.9 0.7
0.0 14 33.2 0.3 1.9 0.8
gap
113/114 1.054 0.1 0.4 10.2 3.0 1.9 0.2
0.2 0.2 20.9 1.4 1.3 0.6
0.0 0.3 36.4 0.2 1.9 0.3

p character but still most of the charge is in the interstitial The dominating feature in the DOS of FBi,; arises be-
region. The Rud character has doubled as compared’to tween about—6 and about—1 eV from the direct Ru-Ru
and the Rup and Sis contributions are nearly the same 4d-4d overlap(first panel in Fig. 6 forming d-d bonding
(approximately 6% The conduction band is almost un- and antibonding states. Compared to théand-width of
changed. Going to the& point the charge distribution zpout 8 eV for the plain hexagonal Ru metal, thdand-
changes, and we have dominantly &eharacter in the elec- \yigtn of Ru,Si; is decreased. The reduction of the Ru-Ru
tron and hole states, and the same also applies for most of thgigization accounts for this decrease in thband-width.
other states of lower energy. For the silicide the number of nearest-neighbor Ru-Ru bonds
is reduced from 12 to 4. If we assume the tight-binding limit

where thed-band-width is proportional to the square root

A comprehensive overview of the electronic structure is\/ﬁ of the number of nearest-neighbor atoisthe band-
provided by the DOS results shown in Figs. 5 and 6. The

DOS’s shown in Fig. 5 have been averaged over the thre@idth of the Ru 4 bands reduces by/{=0.6. Further
inequivalent Ru and Si atom types. The top panel of Fig. geduction of the bandwidth of more than 30% comes from
exhibits clearly the narrow gap at7 eV and the band gap at the large increase of the interatomic Ru-Ru distat&
Er. More detailed information is provided by Fig. 6, where a.u) as compared to the pure meal0 a.u). Adding up all
the DOS is decomposed for the three inequivalent Si and Rthe factors it is surprising, that thieband-width is still that
atoms(LDOS), and is further decomposed into the different large.

angular momentum contribution&PDOS for s-, p-, and The Ru 4 states are broadened by the hybridization with
d-like charges. We find that the inequivalent sites lead tahe Si J statedfifth panel in Fig. § and to much less extent
rather similar LPDOS's. Larger deviations are found for thewith the Ru % states, which are both spread over an energy
Si s states in the first energy regime, for the Hustates region starting at-6 eV and ending above 5 eV. Two inter-
between—6 eV andEg, and at the bottom of the conduction esting characteristics of the SILPDOS can be observed)
bands. the close match between the Hustates and the ) states

B. Density of states
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the strength of the Ru-Si hybridization and the parabolic
shape is common for the TM-rich silicides rather than for the
TM disilicides.

The most important feature of the DOS of JSig is the
gap atE., which has been identified already for the TM
disilicides as being due to the separation of the covalently
formed p-d bonding states from thp-d antibonding states
and nonbondingp states, except that we are dealing here
with 38 p andd states per formular unit as compared to 22
for the TM disilicides. The states in the immediate vicinity of
the gap are Ru, Si p, and a small contribution of Rp
states at the valence-band edge. The strength of the hybrid-
ization between the TN electrons with the Sp electroné®
plays an important role for the formation of the gap. For
example transition-metal-rich compounds, for which the ab-
solute p-d hybridization is weakened, usually lose their
gap? This and the fact that the gap in 8, is situated
already at the end of the basic Ru-Bud bands might be
reasons why a Rf$i; Nowotny chimney-ladder silicide with
14 veTM was never reported.

The states which are split off from thed hybridization
region below 7 eV ofEg exhibit an overall square-root in-
crease starting from the valence-band edge at abdateV.
They consist of about one-third Rluelectrongmiddle panel

DOS [electrons/(Ry*f.u.)] , NOS [electrons/f.u.]

10
1",%\‘

-2 10 8 6 4 2 0 2 4

o A,
o

E[oV] of Fig. 5 and about two-third S$ electrons(bottom panél
e

FIG. 5. Density-of-state€DOS) of Ru,Si;. Top panel shows the 32
total DOS(full line) decomposed into the local, muffin-tin projected 23 T T, o
(L)DOS of Ry (long dashed lineand Si (short dashed line The
middle and bottom panel show the LDOS of fand Sk, respec- Eg

tively, decomposed into angular momentum contributisrishort
dashed ling p (long dashed lineandd (full line). For Ru thes and

p DOS are insignificant compared tlcontributions. The top panel
contains also the number-of-statddOS) (full line, same scale
DOS and NOS are expressed in units of electrons/Rydberg per for-
mula unit(f.u.) and electrons/f.u., respectively. The DOS is aver-
aged over the three different Ru and Si sites. Fermi energy is indi-
cated by a vertical dotted line &=0 eV.

especially at the extremities of this energy region, éhda
parabolic reduction of the LPDOS which is located sym-
metrically around the gap. Both suggest the crucial role of
the Si-Rup-d hybridization. If we assume a square-root-like
Sip LPDOS which is due to hypothetical Si atoms, which do
not hybridize with the Ru atoms, and if we assume at the
same time hypothetical Ru-Rd-d hybrids, which do not
hybridize with the Si atoms, then the hybridization of this Si
p electrons with the hypothetical Ru-Rird hybrids will
form Si-Rup-d hybrids, which will covalently split around
the center of the Rd bands. This is the origin for the para-
bolic reduction of the Sp LPDOS with a minimum around
the center of the Rd bands and with the main weight at the
edges of the above-mentioned energy region. At the same o _ )
time it is the origin of the rather asymmetrical shape of the F!G. 6. Local, muffin-tin projected density-of-states of @uree
Ru d states, which is due tp-d hybrids hybridized above top panels and Si(three bottom panelsdecomposed into angular

. momentum contributions (3rd and 6th pangl p (2nd and 5th
the Fermi energy. The fact, that the states abiByenave a pane) andd (1st and 4th pangl Each panel contains the LDOS of

S|gn|f|cgnt and mosjtly dominating i ch.aracte.r, explains 4 . 5 inequivalent types of RL), Si(1) (short dashed line Ru(2),

the earlier observation, that the band dispersions aligve ;) (long dashed ling and R¢3), Si3) (full line) atoms. The
are larger than belo,, where the Rul electrons are the | pos are expressed in units of electrons/Rydberg per atom. Fermi
dominating states. The shape of thepSiPDOS depends on energy is indicated by a vertical dotted lineE#0 eV.

DOS [electrons/(Ry*atom)]

-t
O = N WA O = NWO == O = O =0~ oOMNMO®
T
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This form of increase, which is consistent with the formation TABLE Ill. Dependence of the gap width on the crystallo-
of nearly free-electron-like bands in Fig. 5, is due to the Si-Sigraphic parameters used in the calculations. FLA@Wefers to a
s-s hybridization(see bottom panel of Fig.)6This square- calculation with 55 LAPW’s per atom and ninke points. In
root-like behavior comes to an end at th@ eV gap. Band- FLAPW 2, 75 LAPW's and 15 points were used.

structure calculations of the DOS for the hypothetical Si in &

TM-silicide lattice without metal atond3 do not show this _ Gap width(eV)
gap nor a pronounced minimum. Thus it is certainly pro-Crystallographic data ~ LMTO ~ FLAPWL)  FLAPW (2)
duced by the inclusion of the metal atoms. This gap reng 3¢ 0.493 0427 0418

sembles 'Fhe split-of§ t_)ands fqund about 9 eV belok: for ¢ o7 0.581 0.496
[1I-V semiconductors in the zinc-blende structure, absent for_.

. . . . ixed set 0.518 0.440
the conventional group-IV semiconductors in the diamond”
structure. The gap comes from the covalent hybridization
between the S states with the Rd states, which is derived
from the large contribution of Rd electrons in this energy
regime (first panel of Fig. 6. The formation of the gap de-
pends very subtly on the strength of the hybridization be
tween Sis and Rud electrons, and thus on the Si and Ru
concentrations. For the TM disilicides, the Si-Ru interaction

leads to a dip in the DOS, but no gap was observed. On th)éaries substantially with respect to these differences in the

other hand a gap is found for TM-rich silicides such asstructural paramete!(see Tablg m'. This .hOIdS true for bpth,

Mo,Si or MasSi;.2% Thus, as already discussed for the Si-Ruthe FLAPW and a 'I|near-muff!n-un-orbltaLMTO) atomic-

p-d interaction, RySi; shows bonding properties of sphere approximatidf calculation, we performed as a cross-

transition-metal-rich silicides and the TM disilicides. check of our results._ Furthermorg, _calculatlons for a mixed
Summarizing this part of the work, the hybridization in set of crystallographic data consisting of lattice parameters

. o ; from Israiloff and Vdlenkle®” and internal parameters given
Ruw,Si; | he distribution of hown in terms of ,
USiz leads to the distribution of states sho te. S Oé)y Poutcharovsky and Partfiereveal that the band-gap

1Width is mainly influenced by the choice of the internal pa-
ameters.

structure calculations with a reduced basis set for the crys-
tallographic data given by Israiloff and Wenkle>” The lat-

tice parameters given there differ from Table | by 0.2% at a
maximum, whereas the internal positions of the atoms can
differ as far as 0.12 a.u. We find that the size of the gap

rather complex. In particular, one must consider a mixture o
Si-Si, Ru-Si, and Ru-Ru interactions. Putting our information’

together, we can say that the dominant contributions arise Alth_ough no opti_cal nor spe_zctroscopic data exi_st,_there is
from the Si-Sis-s, Si-Rus-d, Ru-Rud-d, and Si-Rup-d Unequivocal experimental evidericé®® that RySi; is a

hybridizations. The Si-S§-s interaction is responsible for semiconductor. A band gap of 0.7 eV was reported from

the nearly free-electron-like bands, determining in particu|a|h|gh-temperature resistivity experiments around 1000 °C

the bottom of the valence bands. They are split off due to théRef. 29 n%gnd the room-temperature Hall-effect
Si-Ru s-d hybridization from the main part of the valence miaasurelgles l,efd tg p03|t|\t/)§a|_carr]c|er_s with r‘:?j’\‘;”ce”.”?“"”
bands. The main part of the valence-bands is determined t{g—l.Oxll cm t?n' ad”.‘o ”t]}' 28'“_3'5 ¢ s. Simi-
the Ru-Rud-d hybridization, which forms bonding and an- r reSrL: ts were obtaine '? Rle C e f the el .
tibonding states. These Ri+d hybrids interact covalently In tfe'lpa}st, ab |n|.t|o|ca} cu aupns of the eechomc SH.U(;{
with the Sip states, forming bonding and antibonding stategure of si icides particularly c_arrle_zd out by methods whic
which are separated by a hybridization gap, in which thed"® free of any shape approximation for the charge or poten-

: ,9,14,19,33 : 17,20
Fermi energy is positioned. Some of tlestates are hybrid- tial, such as by .FLAPW’ 21 full pote_nt|al LMTO, .
ized in form of p-d hybrids above the Fermi energy and to or pseudopotential methdd<*have described the electronic

the bottom of the actual-bands. This results effectively in a strgcturg, the band'topology and the size of the' band-gap
broad Si-Rup-d valence-conduction energy-band regimeqwte reliably. The size of the band gap was described much

with the largest Sp LPDOS at the extremities of the Si-Ru better than for the conventional group-1V or the IlI-1V semi-
p-d energy region. The band gap appears just at the edge Spnductors. It was speculated that the many-body self-energy
the plain Ru-Rud-d energy just before the energy region is _ o

dominated by the S bands. We speculate that this might be TABLE IV. The effective masses along the principle axes of the
found. Compared to the TM disilicides the Ru sesquisilicidethe free-electron masén the vicinity of the band gap.

has a lower Si concentration; thus the Ru hybridization has a

stronger impact on the Siand Sip states showing signs of Band no. EnergyeV) Mix Myy M,
TM-rich silicides, such as the split-off & states and the 1gg —0.684 4.586 0.774 0.448
parabolic LPDOS of the S states. The Rs, Rup, and Si 119 —0.610 1.948 1.060 0.308
d states seem not to be of much importance for the electronig, —0518 ~11.726 1.274 0.370
structure and stability of the compound, with the exception, ;, 0.000 0.468 0.154 0.454
that Rup electrons make some contributions worth mention- gap
ing at the top of the valence bands. 113 0418 3280 2852 0.608
. 114 0.507 4.264 1.054 0.154
C. Remarks on the width of the gap 115 0.745 10.202 3984 2 424
According to these results, Bsi; is a semiconductor with 116 0.890 —0.434 19.356 —31.426

a gap of about 0.42 eV width. We have also performed band
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corrections given by Godby, Schér, and Sharfi® which is V. SUMMARY
large for group-1V or -llI-V semiconductors due to the dif-

feregt s_ymrgetrg of the vqlence-banctjﬂ;)(states. and t”h? the low-temperature phasePbcn) of the Nowotny
conduction-bandf) states, is expected to remain small for chimney-ladder silicide R&i;. We find that the electronic

the TM silicides, because the states on both sides of the gagy,ctyre of this silicide follows the generic trend of silicides
are determined largely by states of the same symmetriggith 14 valence electrons per transition-metal atom: low-
(typically d symmetry. For RySi; we found a gap which |ying Sj s states, Sp—Rud bands which are separated by a
also consists of states with dlffel’e(’[l and d) Symmetnes Si p_Rud covalent hybridization gap, and a Fermi energy
and, in fact, when we compare our results with experimentalyhich is located in this gap. The gap is direct, and the
data, we have an intermediate situation, where the calculataghlence-band maximum and the conduction-band minimum
gap width is smaller than the experimental one, but the erroare located at thE point in the orthorhombic Brillouin zone.

is not in the range typical for DFT results ferp semicon-  The band gap calculated is about 0.45 eV. The valence-band
ductors. However, one has to be careful in interpreting oumaximum is predominantly of Sip character and the
results since—as we have shown—these depend substatenduction-band minimum is predominantly of Richarac-
tially on the exact structural parameters used in the calculder. This change of the character of the stated by 1 across
tion. Mattheis& showed for CrSithat the band dispersion of the direct gap suggests that f8ig has interesting optical
the states around the band gap is particularly sensitive to tHeroperties, although the strength of the dipole-allowed tran-
Si-atom positions, which determines the TM-Si coordinationsition has not yet been calculated, and is left for future in-
geometry. Moving the Si position by 6%, the band dispersior/estigations. The effective masses of the bands in the vicin-
of CrSi, is modified by 0.1 eV. For RiSi; this modification 1ty Of the gap are in the order of the free-electron mass

could be even larger, since tha 4vave function of Ru is typical of d states. The band of the highest occupied state,
more extensive than thed3one of Cr however, exhibits a strong dispersion due to delocalized

states, and the effective mass is therefore already as small as
the ones of silicon, suggesting promising transport proper-
ties. From the well-known deficiency of the DFT to provide
the exact value of the energy gap and the experiences gained
In order to provide a link between band-structure andin the past decade on group-IV semiconductors and -IlI-V
transport properties, we calculated the effective mass tens@emiconductors we do not expect any significant change of
for valence-bandhole) states and conduction-bar(dlec-  the band dispersion, but that the true band gap can differ
tron) states at thd" point in the vicinity of the energy gap. from the calculated one by as much as a factor of 2. We
Besides the size of the band gap, the effective masges found that structural changes in particular those involving
m,, andms along the principal axes of the ellipsoidal energy the Ru-Si bond may have a sizable influence on the band
surface are additional important band-structure contributiongap. Thus, a total theoretical structural optimization of the
which determine a possible use of this material in the semiorthorhombic phase including all atom positions is desirable,
conductor technology. They contribute in terms of theand is left for further work. We found further that the com-
density_of_states effective masseml(nzmg) 1/3, to the in- plete Sepa!’ation of the Sistates from the S|-Rp'd hybrld-
trinsic carrier density, and are in terms of the conductivityization region and the LPDOS of the Bistates show many
effective masses, 3(,+1/m,+1/m;) !, the band- similarities to the low-symmetry TM-rich silicides. For the
structure contribution to the carrier mobility. The principle ISOtypical  Nowotny —chimney-ladder silicides s,

axes have been determined to be along the axes of thf%SZSRi?“ ;ndbO?G%H we ;;gpe:;t thef same band tfthology zs
reciprocal-lattice vectors, thé,, k,, and k, axes of the or Rip>l3, but with moditications for the Size of the ban

orthorhombic Brillouin zondm,=m,. and so oj A three- gap and small rearrangements of the dispersion of the bands

point polynomial fit was used to determine the principala” of which are important for the potential application of

daf int pol il fit loved t | these silicides. Much could be learned from additional opti-
axes, and a five-point polynomial fit was employed to calcu-, . spectroscopic experiments.
late the appropriate second derivatives. A much larger num-
ber of basis functions for the electron wave functions was

necessary to obtain well-converged results, summarized in

Table IV. We thank Dr. S. Mantl for bringing the subject to our
From the previously investigated masses of electron andgtention, and for the fruitful discussions during the course of
hole states for Cr$j MoSi,, and WS} 2 one knows that  this work. We also gratefully acknowledge the helpful com-
the effective masses of states dominatedilmpharacter are in - ments of R. Podloucky on our work. G. B. would like to
the order of the free-electron mass. This seems to be a géiank the Human Capital and Mobility Program “Ab initio
neric value for masses for states dominateddbgharacter. (from electronic structupecalculation of complex processes
This is also true for the effective masses we have calculateoh materials” (Contract: ERBCHRXCT93036%f the Euro-
for Ru,Si;. However, RySi; exhibits one exception. The pean Union. This work was also supported by the Center of
valence bands of the highest occupied state shows a stroritxcellence for Computational Materials Scierl@MS), Vi-
dispersion due to the overlap of delocalizedpSstates and enna. The computations were performed at the Vienna Uni-
the corresponding hole masses are about one order of magersity computing center and the Forschungszentruiohlu
nitude smaller than the values typical for silicides. They areThe LMTO calculations were carried out with the program
close to values known for silicon. LMTOPACK coded by T. Oguchi.

In summary we calculated the electronic band structure of

D. Effective masses
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