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Fe, Ru, and Os disilicides: Electronic structure of ordered compounds
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Electronic structure properties 8Si,, whereM=Fe, Ru, or Os, in the orthorhombjg phase are investi-
gated using the linear muffin-tin orbital method in the atomic sphere approximation. Selective substitution of
Fe with Ru, Os, and Cr ir8-FeSj, is also studied. These compounds are small-gap semiconductors with
theoretical energy band gaps ranging from 0.06 to 0.50 eV, with the exception of the metallic Cr-substituted
disilicides. Substitution of Ru or Os for Fe jB-FeSi, leads to a reduction of the gap width, an increase in
volume of the unit cell, and a bulk modulus similar to or slightly smaller than@dfeSi,. Although the
theoretical lattice constant @f-OsSi, agrees well with experiment, the calculated band @6 e\j is much
smaller than the band gap jB-FeSk. This strongly contrasts with experimental observations that suggest a
larger band gap iB-OsSi, (1.4 — 1.8 eV. Consideration of a proposed metastable monoclinic form of
OsSi, does not remedy this discrepancy, since it is found to be a semirf®€l63-18206)02235-7

I. INTRODUCTION to significant changes in the calculated band gap. More re-
cently Eisebittet all° compared results from soft x-ray ex-
Two compounds with nominal composition Fg®ian be  periments ornx- and 8-FeSi, to band structure calculations.
identified in the equilibrium Fe-Si—phase diagraifhe me-  Full-potential linear augmented plane wa# APW) calcu-
tallic high-temperaturexr-phase based on a tetragonal latticelations for theg phase resulted in a band gap of 0.78 eV.
forms at temperatures above 1255 K, and transforms into therom a semiempirical tight-binding study of the transforma-
semiconducting3-FeSi, for which the crystal structure has tion from metallic fluorite-based Fegito semiconducting
been resolved quite accuratélfthe electronic properties of B-FeSk, Miglio and Malegort! estimated the width of the
the one-face centered orthorhomSiphase(space group 64, band gap to be 0.52 eV. Just very recently Filomal'?
Cmca Pearson SymbabC48, structure type Fe$j have  published results of a LMTO calculation with different
been explored extensively over the past few years, especialgtomic sphere radii for the different types of atoms. These
in relation with its potential applications in microelectronic, authors find a quasidirect band gap of 0.74 eV at a point
optoelectronic, and thermoelectric devices. Many researchlong thel’-Z direction. Theoretical work therefore correctly
groups were able to successfully grow ghase using ion establisheg-FeSk, to be a narrow-gap semiconductor with
beam techniquebepitaxial growth on Sf,or by depositing a  about the right lattice constant, bulk modulus, and band gap.
thin iron film on Si, followed by annealing.Subsequent The motivation for the present work is twofold. First,
analysis of the samples confirmed the presencg-6€Si, doped B-FeSi, holds promise as a material with excellent
with a direct band gap of 0.85-0.90 &7he existence of an thermoelectric properties, characterized by the figure of merit
indirect gap several hundredths of an eV smaller was deZ=S?c/ k. HereSiis the Seebeck coefficient, the electrical
duced from optical linear transmittance experiments orconductivity, andx is the thermal conductivity. The tem-
B-FeSi, at low temperatures. perature,T, at which the dimensionless quantiyl reaches
Electronic structure calculations on th@-FeSi, phase its maximum determines whether the material is more suit-
have been performed by Eppefigind Christenseh.Aug-  able for refrigerating or high-temperature generating applica-
mented spherical wave calculations performed by Eppengtons. Theoretical models for the figure of merit of narrow-
resulted in a direct gap of 0.46 eV and an indirect gap of 0.44)ap semiconductors predict high&st at gap widths varying
eV. Eppenga also notes that oscillator strengths for opticadfom 6 to 10kgT.*3~*° Neglecting variation of the band gap
transitions across the gaplatare small, but become signifi- with temperature, it is roughly estimated thgfeSi, has an
cant around 0.77 eV which compares favorably with experi-optimum (larges} ZT at temperatures just below th®— «
mental data(0.85-0.90 eV. From linear muffin-tin orbital transition temperature. According to theoretical predictions,
(LMTO) calculations Christensen deduced a band gap o& narrower gap should lead to maxinZal at lower tempera-
0.80 eV for B-FeSi,. The equilibrium lattice constant he tures, thereby altering the specifications of the thermoelectric
calculated is 1% smaller than the experimental value, whilelevice. Therefore, it is worthwhile to investigate ternary sys-
the bulk modulus is overestimated by about 20%. Christenstems based on thg-phase, in which part of the iron atoms
en’s calculations demonstrate the sensitivity of the states dtave been replaced. The substitution of Os for Fe in
the band edge to the atomic positions in the orthorhombig-FeSi, is of particular interest since thisemiconducting
unit cell; minor displacements of Fe atoms@FeSi, lead compound OsSi (from now on referred to as
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B-0sSiy) is known to exist in a crystal structure of the  TABLE I. Dimensions of the experimental unit cell for

B-FeSi, typel6l’ a-FeSi, the 0C48-based compounds, and the monoclinic meta-
The second motivation arises from interest in semiconstable OsSj phase.

ducting disilicides for applications in micro- and opto-

electronic devices. So far, only disilicides of Fe, Os, and c/compound  a/a.u. bla.u. c/a.u. B Ref.
are kn.ovxlm to be semiconductors. Th_e: .prosp.ect of being ablg_,:eSi2 5.0834 9.7019 28
to optimize the band gap of a disilicide with a particular B-FeSi, 14.7229 14.8022 18.6384 2

_application in mind is attractive._ln the present Work_, ther?-OSS'b 153385 155392  19.1800 23
mfluence on the bgnd gap of p'art_lal or pomplete subgutuuo h-0sSi, 165729 56692  13.9462 118.5° 57
of Fe in B-FeSi, with Ru or Os is investigated theoretically.

Also substitution of CKa potentialp-type dopanton the Fe
sublattice, and the effect of substitution on equilibrium lat-
tice parameters and bulk moduli for all these ordered com
pounds of theoC48 class are estimated.

alter the band structure or the charge contained in the atomic
spheres. The density of statd30S) for the orthorhombic
._compounds was constructed using a denser grid ok40

. ; . npoints. The irreducible part of the tetragonal Brillouin zone
Il gives a brief account of the computational procedure €M{for the o phase was probed with a mesh of 112 points

ployed. In Secs. |l and .IV’ the methodology !s applied to thein a tetrahedron integration scheme, while for the meta-
study of the electronic structure properties aef and

. . > stable monoclinic phase of OsSihereafter referred to as
B-FeSi,, B-0OsSk, and a metastable monoclinic phase, re- s sSI

s m-OsSk,) a set of 125 points was used.
ferred to asn-OsSk,. Since these four compounds have been | & o ot-FeSi, pivotal energies for the-, p-, and

synthesized and analyzed, calculated properties are COMlike muffin-tin orbitals on all atomic spheres were auto-

pared with available experimental inforr_nation. Overall sati.s'matically adjusted to the center of gravity of the occupied
factory agreement leads to the conclusion that the theoretlczBIart of the atom-angular momentum projected DOS in each
approach used in this work gives a fair description of the;

. iteration of the electronic structure calculation. The same
electronic structure of these systems. In Sec. V results frorBrocedure when applied to theC48 structure (e.g
band structure calculations forp-FeSip, and other -FeSi) (,)r m-OsSh, led to spurious solutiongthe so’-
oC4d8'-based doriifd cgmpound?trvolvmg R, Ods, r?nd CEalled ghost bandsMuffin-tin orbitals of d-type on Si and
are discussec. Although Some ot these compounds Nave NPle empty spheres strongly hybridized with low-lying states
yet been synthesized in this particular structure, the aim herﬁ] the valence band. Linearizing tiiorbitals on Si and the
is to explore the effects of substitution of these three specie mpty spheres aro(md the center of the canonichand
in the Fe sublgtuce on electro.mc' structure' propgrtlgs. It 'Fesolved this problem. Pivotal energies for thstates on the
found that partial or total substitution of _Fe B Fe_Slz with transition metal atoms were always adjusted to the center of
Ru or Os preserves the small-gap semiconducting propert

In all h librium latt tant shifts to | ravity of the (atom projectedd band in each iteration to-
n all cases, the equiibrium fattice constant snifts 1o 1arger, , g self-consistency. Self-consistency was reached when
values, while the bulk modulus is similar or somewhat

smaller than forg-FeSi,. Finally, a summary of the main Lhe(?[t;(:tal energy had converged to a level of #ImRy or

results of this work is presented in Sec. VI.

IIl. ELECTRONIC STRUCTURE OF FE DISILICIDES
Il. METHODOLOGY . . . o
In this section, the electronic structure of two Fe disilicide

The electronic structure calculations reported here wergompound phases is discussed. Computed physical proper-
performed with the linear muffin-tin orbiltgll method in the ties of the compounds are compared with available experi-
atomic sphere approximatidthMTO-ASA).”® Exchange and  mental data. Band structure and DOS from the present cal-

correlation effects are treated within the local density apculations are discussed in relation with previously published
proximation(LDA) of density functional theory® Although  results.

the LDA does not yield very accurate predictions for the
band gap and, in general, underestimates the gap width, it is
expected that the existence of a gap and trends in its width as
a function of compound-composition are predicted correctly. The high-temperature form of FeSis the tetragonal
Where appropriate, empty spheres were added in open intex-phase with three atoms per unit cell. This structure can be
stitial regions in the crystal in order to reduce the overlapviewed as a tetragonally distorteBP (CsCl-type ordered
between adjacent atomic spheres. Self-consistent solutions structure where composition is attained by omitting one me-
the Kohn-Sham equations are obtained for all electrons in theallic layer every two layers along tH801] direction. In the
system using the exchange-correlation potential as paranit cell the Fe atom is located €,0,0, while the Si atoms
etrized by Hedin and Lundqviét. The core electron states are at §,3,0.27 and (3,3,0.73. One empty sphere per for-
are obtained as solutions of the Dirac equation, and scalanula unit is placed af0,03). A series of total energy calcu-
relativistic terms are retained in the LMTO Hamiltonian for lations at fixedc/a ratio, but with varying lattice parameter
the band states. A set of k8points in the irreducible wedge a, resulted in an equilibrium value @&.;=5.19 a.u., about

of the one-face centered orthorhombic Brillouin zone was2% larger than the experimental value given in Table I. The
used in a temperature broadening integration scheme. It wamputed bulk modulus at.qis 177 GPa, but no experimen-
verified that a higher number &fpoints did not significantly tal value is available for the high-temperature phase. Figure

A. a-FeSi,
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FIG. 2. Projection of atomic positior{ight: Si; dark: Fe on the
a-c plane of the simple orthorhombic unit cell gf-FeSi. Also
shown are the lattice vectoé$a+ ¢) and %(a—c) for the one-face
centered unit cell.
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of one empty atomic sphere per formula unit results in a
reliable description of the electronic structurecofeSk.

B. B-FeSi,

Fully self-consistent calculations have been performed for
the orthorhombic compound8-FeSi, and 8-OsSik,. These
calculations were done using the one-face centered ortho-
rhombic unit cell with face centering in theec plane(with
lattice parametera<b<c) (see Fig. 2 The cell contains a
total of 24 atoms and eight empty spheres, grouped in seven
different types of equivalent atomic spheres: féfaur) at-
oms of typeM, (M), whereM =Fe or Os, eighteigh{ of
type Si (Si;) as defined in Refs. 2 and @wo and twg
empty spheres of typg, (E;, andE,;). The empty spheres
are placed in the interstitial region, inside the distorted Si
cubes that are not occupied by Fe atoms, as discussed in Ref.
2. The lattice parameters were taken from experiffént
and are given in Table I. The calculations were performed
for the two compounds at various values of the lattice pa-
1 shows the DOS and the band structure for the metallic rametera, but with fixedb/a andc/a ratios, and with inter-
phase. There are several features to note from Fig. 1. A highal parameters as quoted in Refs. 2 and 23&dfeSi, and
DOS starting about 5 eV below the Fermi level correspondg3-OsSi,, respectively. From a fit of the total energies at
to the energy region where Festates hybridize with S~ different unit-cell volumes to a Murnaghan equation of
andp states. The very sharp peaks in the DOS correspond tetate?® theoretical equilibrium lattice parameter®,, and
d-like states that are localized as a result of the low coordibulk moduli ata,, were obtained, and are presented in Table
nation of the Fe atoms, e.g., Bloch states albrg in recip-  Il. For both compounds the calculated lattice parameter dif-
rocal spacdsee Fig. 1b)]. The pseudogap at the Fermi en- fers from experiment by about one percent. The bulk modu-
ergy indicates a relation with the low-temperatigephase lus for B-FeSi, is also in good agreement with experiment.
through a structural transformation with FeSh the Cak,  Christensehachieved excellent agreement for the lattice pa-
structure as an intermediate phase. rameter of 3-FeSi, while the bulk modulus was overesti-

Recently similar data derived from a calculation without mated by about 20%. This discrepancy may be due to the
any approximation to the shape of the crystal potential werdact that in Ref. 9 and also in the recent paper by Filonov
published'® Comparison with Fig. 1 demonstrates that theet al? the empty spheres of tyfdg, andE,,, are treated as
present LMTO-ASA calculations accurately reproduce theequivalent, thereby forcing incorrect symmetry on the charge
full-potential results. From this it is concluded that addition distribution in the system. According to space grdtimca
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FIG. 1. Density of state&) and band structuréb) of tetragonal
a-FeSh.
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TABLE Il. Computed equilibrium lattice constants,,, bulk moduli,B for various transition metal disilicides. Available experimental
data are given in parentheses. Also listed are direct band gad,the pointd™ andY as well as the indirect band gap$,girect With the
direction in reciprocal space given in parentheses.

Equilibrium lattice Bulk modulus A at Aingi
indirect

parameter adq r Y

Compound Aeg/a.u. B/GPa eV eV

a-FeSh 5.19(5.08 177 metal

B-FeSh 14.62(14.72 203(199 0.51 0.58 044 ¥ —T-2)

RuyFe5Sis 15.13 223 0.39 0.48

Fe;pRU5Sis 15.07 168 0.52 0.71 0.31Y(T)

RuSi, 15.46 198 0.34 0.17

Osy ke 5Si, 15.26 145 0.57 0.53 0.50'Y)

B*-0sSh 15.61 203 0.30 0.42 0.30r'cY)

B-0OsSh, 15.52(15.39 212 0.60 0.32 0.06I{—Y)

m-OsSi, 16.44(16.57 222 semimetal

CrqoFeq5Si, 14.87 184 metal

Fey,Crq2Si, 14.82 184 metal

(number 64, the E;; andE,;, empty spheres occupy Wyck- reported by Eisebittt al. (0.78 e\j may be due to the details
off sites 4 and 4, respectively. The inequivalence of these of the electronic structure calculatioFLAPW versus
two sites leads to different charge distributions containingtMTO-ASA).
1.63 electrons in eadh;, empty sphere and 1.57 electrons in  Summarizing, the results fat-FeSi, and 8-FeSi, are in
eachE,,, sphere. In a test calculation, in whid, and good agreement with results from theoretical studies in the
E,, were forced to be equivalent, these empty spheres coriterature. The lattice constant for the phase is about 2%
tain 1.72 electrons. Therefore, a significant amount of chargeoo large. ForB-FeSi, a.q is 1% too small and the bulk
is redistributed as the incorrect constraint on the charge demnodulus is in excellent agreement with experiment. In
sity is relaxed. B-FeSi, the band gap is found to be indirect frofhto a
Figure 3 shows the band structures for the two transitiorpoint alongl’-Z (0.44 e\j. The direct gap at’ is 0.51 eV
metal silicides at the experimental crystal structure alongvide.
high symmetry directions in the one-face centered ortho-
rhombic Brillouin zone. FoB-FeSi, an indirect gap of 0.44
eV was found betweelh' and a point half way alond’-Z. IV. ELECTRONIC STRUCTURE OF OS DISILICIDES
The lowest unoccupied states alohgZ are of predomi- A B-OsSi
nantly d character on the two types of Fe, while [atthe ' 2
highest occupied state has mixed,F@/Si,-p sighature. A It is expected that the band structure 8+OsSi, [Fig.
direct gap of 0.51 eV df is almost equal to the tight-binding 3(b)] is of similar quality, since thé/a andc/a ratios and
result of Miglio and Malegor{0.52 eV}, and consistent with the internal parameters which define the structure are close to
the value reported by Eppend@.46 e\j, but substantially those forB-FeSi,. In comparing the band structures of the
smaller than Christensen’s value of 0.80 eV, or the direct ga@®s and Fe disilicides, one notes many features present in Fig.
atT" deduced from the band structure presented by Eisebif}(a) that are also found in Fig.(B), but stretched along the
et al. (0.92 e\). Eppenga reported an indirect gap aldig  energy axis. Since the electronic states around the band gap
Z of 0.44 eV, which is identical to the present value. How- have larged components, the usual broadening of thieand
ever, his band structure alodgZ differs from the one dis- when going from 8 to 4d and to & in the transition metal
played in Fig. 8a), possibly due to his neglect of scalar- series is preserved in the electronic structure at the band edge
relativistic effects in the Hamiltonian. As pointed out in Ref. for these disilicides. Further analysis showed that for
10, some care must be taken when comparing the dispersigg-FeSi, the lowest state with significart character at the
relation in a one-face centered Brillouin zone with that in thel” point lies 6.6 eV below the top of the valence band, while
simple orthorhombic zone. Figurgd compares favorably for B8-OsSi, this state is at 8.1 eV below the top of the
with the band structure derived from a full-potential treat-valence band. This clearly reflects the width of the occupied
ment (see Fig. 4 of Ref. 10 although some details differ part of thed-band in the pure metat-5.3 eV and~8.5 eV
(e.g., shape of the highest occupied band albrg, and for Fe and Os, respectively. In addition, estimates-bnd
precise position of the bands'he cause for the difference in widths on the basis of the relevant LMTO potential param-
band gap between the present re$dlti4 e\) and the value eters indicate that, at equal volume, the @ssfates form a
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FIG. 4. Total and atom-decomposed density of states for
B-FeSi, (thick) and 8-OsSi, (thin).

the gap is 0.60 and 0.32 eV, respectively. When comparing
to B-FeSi, the band structure has most noticeably changed
around the poinl. A very dispersive feature at the bottom
of the conduction band almost closes the gap3{ReSi, the
same band is present¥ét but is much less dispersive. Closer
investigation showed that, &, this band is for almost 85%
of d character in the Fe-based compound, whereas for
B-0sSi, admixture ofs andp states on $i(25% altogether
and reduction ofl character(to 25% is observed. This en-
hancement of Sig8and 3 character is reflected in the free-
electron-like shape of the lowest unoccupied band around
Y, and is consistent with the larger spatial extent of the Os
5d orbitals. A self-consistent calculation including the effect
of the spin-orbit interaction on the valence states did not
significantly alter the situation foB-OsSi. The band gap
was reduced to 0.05 eV, whereas the charges on the various
- types of atomic spheres differed by at most B * or less
R s r oz Ty r with respect to the scalar relativistic band structure calcula-
tion. The small effect of spin-orbit coupling on the band gap
FIG. 3. Band structure around the gap along high Symmetr)js dqe to two fa_ctors. First, spin-orbit induced splittings_are
directions in the one-face centered orthorhombic Brillouin zone forr€latively small in low symmetry systems where crystal-field
(a) B-FeSi, and (b) B-OsSi,. Labels for high symmetry points in  SPlittings already lift most of the degeneracies. Second, the

reciprocal space are consistent with those given in Refs. 10 and 28tates in the region of the gap have a significant amount of Si
spcharacter and will, therefore, be less affected by spin-orbit

much wider band than the Fel4tates. Potential parameters effects.

for the metals and p states as well as the states on Si are In Fig. 4, the total and atom-decomposed DOS for

found to be very similar in the two compounds. B-FeSi, and B-0OsSi, are compared. One immediately rec-
The band gap foB-OsSi, is indirect betweed” andY,  ognizes that thel band in the Os compound is much wider

and is only 0.06 eV wide. At the poinis andY the width of  than in 8-FeSi,. Also clearly reflected in Fig. 4 is the fact




7902 J. van EK, P. E. A. TURCHI, AND P. A. STERNE 54

that thed character of the states at the band edge is stronglgutomated proceduitwas used to determine the three opti-
reduced in3-OsSi, not only with respect to Fe§jbut also  mum empty sphere positions a0,3), (0.788,0,0.17% and

in comparison with the DOS on the Si atomsdrOsSi,. As  (0.212, 0, 0.82Bin units of (a, b, c). The ratio of atomic

a result, the dispersive states which are predominantly assgphere to empty sphere radius was chosen to be 1.3.
ciated with the Si atoms significantly influence the band edge Figure Fa) shows the dispersion relation obtained from
in B-OsSk, whereas in the Fe-based compounibsgates are  calculations(ii). Although there are significant differences in
dominant. the results from(i) to (iv), the general features of the disper-

Temperature-dependent resistance measurements in Adjon relation can be discussed with reference to Fig).5
contaminated1.5 at.% g-FeSk and 8-OsSh, yielded band  The loopI'-X-Z-T" in reciprocal space samples states associ-
gaps of 0.88 eV and 1.8 eV, respectivélyFor the Os- ated with the two-dimensional honeycomb layers. In these
compound, this compares well to the gap value of 1.4 e\fjirections the system exhibits a 3 — 4 eV energy band gap
obtained by Schellenberet al*’ using a similar measure- with relatively dispersionless bands of predominantly ds
ment. It is known that the LDA can underestimate band gapgharacter at the band edge. The separation between the high-
by 50% or more. Therefore, a calculated gap of 0.44 eVest occupied and lowest unoccupied states atlthgoint
versus an experimentally determined gap of 0.80—0.95 e¥ncreases as a function of pressure. At the same time the
for B-FeSk, is not unreasonable. It is surprising, however,5d-band width increases as a result of increased hybridiza-
that the calculated band gap reduces from 0.44 to 0.06 eV ofjon between Os states. In terms of a bonding/antibonding
going from B-FeSi, to B-OsSi, whereas the experimental model this means that the energy separation between bond-
gap increases to 1.4-1.8 eV. It is not unusual to have afhg and antibonding combinations oftlSstates increases
LDA error in the band gap of around 1.3 eV, as observed ifaster with pressure than the increase in bandwidth does. In
the case of3-OsSk, but usually theory reproduces the cor- theT'-Y direction, perpendicular to thE-X-Z-T" loop, elec-
rect trends in the gap widttsee, e.g., Ref. 35 tronic states at the band edge that link the layers are probed.

A possible explanation for this discrepancy in the bandat T virtually unhybridized & states determine the elec-
gap of B-OsSi, may be found in considering a metastabletronic structure. Then, going towardé hybridization with
form of this compound. In quenched Os-Si mixtures a monogp states on Si and Sj, sets in, resulting in dispersive
clinic phase with nominal composition OsShas been de- pands. Further, it was found that adding the effects of spin-
scribed in the literaturé®*’ In the next subsection a brief orhit coupling to the Hamiltonian alters some detéilegen-
investigation of this phase, focusing on the band gap, will besracies in the band structure, but leaves the basic features
presented. largely unaffected.

Three energy regions can be distinguished in the occupied
DOS of mOsSi, [Fig. 5(b)]. At low energieg—14 to -8 eV
extended states built from atomis-3Si) and &- (O9) states

Table | lists the dimensions of the simple monoclinic unitdominate the DOS. From-8 to —2 eV the 3 states on Si
cell of the metastable phase of OgSas given in Ref. 26. strongly hybridize with the Osdbstates. Finally, an almost
Later Schellenbergt al'® deduced parameters that are veryseparated subband of states labeled atlvectors corre-
close to those in Table (volume of the unit cell about 1% sponding to directions perpendicular to the honeycomb
smalle). In both cases, the authors were unable to extragplanes is found betweer2 eV and the Fermi level. As
atomic positions from their x-ray diffraction measurements.discussed earlier, the character of these states varies from
The structure-type is consistent with the experimentally obalmost pure Os® (at —2 eV} to Si-3/Os-5 around the
served OsGg compound’’ a one-face centered monoclinic Fermi level.
unit cell (space grougC2/m, number 12 with six atoms in Band structure calculations based @b, (iii), and (iv)
the unit cell. The six atoms are grouped in three types ofjield a semimetal. The gap along theX-Z-I" loop varies
different atomic sites: two equivalent Os atoms, two atomdrom 2.8 eV for (iii) to 3.1 and 3.4 eV forii) and (iv),
of type Si;, and two of type Si. The OsGeg structure is a respectively. In calculatiorfi) a band gap of about 1 eV
relatively open structure. Planes with composition Qsia  opens up alond’-Y. Inspection of the band structure re-
distorted-honeycomb arrangement are stacked alongothe vealed that all four calculations produce similar bands in the
axis of the monoclinic unit cell, with large interstitial regions low energy regionbelow —6 eV\j. At energies closer to the
at the centers of the hexagons. highest occupied states, where the disand dominates the

A series of four calculations have been performed at theelectronic structure, significant deviations from the full-
experimental lattice parameters, but with the internal parampotential resulfiv) were found. Especially in calculatia)
eters which define the atomic positions in the unit cell cho-the p-d hybridization alongl’-Y is very different from(iv)
sen to be those of the OsGstructurei) a standard LMTO-  with, for instance, the consequence that the dispersion of the
ASA calculation in which the total volume of the atomic highest occupied and lowest unoccupied bands is such that a
spheregof equal radiusmatches the volume of the unit cell; band gap exists. Furthermore, the position on the energy
(i) a LMTO-ASA calculation with three additional empty scale of the localizedl states along thd'-X-Z-I" loop is
spheres located at suitable positions in the unit cell to reducsensitive to the level of approximation to the shape of the
the overlap of atomic sphereij) a LMTO calculation simi-  crystal potential. The addition of three empty spheres to in-
lar to (ii) which also includes the so-called “combined cor- crease the packing fraction of the structure gives a band
rection” term in the LMTO Hamiltoniart® accounting for  structure that compares favorably with the full-potential re-
the interstitial region in a perturbative manner; afd) a  sult from (v). As shown in Fig. &), one finds similar dis-
full-potential LMTO calculatiorf® For casedii) and(iii) an  persion of the bands although the position of the bands may

B. Monoclinic mOsSi,
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FIG. 5. Band structure along high symmetry directions in the one-face centered monoclinic BrillouiNazcmed DOS (b) for
m-OsSi, as obtained from an LMTO-ASA calculation including empty spheres (@hdhe band structure from a full-potential LMTO
calculation.

be shifted by tenths of an eV, and the overall bandwidth forthe bandwidth practically the same as found from calculation
(i) is 0.4 eV smaller than fofiv). Addition of the so-called (iv), but does not systematically improve the position of the
combined correction term to the LMTO Hamiltonian makeslocalizedd states with respect t6i).



7904 J. van EK, P. E. A. TURCHI, AND P. A. STERNE 54

Minimization of the total energy with respect to the vol-  Results presented in this section are all based on the
ume of the unit cell in a calculation of the second type3-FeSi, (0C48) structure. The atomic positions/a and
(LMTO-ASA with empty sphergsresulted in a lattice pa- c/a remain unaltered throughout. For each of the compounds
rameter slightly smaller than the experimental valsee an energy-versus-volume curve was computed and the equi-
Table Il). The bulk modulus computed for monoclinic librium lattice constant and the bulk modulus at equilibrium
OsSi, is slightly larger than the one found for the ortho- were determined.
rhombic (8) phase. The relaxation of atomic positions as a result of substitu-

Since the positions of Os and Si in the monoclinic unittion with Ru, Os, or Cr is not accounted for. Since the crystal
cell are not precisely knowfinternal parameters borrowed structure for both3-FeSi, and 8-OsSi, are known experi-
from OsGs), the influence of a small displacemet16  mentally, a series of calculations for OsSbut with the
a.u. along the direction, in the honeycomb planhef the Os  atomic positions of th@-FeSi, structurewere performed to
atoms was investigated in a test calculation. Overall, theassess the sensitivity of the results to atomic relaxations.
characteristics of the band structure remain unchanged. Thenis hypothetical OsSiphase is denoted g8*-OsSi,. At
dispersion relation at the band edge aldhg’ changes in the theoretical equilibrium lattice constant the volume per
such a way that a small gap-0.1 eV) opens. Minor atomic  atom for 8- and 8*-OsSi, differs only by 2.2%. This is of
rearrangements are not expected to lead to a largd €V)  similar magnitude to errors commonly found in LDA-based
band gap. calculations of atomic volumes for complex structures. For

In summary, the calculated equilibrium lattice constantinstance, from Table Il one infers fat-FeSi, an error of
for B-OsSj, is about 1% larger than the experimental value.~ 7% with respect to the experimental volume per atom, for
Surprisingly, the experimentally observed increase in thes-FeSi, ~ 2% and for 3-OsSi, about 3%. Similarly, the
width of the band gap going frofi-FeSi, to 8-OsSk is not  pulk moduli for 8- and 8* -OsSi, differ only by about 4%,
reproduced by the electronic structure calculations. LDA rewhile for elemental transition metals an agreement with ex-
sults indicate a very small indirect gad’ (to Y) for  periment within 10% is considered quite satisfactdry.
B-OsSi,. For crystals with large regions of interstitial space Therefore, errors made in neglecting the slight atomic rear-
between the atoms, a LMTO-ASA calculation with empty rangement when substituting Fe with Os in {Behase are
spheres at suitably chosen positions gives a noticeable imwell within the usual error bars for LDA-ASA-based elec-
provement over a calculation with only atomic spheres. Agronic structure calculations. Since physical properties such
long as there is no need to calculate, for instance, forces ofis lattice constant and bulk modulus are greatly influenced
atoms or shear elastic constants, a calculation with emptly the electrostatic interaction between atomic spheres in the
spheres provides a fair approximation of the full-potentialcrystal, a look at the charges contained within the spheres is
result. This is found to be the case for the monoclinic phasénstructive. It is found that in both the3-OsSi, and
of OsSk, but also for disilicides based on the orthorhombic g*-0sSi, crystals the Os and Si atoms are charge deficient
0C48 structurg(see the previous sectiprMetastable mono- by about 0.8 and 0.5 electrons, respectively, while the empty
clinic OsSi, in the OsGe structure was found to be a semi- spheres in the interstitial region contain 1.5-2.1 electrons.
metal and, therefore, does not offer an explanation for the\lthough not identical, the distribution of charge over the
experimentally observed band gap of 1.4-1.8 eV in a comatomic spheres exhibits the same characteristics in the two
pound with nominal composition OsSiNevertheless, it is  OsSi, compounds. This is consistent with the small differ-
conceivable that precise knowledge of the atomic positiongnces ina.q and B as found for the two forms of OsSi
in m-OsSi, may alter the dispersion relation alohgY in  since the crystal structure is very sensitive to the electrostat-
such a way that a gap opens up. ics associated with the distribution of charge over the atomic
spheres.

Figure 6 shows the dispersion relation f@*-OsSi,
along high symmetry directions at energies in the vicinity of

The three transition metals Fe, Ru, and Os are in the santbe gap. This band structure should be compared to Fig. 3
column of the Periodic Table and the valence electron count3-OsSi, at a.5). The band gap in Fig. 6 has widen¢o
in each of the silicide compounds remains constant. Ond).30 eV}, and is direct al". The indirect gap from" to Y is
therefore, expects to find similarities in the electronic struc-of equal magnitude. At lower energies the band structure in
ture for these metal disilicides. Cr, on the other hand, repreFig. 6 differs from the one presented in Figbg but the
sents gp-type dopant in3-FeSk, since it has fewer valence states at the band edge seem to be fairly robust against mod-
electrons than Fe. Although at high Cr-concentration theest rearrangement of atoms and slight alteration oftttee
semiconducting property of the compound will definitely andc/a ratios.
vanish, it remains of interest to know how the equilibrium  For the mixed Fe-Ru and Fe-Os compounds the question
lattice constant and the bulk modulus are affected as a resudtill remains what will happen if only part of the Fe-atoms
of substitution with Cr. Prospects gb-type (Cr) doped are replaced with larger atoms such as Ru or Os. A differ-
B-FeSi, as a thermoelectric compound with a high figure ofence in local lattice relaxation around the laféei, O9 and
merit make the investigation of basic properties of Cr-smaller (Fe) metal atom may significantly alter the band
substituted 8-FeSi, worthwhile. The effects of partial or structure. Nevertheless the mixed compounds are included in
complete substitution of the Fe atoms FeSi, with Ru,  the present work, since the data quoted in Table Il constitute
Os, or Cr are examined, with particular attention paid toa first exploration of some mechanical and semiconducting
changes in the lattice parameter, the bulk modulus, and thgroperties of these mixed compounds.
evolution of the LDA band gap. Substitution of Fe inB-FeSi, can occur at the two in-

V. SUBSTITUTION OF RU, OS, AND CR IN B-FESI,
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TABLE Ill. Net charges in the transition metal atomic spheres
in 0C48-based disilicides.

Metal sites

Compound Fe Fe,

B-FeSh 0.00 0.05
Fey-Ruy5Si, 0.00 0.59
RUl/zFe]_/zSiz 0.53 0.05
RuSi, 0.53 0.57
Fe.,0s,,,Si, 0.02 0.86
Osy.FeSis, 0.80 0.07
B*-0sSh, 0.78 0.82

value of the band gap from Table Il. For instance, along the
path FeSj} — RuSi, — OsSi,, the gap is indirect0.44 eVj,
becomes direct a¥ (0.17 e\) and finally is indirect from

I' to Y (0.30 eV again.

Increased overlap oftdand Sl atomic states with respect
to 3d is counterbalanced by a simultaneous increase in the
equilibrium lattice constant. Table 11l shows the net charges
in the transition metal atomic spheres. For Fe in any of the
compounds the net charge deficiency varies from 0 to 0.07
electrons. For Ru this ranges from 0.53 to 0.59 and for Os
from 0.78 to 0.86 electrons. These numbers reflect the en-
hanced delocalization of thieelectrons when going from the

FIG. 6. Band structure around the gap for one-face centere@d to the 4l and to the 8 series. While the @state is almost
orthorhombicg* -OsSi, at the calculated equilibrium lattice param- entirely contained inside the atomic sphere, thkviave
eter. function significantly overlaps with neighboring atoms.

Table IV systematically compares band gaps at three differ-

ent volumes, namely thg-FeSi, equilibrium volume(cor-
equivalent sites Reand Fg, . Both for substitution with Ru responding to an atomic sphere radius of 2.47)aihe
and Os three systems are considered, naniglgubstitution ~ 8-OsSi, equilibrium volume §=2.60 a.u) and a point half
at the Fe site (denotedM ,,Fe,;,Si,), (ii) at the Fg, site  way between the two. Only compounds containing a single
(Fe, ;.M 15Si,), and (i) at both sites. Equilibrium lattice transition metal species are included in the table. Inspection
constants, bulk moduli, and information about a possibledf Table IV reveals that for the Ru and Os disilicides the gap
band gap are gathered in Table II. width, A, slowly increases with increasing volume, whereas

Replacement of Fe, ad3transition metal atom, with its for 8-FeSi the magnitude ofA decreases with increasing
4d or 5d isoelectronic counterpart, leads to an expansion offolume. Often the nature of the band gap changes with vol-
the lattice. Relative tg8-FeSi, substitution on either of the ume, too, e.g., from direct dt to direct atY or from direct
two Fe-sites results in a 3% expansion of the lattice for Ruo indirect or vice versa. Table IV further lists gap deforma-
and about 4% for Os. Total replacement of Fe with Ru or Ogion potentialsJA/dInV, atI' and atY and for the direct or
approximately doubles these figures to 6% and 7%, respedndirect band gaplast column. For B-FeSi, these crude
tively. In both cases substitution at siteleads to slightly —estimates of the gap deformation potential are based on the
larger expansion of the lattice. Comparison of total energiesalculations atS=2.47 and S=2.54 a.u., while for the
reveals that for both Ru and Os the,Fsite is energetically RuSi, and OsS}, results atS=2.54 andS=2.60 a.u. were
favored by 4 and 5 mRy per atom, respectively. This is probused.
ably due to the slightly larger distorted Si cube around the The estimated gap deformation potentiah/dInV for
Fe, sites which can accommodate the bigger Ru or Os atB-FeSi, varies from—1.0 eV atY to 1.1 eV afl". Values for
oms more easily. Bulk moduliB, for all compounds are JA/dInV deduced from calculations feimpleorthorhombic
found to be very similar with the exception of a high value B-FeSi, in Refs. 9 and 11-1.4 and —0.5 eV, respectively
for Ruy,Fey»Si, and a low value for Og,.Fe;»Sis. are in qualitative agreement with this range. Interestingly, in

A direct gap at eithel” or Y is observed in all cases. B-FeSi, the band gap df increases with increasing volume
Direct gaps, varying from 0.17 eV atfor RuSi, to 0.53 eV  while the gap afY decreases at the same rate, leading to a
at Y for Os,,Fe,,Si,, are found to depend sensitively on small, discontinuous effective value 6A/dInV over the in-
the transition metal composition of the compound. With thedicated volume range. For RuSithe band gap changes from
exception of Ry.Fe;,Si, and RuSj the energy band gap is direct atY to direct atl’. The gap deformation potential lies
indirect, either betweel andY or betweenl’ and a point in the —4 to —1 eV range. A comparison gf -OsSi, with
along I'-Z. Since the equilibrium volumes for the com- B-OsSi, shows that the gap is sensitive to atomic displace-
pounds are different, it is hard to discern any trends in thements, and even vanishes at low volume B0OsSi. The
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TABLE IV. Band gapA (direct or indirect as a function of atomic sphere radiisAlso indicated are the
high symmetry points that define the gap in the one-face centered orthorhombic Brillouin zone. Gap defor-
mation potentials af', Y and across the gap frointo Y and vice versa are given in the final four columns.

AleV IA
dnVv ev
Compound S=2.47 a.u. S=2.54 a.u. S=2.60 a.u. alr aty TI'—=Y Y-=T
B-FeSh I'-T (=I'-Y) Y—Y Y—Y
0.51 0.49 0.37 11 -1.0 -0.3 0.4
RuSi, Ir'—Y Y=Y r-r
0.23 0.24 0.33 -43 -11 -0.02 -5.4
B*-0sSh, -y r—-y I'-T (=I'>Y)
(S=2.62 a.u.
0.17 0.26 0.30 -44 -038 0.4 -4.5
B-OsSh, r-y -y r-y
- 0.02 0.06 -1.0 0.2 0.3 -1.2

gap deformation potentials for these two systems are similafact that a Cr atom is slightly larger than Fe, but not as much
however, and show similar signs and magnitude for the inas Ru or Og(Fe, favored by 4 and 5 mRy, respectively
directI'-Y gap. The gap deformation potentials in Table IV Therefore substitutional Cr-dopant atoms are expected to be
are small compared to those found for many semiconductorgrimarily located at the Re site in 3-FeSh.
Following Christensen’s discussibof the temperature de- Summarizing, partial or total replacement of Fe atoms in
pendence of the band gap f@-FeSi, one is led to the the B-FeSi, structure with Ru or Os, followed by hydrostatic
conclusion that also for the Ru- and Os-based compound®laxation of the lattice, invariably results in a small-gap
qguoted in Table IV the electron-phonon scattering contribusemiconductor. Gap deformation potentials are estimated to
tion to dA/dT will overwhelm the effect of thermal expan- be relatively small for these materials0.2-1.3 eV. Ad-
sion on the band gap. justment of the atomic positions, in particular in the mixed
The energy band gaps for all the-FeSih-based com- Fe/Ru and Fe/Os disilicides, may affect the outcome, but a
pounds are of about the same order of magnit@® to 0.5 clear tendency towards semiconducting behavior has been
eV), which ranks these compounds among the small-gapstablished here. Substitution of Fe with Cr yields an elec-
semiconductors of interest in relation with optoelectronic andron deficient version of3-FeSi,.
thermoelectric applications. Strong coupling of the states at
the band edge to the precise atomic positions was already
observed by Christensemnd by Miglio and Malegott in

the case of3-FeSi,. Here these ideas are stressed once more VI SUMMARY

by the results for RuSiand the two slightly different ortho-

rhombic OsS; crystalline phases. In this work, a series of transition metal disilicides involv-
Combination of the\,gjrect, @eq, @NdB values in Table Il ing Fe, Ru, Os, and Cr have been studied. These materials

with the observation that substitution on the,F&te is en-  are of interest in view of theifpotentia) application in ther-
ergetically favored, leads to the conclusion that replacementoelectric, microelectronic, and optoelectronic devices.
of Fe with Ru or Os will induce aeductionof the band gap Some of the phases studied have already been experimen-
of up to 30% at 1:1 composition on the metal sublattice. Theally observed &-, 8-FeSk, 8-OsSi, and metastable mono-
lattice constant is predicted to increase by 3—4 %, whereadlinic OsSi,). Other compounds have not been synthesized
the bulk modulus remains the sari@s) or decreases slightly yet, and remain hypothetical at this stage.
(Ru). The calculated DOS and band structure for the tetragonal
The substitution of Feor Fe; with small amounts of Cr o phase of FeSiwere found to be in excellent agreement
provides a case gi-type doping. Here, the electronic struc- with results from a full-potential method. This is encourag-
ture of two heavily doped Fe-Cr disilicides is investigated.ing, since the structure of-FeSi, is relatively open, but
Due to a reduced valence electron count in the system theatisfactory results are obtained if care is taken to obtain a
semiconducting property g8-FeSi, vanishes. The lattice of reasonable partitioning of space. A theoretical estimate for
Cr-substituted disilicides has expanded somewhat with rethe bulk modulus of 177 GPa was derived at the calculated
spect to B-FeSk. For both systems a bulk modulus of equilibrium lattice constan2% larger than the experimental
B=184 GPa was found, somewhat smaller than for undopedalue.
FeSi,. At equilibrium the total energy for the system with Cr ~ For orthorhombicg-FeSi, and B-OsSi, the calculated
located at the more open fesites is about 1 mRy per atom lattice parameters agree very well with the experimental val-
lower than for substitution at fre This is consistent with the ues(error ~ 1%). Recognizing that three different types of
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empty sphereginstead of two need to be used in thg Taking theB-FeSi, structure as the starting point, a series
structure, close agreement between computed and expedf ordered compounds in which Fe atoms are partially or
mental bulk modulus of3-FeSi, was obtained. An indirect completely replaced with Ru or Os were studied. Equilib-
band gap of 0.44 eV fromh' to a point along thd'-Z direc-  rium lattice constants and bulk moduli for this series of hy-
tion was calculated fop-FeSi,. The direct gap af’ is 0.58  pothetical compounds have been calculated. The substitution
eV. These numbers are 30-50 % smaller than the experdf half of the Fe atoms iB-FeSi, with Ru and Os resulted
mental values, which is not unusual for electronic structuren a 3—4 % increase in the lattice parameter, whereas com-
calculations based on the local density approximation of denplete replacement of Fe more or less doubled these percent-
sity functional theory. However, the difference between theages. Bulk moduli at the equilibrium lattice constant vary
magnitude of the direct and indirect band gaps, 0.07 eV, ifrom —25% to+10% relative tg3-FeSi,. With respect to the
consistent with the experimental observation that such a difeand gap in these disilicides the main conclusion drawn from
ference must be very small. Going from Fe$o OsSp, a  the substitution study is that both the partially and fully Ru
reduction of the band gap due to the more dispersive naturer Os substituted iron disilicides are small-gap semiconduc-
of the states at the band edge was observed. Basically thisrs at the theoretical equilibrium lattice constant. The nature
effect is caused by the widening of tldeband when going of the gap varies from direct dt or Y to indirect between
from Fe to Os. Delocalizeddbstates on Os strongly hybrid- I" and Y or betweerd™ and ak point along thd™-Z direction.
ize with 3 and 3 states on Si. In RuSiand OsSj this  Magnitudes of the gap vary from-60% to +15% when
results in the appearance of strongly dispersive, freeeompared tg3-FeSi,. Estimates for the gap deformation po-
electron-like, features at the band edge. Therefore, expertential range from—0.2 eV for B-FeSi, to 1.3 eV for
mental estimates for the gap B+OsSi,, which range from RuSi,. Combination of these small values with previously
1.4 to 1.8 eV, differ quite substantially from the computedreported data foB-FeSi, suggests a strong coupling of the
indirect gap of 0.06 eV fronk” to Y. It is surprising that the states at the band edge to the atomic positions in the unit cell
experimentally observed increase in band gap width in goin@f RuSi, and OsS;j.
from B-FeSi, to B-OsSi, is not found in the calculations. The results of this study strongly suggest that a solid so-
Addition of the spin-orbit interaction to the Hamiltonian lution of Fe, Ru, and Os on the metal sublattice potentially
does not alter these findings. Altering the atomic positionoffers possibilities to fine tune the band gap in an orthorhom-
and the lattice parameters to those@feSi, opens the gap bic disilicide of theB-FeSi, type. It is known that band gaps
slightly (0.30 eV fromI' to Y). This demonstrates some evaluated within the local density approximation are often
sensitivity to the fine details of the crystal structure, but theunderestimated. Nevertheless, the overall picture is expected
delocalized character of the states at the band edge is nti hold and empirical confirmation of the above observations
affected. Since the results f@-FeSi, are very reasonable, is awaited.
and the crystal structure of the orthorhombic Qs8om- Substitution of Fe or Fe, with Cr yields an electron
pound is so closely related to th@-FeSi, structure, one deficient metallic version oB-FeSi,, corresponding to the
wonders whether the experimentally observed band gap isigh concentration limit of Cr as p-type dopant. A minor
really associated with3-OsSi,. To address this issue, the expansion {-1.5% of the lattice was calculated upon sub-
electronic structure of a suggested monoclinic compoundtitution with Cr, and the bulk modulus is reduced by about
with nominal composition OsSiwas investigated. 10%. A comparison of the computed total energies for sub-
Metastable monoclinic Osgiwith the atomic positions stitution at the Feand the Fg site revealed that the latter is
taken from the OsGgtype structure is a semimetal both at preferred invariablyfor Cr, Ru, and Os by 1, 3, and 4 mRy,
the level of a full-potential and of an atomic sphere-basedespectively. This is attributed to the slightly more open
treatment. However, in the latter approach it was necessargi-cage around the Fesite. As a consequence lattice relax-
to insert empty atomic spheres in the interstitial region ination will probably be important in the actual system.
order to achieve satisfactory agreement with the full-
potential result. The calculated lattice constant agrees well
with the experimental value and the theoretical bulk modulus
is similar to the one computed for orthorhomkseOsSi,.
Although minor rearrangement of the Os positions in the This work was performed under the auspices of the U.S.
OsGe,-type structure opened a narrow géhl eV), it is Department of Energy by Lawrence Livermore National
nevertheless concluded that metastable monoclinic 9sSiLaboratory under Contract No. W-7405-ENG-48. The au-
with the suggested internal parameters taken from QsGe thors are much indebted to J.M. MacLaren for providing vast
cannot account for the experimentally observed band gapmounts of computer time, and to A.K. McMahan for per-
(1.4-1.8 eV in OsSi,. Omission of empty spheres in the forming the full-potential electronic structure calculation for
interstitial region resulted in a semiconductor. This implies amonoclinic OsSj. N.B. Elsner and S. Ghamaty from Hi-Z
substantial error in the results with respect to both the calcufechnology, Inc. are acknowledged for discussion and par-
lation with empty spheres and the full-potential treatment. tial support.
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