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Hybridization-induced band gaps in transition-metal aluminides

M. Weinert and R. E. Watson
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973-5000

~Received 4 March 1998!

The occurrence of hybridization gaps around the Fermi level in ordered binary and ternary transition-metal
aluminides is investigated using first-principles electronic structure calculations. Hybridization between
transition-metal atoms and Al and thelack of transition-metal–Ald-d hybridization are both found to be
important for the formation of the hollows or pseudogaps in the density of states. Whether these hollows
become actual gaps, as predicted for RuAl2 , FeAl2 , and Fe2NbAl, depends on details of the electronic
structure, including the relative positions of the atomic levels, the size of the atoms, the crystal structure, and
the number of valence electrons. Although hybridization gaps resulting in true semiconductors are uncommon,
at least among the aluminides, hollows in the density of states around the Fermi level are ubiquitous.
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I. INTRODUCTION

While alloys composed of metallic constituents are n
ively expected to be metallic, hybridization betwe
transition-metals and main group elements such as Si an
occasionally leads to gaps in thed bands around the Ferm
level. The prototype of such systems is FeSi, which ha
band gap describable in terms of traditional electro
energy-band theory, but optical and conducting proper
that are not.1,2 Of the several groups of phases to be d
cussed that have discernible hybridization gaps, two re
sentatives have been reported experimentally. Basovet al.3

observed that RuAl2 ~presumably in the Si2Ti structure! is
infrared active, indicating the presence of a gap. Nish
et al.4 reported semiconductorlike behavior in the tempe
ture dependence of the conductivity for Fe2VAl and pro-
posed that it might be a 3d heavy fermion system, althoug
they note that photoemission indicates a metallic edge at
Fermi level. Since one of these systems is Al-rich while
other is transition-metal–rich, there is an expectation that
hybridization effects may well be different.

We have theoretically explored the occurrence of su
gaps in some 150 ordered binary and ternary transition-m
aluminides in various crystal structures. These alloys incl
both observed and hypothetical aluminide phases involv
mainly 3d ~Ti, V, Fe, and Ni! and the 4d ~Y through Pd!
elements. In agreement with the experiment, RuAl2 is found
to be a semiconductor. The calculations indicate that the
perimentally studied Fe2VAl is a semimetal with a hybrid-
ization pseudogap in the density of states at the Fermi le
but in a closely related system, Fe2NbAl, a true gap is pre-
dicted. As might be expected, in addition to hybridizatio
both crystal structure andd-band filling will be seen to be
essential for the appearance of the gaps. Other alumin
with deep hollows in their calculated densities of states at
Fermi level also will be indicated. Some of these syste
with gaps might be candidates for unusual transport an
magnetic properties similar to those encountered in FeSi
though by some measures their gaps are larger than tha
ferred experimentally and calculated5 for the silicide.
PRB 580163-1829/98/58~15!/9732~9!/$15.00
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II. CALCULATIONS

The calculations employ the full-potential linearized au
mented Slater-type orbital method6 ~FLASTO! in which
Slater-type orbitals are used to construct wave functions
the interstitial region, augmented by explicit scala
relativistic solutions of the radial wave equations within no
overlapping spheres at each atomic site. The Hed
Lundqvist form7 for the local-density exchange an
correlation potential is adopted. Slater-type orbital basis s
of varying size were employed with the largest having
2 s-, 2 p-, 3 d-, 1 f -, and 1 g-like set of orbitals for the
transition-metals and a 2s-, 2 p-, 1 d-, and 1 f -like set
for Al. With the normally used larger basis sets, FLASTO
one of the more accurate methods for dealing with syste
involving transition metals, yielding charge densities, ba
structures, and estimates of energy differences among ph
comparable in precision to converged calculations using
full-potential linearized augmented plane wave method.8

The sets of specialk points used to obtain self-consistenc
were increased in size until details such as the behavio
the total energy in the vicinity of an extremum in the stru
tural parameters were accurately established; charge d
ties and total energies were the main criteria used to de
mine k-point convergence. For the BiF3 structure,
calculations with 110 and 182k points in the irreducible
wedge yielded energies in essential agreement with e
other. For other structures, comparable densities ofk points
in reciprocal space were used. Although converged from
total energy standpoint,k point sets of this size do not accu
rately define all the fine details of a density of states~DOS!,
but do serve to indicate the presence of the band gap
concern here. The band structures lines were then obta
using the self-consistently determined density.

The possible existence of band gaps is most quickly
termined from the calculated DOS, although direct eviden
of the nature and occurrence of a gap requires a more
tailed inspection of the underlying band structure itself. D
rect comparisons of the band structures for different cry
structures and compositions are problematic, however, s
there need not be any simple relationships between the
9732 © 1998 The American Physical Society
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symmetry lines, etc.; for this reason, we have chosen to g
erally show densities of states. Although calculations incl
ing spin-orbit are routinely done for the alloys, the DOS
be shown were calculated without spin-orbit coupling in t
valence bands since including it had little qualitative effe
on the calculated DOS around the Fermi level. This situat
would likely be different for some systems if the 5d alu-
minides had been considered in this paper since the s
orbit splittings of level degeneracies would be larger. As
final caution, we note that the local-density approximat
~LDA ! has a well-known tendency to underestimate ga
with the result that hollows in the DOS may be filled
compared to the exact result; however, the presence
calculated gap should be taken seriously.

Local l -dependent densities of states for nonoverlapp
atomic spheres at the individual atomic sites will also
reported. While these quantities can be illustrative, too m
weight should not be attributed to the exact numerical va
of quantities such as thed electron count within some give
transition-metal sphere. Such counts neglect the charge in
interstitial region outside the spheres and, more seriously
not distinguish9 between the direct~intrinsic to a site! and
the—possibly substantial—overlap~associated with wave
functions centered on other atomic sites! contributions to the
charge counts. One consequence is that thel dependence o
the charge at a site is almost as much a function9,10 of what
and where the neighboring atoms are as of the site itsel
particular, thep-electron counts encountered in transiti
metal spheres are primarily due to overlap charge. Howe
even with these caveats, electron counts may still be us
by placing constraints on models.

The crystalline structural parameters of the alloys ha
been determined by energy optimization. Although some
the alloys form in simple fcc- or bcc-like structures, such
the cubic BiF3 structure, many have more complicated stru
tures involving bothc/a ~andb/a) ratios and internal atomic
positions whose values are not determined by symmetry.
well established that LDA-based calculations yield latt
volumes that are smaller than those observed experiment
and this difference is of numerical significance to the cal
latedDH. These lattice contractions are more important
the 3d elements and compounds than for the 4d and 5d
counterparts. Our general experience for full-potential cal
lations is that the calculatedc/a ratios of the hexagonal an
tetragonal structures~andb/a for the orthorhombic systems!
are close to the observed values, and that the differen
between the experimental and calculated values of thes
tios have only a modest consequence on the energy. Ne
theless, since all the structural parameters must be d
mined for the systems for which there is no crystallograp
data, all the results discussed here~with one exception11!
were obtained for the optimized structures.

To reiterate, the FLASTO method used in the calculatio
is an accurate full-potential method. Since the primary p
pose of the set of aluminide calculations was the determ
tion of the heats of formation of different competing phas
the demands on the precision of the calculations are hig
than what is normally encountered. For this reason, it w
necessary to use large basis andk point sets, and to perform
full structural optimizations. While the higher precision us
in the present calculations compared to typical calculati
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does change some details of the electronic structure,
gross features of the DOS are rather insensitive to these
ferences and the physical origin of the formation
~pseudo!gaps is unchanged.

III. RuAl 2 AND FeAl2

There have been a number of published calculations
RuAl2 both in the observed Si2Ti structure12–15 and in the
other observed low-temperature MoSi2 structure.12 ~The 5d
counterpart OsAl2 also forms in the MoSi2 structure.! With
one exception14 that differs as to where the maximum in th
valence bands occurs, the various calculations~including
ours! are in essential agreement, although the small diff
ences can affect details of the calculated band gap. Deter
ing the lattice constants and atomic positions variationa
which was not done previously, has little effect on the resu
for RuAl2 .

Calculated total and local densities of states for RuAl2 in
the observed Si2Ti structure are given in Fig. 1. The Si2Ti
structure is face-centered orthorhombic (oF24). As seen in
the figure, a band gap at the Fermi level is found. If the l
density of states at the bottom of the gap is overlooked,
calculated width of the gap appears to be slightly less tha
eV. The dot-dash curve in the figure shows the narr
metallic16 Ru bands, which result if the Al atoms are r
moved from the lattice. The significant increase in the Rud
band width when Al is present provides evidence of t

FIG. 1. The total density of states for RuAl2 in the Si2Ti struc-
ture is shown in the top panel. Thes, p, andd local DOS within
nonoverlapping atomic spheres are shown for the Ru and Al site
the lower two panels. The Fermi level is the zero of energy. T
dot-dash curve of the upper panel is the total DOS for the cry
with the Al atoms removed. Note that the vertical scales of the th
panels differ.
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9734 PRB 58M. WEINERT AND R. E. WATSON
strong hybridization between the Rud and Al sp states that
is also responsible for opening up the band gap in the mid
of the Rud bands. The distortion of the Al local DOS from
the expected nearly free-electron form, especially around
Fermi level (EF) where there is little Al wave function char
acter, and the image of the Rud bands in the Al DOS be-
tween21 and24 eV further reflect the Ru-Al hybridiza
tion.

Inspection of the band structure throughout the wh
zone, not just the high-symmetry lines, indicates a vale
band maximum at the center of the Brillouin zoneG and the
conduction band minimum on the~010! line near the zone
face, with a calculated indirect gap of about 0.27 eV. T
calculated minimum direct gap is removed from either
thesek points and is 1.24 eV. Assuming that direct tran
tions control the infrared activity, it would appear that t
calculations are in accord with the experimental infrared
sults of Basov and coworkers.3 For comparison, the
calculated5 hybridization band gap for FeSi is roughly on
fourth that encountered here.

The occupiedd component of charge within the R
atomic sphere is somewhat less than six electrons wo
This value, and inspection of the wave function charac
above and below the Fermi level, seems to indicate that
band gap is associated with a splitting of thed-like eg andt2g
cubic states. However, thed-count extrapolated to the spac
filling Wigner-Seitz sphere is measurably above 6. Althou
the tailing of wave function character attributable to neig
boring atomic sites makes significant9 contributions for both
the atomic and Wigner-Seitz spheres counts, reasonabl
tributions of charge still lead to more than 6 Rud electrons.
The conclusion that can be drawn from thesed counts is that
the opening of a gap is not simply a case of Ru-Al hybr
ization increasing thet2g-eg splitting, but there must also b
significant mixing between nominallyt2g and eg orbitals,
i.e., simplet2g-eg arguments in less than cubic systems su
as we have here~or even in cubic systems! should be taken
with caution. Rather, hybridization13 between Alsp and Ru
d orbitals, along with some charge transfer,12 is the origin of
the gap. It should also be noted that the Rus- andp-like ~and
higher l ) components shown in the middle panel are m
surably less than would be the case if Ru had been allo
with another transition-metal, suggesting that Al introduc
significantly less tailing charge at neighboring atomic si
than does a transition-metal.

Figure 2 displays the DOS for RuAl2 in two other struc-
tures. RuAl2 has also been reported to occur in the MoS2
structure, the observed structure for OsAl2 , although the lat-
tice constants reported by Villars and Calvert17 yield an im-
probable molecular volume. This structure corresponds
~tetragonally distorted! aab stacking of~001! layers of a bcc
lattice. The optimumc/a ratio indicates a compression alon
the c axis, in which case this structure is sometimes refer
to as C2Ca. As can be seen in the top panel, the calcula
hollow aroundEF just misses being a gap. Inspection of t
band structure indicates that the top of the valence band
;0.10 eV above the bottom of the conduction band,
agreement with the results of Springborg and Fische12

Thus, RuAl2 in the MoSi2 structure is a semimetal with
hole pocket on the zone face and an electron pocket in
interior along a~110! line. The calculated minimum direc
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band gap is 0.62 eV, and so RuAl2 in this structure might
display some mixed semiconducting and metallic behav
The calculated DOS for the CaF2 structure is also shown in
the figure because this is a plausible structure for dia
minides formed with transition-metals in this region of th
periodic table. No hint of a gap is to be found for this ca
nor for RuAl2 in the MoSi2 structure with thec/a ratio cor-
responding to a fcc lattice~not shown!. These results dem
onstrate that hybridization-induced~pseudo!gaps/hollows in
the DOS are strongly dependent on the structure of the
tice. This conclusion is to be expected since symmetry c
trols the hybridizations that may occur.

The bottom panel of Fig. 2 shows the calculated dens
of states for FeAl2 in the MoSi2 structure. This structure ha
not been reported experimentally, but its calculated hea
formation is such that it is stable with respect to a two-ph
mix of FeAl ~a nearby observed phase! and of pure Al, sug-
gesting that it may be at least metastable. The results s
the system in this structure to be a semiconductor wit
minimum indirect band gap of about 0.17 eV, involving
valence-band maximum and conduction-band minimum l
those for RuAl2 in this structure, and direct band gaps
excess of 1 eV. The rapid rise in the density of states
either side of the gap suggests that there may be strong
tical absorption in this energy range. The reported17 structure
for this system, however, is triclinic with eighteen atom
The DOS obtained11 using a limited number ofk points
shows a hollow at the Fermi level, but one that is far fro
being a gap. Crude as they are,11 the results suggest that it i
unlikely, but not impossible, that the reported triclinic FeA2
system is a semiconductor.

FIG. 2. Densities of states for RuAl2 in the MoSi2 and CaF2
structures, and for FeAl2 in the MoSi2 structure. The Fermi leve
defines the energy zero.
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IV. BiF 3 STRUCTURE

The most common ordered structure for terna
transition-metal aluminides to form in is the BiF3 structure.
With compositionM2NA, theA atom may be a main grou
element such as Al, Si, Ge, Ga, or In, andM and N are
transition metals, withM usually from the righthand half o
the row andN from the left. The structure is a bcc lattic
with theM atoms at the body corners, and theN andA atoms
alternating in the body centers along thex, y, andz direc-
tions. This structure tends not to form18 if the elemental
atomic volumes of theA and N atoms differ by more than
about 30%.

The experimental results of Nishinoet al.4 are for Fe2VAl
in this structure. Like RuAl2 , this system has an even num
ber of valence electrons in the unit cell, consistent with fill
bands and the possibility of a gap. In contrast to RuAl2 , Al is
now the minority constituent and transition-metal–transitio
metal bonding should be important. As shown in Fig. 3,
Al s-electron character for both Fe2VAl and Fe2NbAl is
peaked up below the bulk of the bands. Although the As
hybridization may be significant to the energetics of the al
formation, in the vicinity of the gap the Al DOS is dom
nated byp and d character, with most of thed-like density
arising from tailing of transition-metal wave function cha
acter onto the Al site. The most important feature in t
densities of states for the purposes of this paper is the d
hollow around the Fermi level. The simplest explanation
this behavior is that a commond band is formed in the alloy
in bcc-like structures there is a hollow separating the bo
ing and antibonding states. The Fermi level will fall in th
hollow when there are 5d electrons per transition-meta
atom, and the calculations for the compounds yield a tota
almost exactly 15d electrons in the three transition-met
spheres. While this picture is appealing in its simplicity, it
obviously incomplete. There are clear indications from
transition-metal local densities of states that there is no
commond band and that the distortion of the Al DOS in
volves hybridization between Al and the transition metals

The bands responsible for defining the~pseudo!gaps in

FIG. 3. Densities of states and band structures alongG-X ~along
which the valence and conduction band extrema lie! for Fe2NbAl
and Fe2VAl in the BiF3 structure. The Fermi level defines the e
ergy zero.
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the DOS near the Fermi level~shown in Fig. 3! are along the
G to X@52p(001)/a# line. @Although the~001! and ~010!
directions are symmetry equivalent, our particular choice
theX point has the advantage that the conventional choic
dx22y2 andd3z22r 2 orbitals are correctly symmetry-adapted#
In the case of Fe2NbAl, there is a gap in the spectrum, wit
the minimum direct gap of;0.16 eV at theX point. For
Fe2VAl, slight changes in the relative positions of the ban
cause the conduction band minimum atX to fall below the
valence band maximum, which is now atG. Thus, Fe2VAl is
a semimetal with hole pockets aroundG and electron pockets
at X, consistent with the metallic character of the photoem
sion spectrum4 and with the semiconductorlike conductivit
because of the small number of carriers. Our bands
Fe2VAl, including its semimetallic nature, are in agreeme
with other recent band calculations.19,20 The readjustment of
the bands atX and the shift relative toG on going from
Fe2NbAl to Fe2VAl is even greater for the Ru counterpart
leading to larger electron and hole pockets. While Fe2NbAl
and the Ru counterparts have not yet been reported to oc
these alloys are predicted18 to be stable relative to competin
binary alloys.

The total densities of states of a number of otherM2NAl
alloys in the BiF3 structure are given in Fig. 4. As discusse
above, the density of states of Ru2NbAl is similar to that of
Fe2VAl, but with the ~pseudo!gap being a bit wider and no
as deep. These similarities among the different alloys po
out the important role of structure in determining the hybr
ization leading to the formation of the pseudogap. The f
that the Fermi level falls in this hollow is a consequence
the total number of electrons. To emphasize this point,
middle two panels of Fig. 4 show the consequences

FIG. 4. Densities of states for several ternary transition-me
aluminides in the BiF3 structure with varying electron counts. Th
Fermi level defines the energy zero.
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9736 PRB 58M. WEINERT AND R. E. WATSON
changing theN-site valence electron count by one. Whi
there are obviously changes in the details of the bands, t
is an almost rigid bandlike shift in the position of the hollow
Furthermore, the effect of maintaining the total valence el
tron count by changing the charge of theM atom by11 and
that of the N by 22 is shown in the bottom panel fo
Rh2YAl. In this case the centers of gravity of the Rh and
the Y d states are more widely separated than those of
compounds above and the Yd bands are much wider, yet
hybridization hollow can still be discerned at the Fermi lev
Rh2YAl is predicted18 not to occur, but size factors are mo
favorable for Rh2ScAl and for Co2ScAl. If these alloys oc-
cur, they are not expected to have as ‘‘exotic’’ properties
Fe2VAl simply because the sharp rise in the DOS to eith
side of the hollow is missing. The conclusions that can
drawn from the results shown in Fig. 4 are that the ba
hybridization effects are related mainly to the crystal str
ture, and whether the Fermi level falls in one of these
bridization hollows is related to the total number of ele
trons.

The bands alongG-X for an M2NAl alloy in the BiF3
structure are sketched in the righthand part of Fig. 5. Wh
the bands represent a case like Fe2NbAl with a gap, the
important band structure features of all of these alloys
similar. The wave function character of the bands atX near
the Fermi level are also labeled in Fig. 5. Naively, thet2g-eg
convention might seem a natural way to discuss the bond
in this cubic system, but such a division is inadequate
understanding the formation of gaps in the BiF3 structure.
The individual members of thet2g or eg manifolds belong to
different irreducible representations alongD; it is these irre-
ducible representations that determine the allowed hybrid
tions and interactions, and hence the~pseudo!gaps.~If these
alloys were highly localized systems with little hybridizatio
among the sites, a description in terms oft2g-eg or t2-e

FIG. 5. Schematic of the bands alongG-X of the BiF3 structure
for transition-metal aluminidesM2N2 andM2NAl, with parameters
appropriate forM5Fe andN5Nb. Dashed~dotted! lines represent
doubly ~singly! degenerate bands, and the heavy solid line rep
sents theN dx22y2 band ~at X) discussed in the text. Note tha
M2N2 is actually in the CsCl structure; bands originating from t
R-M line of the CsCl structure are marked by circles. The bands
M2N2 have been shifted to align the energy of the flat band aG
with the similar band ofM2NAl.
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states, depending on the site, might be appropriate. T
limit, however, is not the correct one for these alloys.!

Just below the Fermi level forM2NAl in Fig. 5 are a
doubly degenerate~dashed line! band and a singly degene
ate~dotted! band. AtX, the singly degenerate band is a mi
ture ofM ~Fe! dxy andpz states, while the doubly degenera
state is a mixture ofM (dxz , dyz , px , py), N(px , py), and
Al ( px , py) orbitals. The flat band above the Fermi level
composed ofM ~Fe! dx22y2 orbitals, and the band marke
with the heavy solid line is composed entirely ofN ~Nb!
dx22y2 orbitals atX because, by symmetry, there is no co
pling between thedx22y2 orbitals on theM andN sublattices.
From inspection of a large number of band structures
different alloys in the BiF3 structure, the relative position o
this N dx22y2 state atX is found to be the major factor de
termining whether or not a gap forms.

Around the Fermi level there is very little Al characte
just as in RuAl2 . Because of this depletion of Al character,
is not obvious at first glance that Al plays any significant ro
in the formation of the gaps. However, calculations that s
ply ignore the Al atoms~the CaF2 structure! show that the
gaps are destroyed~as well as shifting the Fermi level!, dem-
onstrating that the Al atoms do play an important, if indire
role. We will return to this issue later.

The origin of the~pseudo!gaps in the density of states fo
the BiF3 structure can be understood using simple tig
binding arguments. In this structure, there are four atoms
unit cell and three symmetry inequivalent sites. As discus
above, states withdx22y2 character around the Fermi leve
play an important role in determining the existence of t
~pseudo!gaps. AlongG-X, all dx22y2 orbitals belong to ei-
ther theD2 or D18 irreducible representations; conversely,
others, p, or d orbitals on any of the atoms belong to the
irreducible representations. For a generalM2NA alloy, the
symmetry atX dictates that thedx22y2 orbitals on theM
sublattice do not interact with those on theN-A sublattice.
Thus, the four bands atX derived from thedx22y2 orbitals
split into two sets of bonding and antibonding levels. T
tight-binding energies21 of the states derived from the orbi
als centered on theM sublattice are

E1
M~X!5ed

M13Vdds
MM , ~1!

E2
M~X!5ed

M23Vdds
MM , ~2!

and for orbitals on theN-A sublattice, the energies are

E6
N2A~X!5

ed
N1ed

A

2
6F S ed

A2ed
N

2 D 2

1~3Vdds
NA !2G1/2

. ~3!

In these equations, the usual notation is used:ed
a is the tight-

binding on-site energy parameter for thed electrons of atom
a, and Vdds

ab ,0 is a second neighbor interatomic potent
matrix elements between atomsa and b. ~The smallVddd
terms have been neglected.! The state corresponding t
E1

M(X) is below the bottom of Fig. 5, the energy of the fl
band just above the Fermi level corresponds toE2

M(X), and
the state labeled ‘‘N:x22y2’’ corresponds to one of the pai
of E6

N2A(X). Note, the energies given in Eqs.~1!–~3! do not

-
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correspond22 to the energy of the zone centereg level in the
bcc lattice of the elemental system.

For the case that theA atom is Al, the intrinsic Ald levels
are much higher in energy than for the transition-metal, a
the interaction between thed states on theN and Al sites is
vanishingly small. The effective lack ofd orbitals on Al can
be expressed asuVdds

N2Al/(ed
Al2ed

N)u→0. In this case the two
eigenvalues atX of Eq. ~3! are simply a very high-lying state
at ed

Al ~not shown! and one, marked with a heavy line in Fi
5, at ed

N . Hence, the position of theN dx22y2 state atX for
M2NAl is determined not by any transition-metald and Al p
hybridization, but rather by thelack of N–Al d-d hybridiza-
tion. This result, unexpected perhaps, is essential in orde
understand the formation of the gap in these systems.

Clearly, transition-metal–Al hybridization must play
role in the formation of the gap. To better understand
effect of Al on the formation of the~pseudo!gaps inM2NAl
alloys, it is instructive to consider the caseA5N, i.e., the
transition-metal binaryMN alloy in the CsCl structure
These bands are shown in the left-hand part of Fig. 5 for
D line of the BiF3 structure. SinceM2N2 in the BiF3 struc-
ture is a supercell ofMN, half of the bands in Fig. 5 along
G-X of the BiF3 cell are from theG-X line in the CsCl
simple cubic Brillouin zone and the other half come from t

R@52p( 1
2

1
2

1
2 )/a# to M @52p( 1

2
1
2 0)/a# line; these latter

states are marked with circles in the figure. States aris
from the different lines in the CsCl Brillouin zone do n
interact.

M2N2 does not have a gap because there are two ba
with large dispersion passing through the gap region
M2NAl. These bands are a doubly degenerate band~dashed
line! coming from theR-M line dispersing upward, and
downward dispersing band~heavy solid line!. As before, the
band marked with the heavy solid line hasN dx22y2 charac-
ter atX, and is the counterpart of the ‘‘N:x22y2’’ band of
M2NAl shown in the right-hand part of the figure. Becau
there are nowdx22y2 orbitals on bothN sites, the energy o
this band atX is given by@cf. Eq. ~3!# ed

N13Vdds
NN , which is

u3Vdds
NN u lower than the corresponding band ofM2NAl. This

large reduction in the dispersion for the aluminide aris
from themissingtransition-metal–Ald-d hybridization is a
necessary condition if a gap is to form.

The upwardly dispersing doubly degenerate band~dashed
line with circles! that destroys the pseudogap inM2N2 arises
from the R-M line of the CsCl Brillouin zone and crosse
doubly degenerate bands originating fromG-X of the CsCl
zone. When one of theN atoms is replaced by Al, the artifi
cial translational symmetry of the supercell is broken. N
all the doubly degenerate levels belong to the same irred
ible representation and can hybridize, causing the b
crossings to change into anticrossings. The size of the a
crossing gaps are related to the differences between the
tentials of theN transition-metal and Al potentials. The a
companying level repulsions between the doubly degene
bands determine the relative energy of the valence b
maxima atG andX. The positions of these doubly degene
ate states are dependent on the Alp and transition-metald
hybridization since the Alpx,y and transition-metaldzx,zy
orbitals all belong to this irreducible representation. For
large potential difference corresponding to removing the
d
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atom entirely, i.e., the CaF2 structure, the hybridization
among the bands and the level repulsions are so large tha
pseudogap structure is destroyed.

This analysis confirms that the relative positions of the
different bands atX are the best indicators of whether a g
is formed in theM2NAl alloys. In the case of Fe2VAl, the V
dx22y2 band dips far enough below the Fedx22y2 to result in
semimetallic behavior. For the Ru compounds, theN dx22y2

band atX is even farther belowEF . From the tight-binding
results, we can make some further observations and pre
tions. To get a gap, the energy of theN dx22y2 band
@EN(X)# should be as high as possible relative to the ene
(E2

M) of the flat M dx22y2 band: EN2E2
M5ed

N2(ed
M

23Vdds
MM) should be as positive as possible, recalling th

Vdds
MM,0. This requirement can be satisfied by separating

d bands farther and/or decreasing the interaction between
M atoms. This latter condition suggests that largerN atoms
~Nb vs V!, which will expand the lattice and reduce th
M -M interactions, are more likely to form gaps. This pr
diction is borne out by the calculations for bothM5Fe and
Ru. Moreover, if the lattice is expanded by about 6
Fe2VAl becomes an indirect gap semiconductor. On t
other hand, theVdds

MM terms for the Ru compounds are si
nificantly larger (;60%) than those of the Fe alloys, and
the major reason that gaps do not form in either Ru2VAl or
Ru2NbAl.

The other term, the relative position of the transitio
metald levels, depends on a number of parameters, includ
the specific elements and the volume. From the calcula
band structures, the Nbd levels are found to be higher tha
the Vd levels in both the Fe and Ru alloys. Since thed bands
in the 4d row are lower than those in the 5d row, our analy-
sis predicts that replacing Nb with Ta should increase
tendency to form a gap by increasinged

Ta2ed
Fe,Ru. As a test

of this hypothesis, we have calculated Ru2TaAl and find that
ed

Ta2ed
Ru is about 0.35 eV larger thaned

Nb2ed
Ru, while Vdds

Ru-Ru

is approximately the same. The net result is that
pseudogap in the density of states atEF for Ru2TaAl is sig-
nificantly deeper than for Ru2NbAl. The detailed reason fo
this change is that theN dx22y2 state for Ru2TaAl is above
the doubly degenerate state atX, whereas in Ru2NbAl it is
below. Ru2TaAl is still a semimetal, with theN dx22y2 state
at X ;0.28 eV below the states atG. The density of states
and band structure around the Fermi level, however,
rather similar to those of Fe2VAl, suggesting that Ru2TaAl
might have properties very similar to those of Fe2VAl.

V. OTHER SYSTEMS

There are a number of other transition-metal aluminid
that have low densities of states in the midst of thed-bands
near the Fermi level; three are shown in Fig. 6. Both NbA3
and VAl3 , which form in the TiAl3 structure, have an eve
number of valence electrons per unit cell. Although there
hybridization hollows, NbAl3 and VAl3 are not semimetals
like Fe2VAl and are better classified as metals, i.e., the
systems do not have the compensating localized~in k space!
electron and hole pockets generally associated with a se
metal. Within a rigid band model, substituting;5% Cr or
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Mo for V or Nb causes the Fermi level to fall at the min
mum of the DOS, at which point the extra charge is co
tained in electron pockets atX; virtual crystal calculations
for V12xCrxAl3 support this basic picture. Because these s
tems are Al-rich and V~and Nb! are near the beginning o
the transition-metal row, the type of missingd-d hybridiza-
tion between Al and the transition-metal that was import
for the M2NAl BiF3 alloys is not present.

Also shown in Fig. 6 is Al3Ru2 in the Al3Os2 structure.
This structure is anabccbstacking of bcc~001! planes, the
fivefold analog of the MoSi2 structure. Because Al3Ru2 has
an odd number of valence electrons per unit cell, it can
have a band gap at the Fermi level, even though there
modest hollow. At about 1 eV above the Fermi level, cor
sponding to having added one valence electron to the ch
cal unit, there is a deep hollow that can be reached by s
stitution of higher valence elements for either Al or Ru. T
density of states for an ordered hypothetical Al2SiRu2 phase
in the Al3Os2 structure~often labeled C2IrU2 when a ternary!
is shown in the bottom panel of the figure. The Fermi le
now falls near the minimum of the density of states, b
since there are several bands crossing the Fermi level
system is metallic. While Al2SiRu2 has not been reported
the calculated heat of formation~optimizing the structural
parameters! is substantial, on the order of20.62 eV/atom.
This heat, however, is calculated to be just slightly unsta
relative to the competing binaries, but the possibility exi
that this system might be at least metastable.

There are a few other observed binary aluminides wh
densities of states at the Fermi level are of the order of th
displayed in Fig. 6, including AlRh~in the CsCl structure!,

FIG. 6. Densities of states for VAl3 and NbAl3 in the observed
TiAl 3 structure, and for Al3Ru2 and Al2SiRu2 in the Al3Os2 struc-
ture. The Fermi level defines the energy zero.
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Al12Mo and Al12Tc (Al12W structure!, and Al3Zr. All of
these, however, are not as easily describable as
semimetals/semiconductors as the cases considered a
Most ordered ternary aluminides that do not form in the Bi3
structure involve one transition-metal from the upper end
the row and the other from the Sc or Ti columns, just t
circumstances under which strong line compound format
occurs for the binary transition-metal alloys. Then the situ
tion is similar to that encountered in Fig. 4 for Rh2YAl,
where the centers of the two sets ofd bands are far apart an
the Fermi level falls between them. Such a situation has b
encountered in calculations for the observed Al5Ni2Zr phase
~a tI16 structure!, where there is the suggestion of a we
hybridization hollow in what is already a low density o
states region.

VI. CONCLUSION

Hybridization between transition metals and main gro
elements may lead to gaps or to deep hollows~pseudogaps!
in the density of states. If the total electron counts are s
that the Fermi level falls in one of these hollows, the tran
port properties are not what one would naively expect
alloys composed of good metallic constituents. A few cas
such as RuAl2 , FeAl2 in the MoSi2 structure, and Fe2NbAl
~and also12 Al2Os and Ga2Ru), are predicted to be semicon
ductors, and one, RuAl2 , has been observed.3 In other cases,
such as Fe2VAl, the system is best described as a semime
with a low-carrier concentration. Whether the band struct
alone can describe all the properties4,19,20 of Fe2VAl is an
open question, but the results presented here demons
that the existence of~pseudo!gaps in the density of states ca
be understood from hybridization arguments without the
cessity of invoking correlation effects.

Some of the systems considered in this paper, espec
RuAl2 , have been studied previously.12–15 We have ex-
tended those studies to related compounds~e.g., FeAl2), and
shown that the basic features of the bands are similar.
have also briefly discussed a number of other systems
hollows in their density of states around the Fermi lev
These systems vary widely in their crystal structures a
band structures, but hybridization between the transiti
metals and Al are essential for the formation of the hollo
in their DOS. For a system with a low density of states at
Fermi level, our admittedly somewhat arbitrary classificati
as either a metal or a semimetal is based on the topolog
the bands, rather than transport properties: A semimetal
compact electron and hole pocketsandwill result in a semi-
conductor with reasonably small shifts of the bands~cf.
Fe2VAl). In contrast, the topology of the bands crossing t
Fermi level in a metal is such that a clear separation i
conduction and valence bands may be difficult. Thus, sim
shifts of the bands in a ‘‘metal’’ will not open up a gap an
by these criteria, the hollows in the DOS are not pseudog

The other experimentally studied4 ‘‘semiconducting’’
transition-metal aluminide is Fe2VAl. Rather than simply
limiting ourselves to this single phase, we have considere
number of related compounds in the BiF3 structure, also the
most common crystal structure in which ternary aluminid
form. Our analysis concentrated on these alloys, both
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cause compounds in this structure are predicted to have w
defined ~pseudo!gaps around the Fermi level and becau
little previous work addressing these issues has been
ported. By showing which bands and hybridizations are
sponsible for the formation of the~pseudo!gap in these struc
tures, and how the bands vary with parameters such
atomic size andd band position, we have been able to
beyond handwaving ‘‘p-d’’ hybridization arguments—
which, for these alloys, are incomplete at best—to make c
crete predictions, that have then been verified by deta
calculations. The tight-binding analysis shows that Al hav
no d electrons available to hybridize with the transitio
metals is just as important as hybridization involving Alp
electrons in determining whether a~pseudo!gap forms in the
BiF3 structure.

The results of this paper demonstrate that the cry
structure of the alloy plays an essential role in determin
the band structure, with different structures allowing sign
cantly different hybridizations. For transition-metal-rich al
minides, both hybridization and thelackof d-d hybridization
nd
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between the transition-metal atoms andd-less Al atoms are
found to be important ingredients in the formation of hollow
in the density of states. Whether these hollows become
tual gaps depends on details of the electronic structure,
cluding the relative positions of the atomic levels and t
relative sizes of the atoms, but the overall band structures
qualitatively similar for sets of related compounds. Althou
hybridization gaps leading to semiconductors are unco
mon, at least among the aluminides, hollows are ubiquito
and these systems show behavior running the gamut f
metallic to semiconducting.
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n

aside, there are noVddp contributions to the band energies
Eqs. ~1!–~3! because the phase factors associated withVddp

vanish atX; elsewhere alongD these terms do contribute to th
energies.


