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Excitonic correlations in the intermetallic Fe2VAl

Ruben Weht and W. E. Pickett
Department of Physics, University of California, Davis, California 95616

~Received 12 March 1998!

The intermetallic compound Fe2VAl looks nonmetallic in transport and strongly metallic in thermodynamic
and photoemission data. It has in its band structure a highly differentiated set of valence and conduction bands
leading to a semimetallic system with a very low density of carriers. The pseudogap itself is sensitive to the
presence of Al states, but the resulting carriers have only minor Al character. The effects of generalized
gradient corrections to the local density band structure are shown to be important, reducing the carrier density
by a factor of 3. Spin-orbit coupling results in a redistribution of the holes among pockets at the Brillouin zone
center. Doping of this nonmagnetic compound by 0.5 electrons per cell in a virtual crystal fashion results in a
moment of 0.5mB and destroys the pseudogap. We assess the tendencies toward the formation of an excitonic
condensate and toward an excitonic Wigner crystal and find both to be unlikely. We propose a model in which
the observed properties result from excitonic correlations arising from two interpenetrating lattices of distinc-
tive electrons (eg on V! and holes (t2g on Fe! of low density~one carrier of each sign per 350 formula units!.
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I. INTRODUCTION

The electronic behavior of Fe2VAl has recently been dis
covered to be highly unusual.1 The resistivity increases by
factor of 6 from 400 K to 2 K~where r53 mV cm),
which is characteristic of a nonmetal, but other propert
indicate metallic character. A sharp Fermi cutoff is observ
in the photoemission spectrum and the specific heat co
cient g(T)[C/T more than doubles below 6 K~to
12 mJ/mol K2). Ferromagnetism~FM! in the related com-
pounds Fe3Al and Fe3Si and probable antiferromagnetis
~AF! in Fe2VSi ~Ref. 2! suggest that magnetic behavior m
be responsible. The stoichiometric compound itself has
magnetic transition, although the alloy system Fe21xV12xAl
and the isoelectronic system Fe21xV12xGa ~Refs. 3 and 4!
are ferromagnetic with a Curie temperature that extrapol
to zero asx→01. The behaviors ofr and C/T were
suggested1 as similar to those of heavy fermion meta
which would make it a candidate for a 3d based heavy fer-
mion system. If the resistivity peaked and began to decre
below 2 K ~as happens for UBe13, for example! the resem-
blance would be closer; however, the observed value og
512 mJ/mol K2 at 2 K iswell below that of accepted heav
fermion materials.5

Although this compound falls within an alloy syste
where the V/Fe ratio can be varied continuously, indicatio
are1 that the properties noted above apply to the mate
near or at the stoichiometric limit of an ideal Heusler (L21)
structure compound. This structure type is based on an
derlying bcc lattice of lattice constanta/2, with V at ~0,0,0!,

Al at ( 1
2 , 1

2 , 1
2 )a, and Fe atoms at (1

4 , 1
4 , 1

4 )a and (3
4 , 3

4 , 3
4 )a,

wherea55.761 Å is the lattice constant of the resulting f
compound. This structure is also that of Fe3Al, which has
two inequivalent Fe sites. The FeI site ~which is the V site in
Fe2VAl) has eight Fe neighbors in an octahedral configu
tion, while the FeII site has four Fe and four Al neighbors. I
Fe21xV12xAl the larger V atoms occupy the FeI site for x
<0. This trend is followed by all transition metal atoms
the left of Fe in the Periodic Table~Ti, V, and Cr!.6
PRB 580163-1829/98/58~11!/6855~7!/$15.00
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Guo, Botton, and Nishino7 and Singh and Mazin8 have
reported local density functional results that indicate t
Fe2VAl is a low carrier density, compensated semimet
G-centered holes of Fet2g antibonding character are com
pensated by zone-edgeX-point holes of Veg character. Be-
cause the data cannot be interpreted simply in terms of
generate, noninteracting carriers with this semimetallic ba
structure, Singh and Mazin suggest that the behavio
caused by strong spin fluctuations of Fe atoms on the V s
due to nonstoichiometry or to antisite defects.

In this paper we discuss other possible causes of the
culiar observed behavior, starting from the semimeta
band structure obtained in the local density approximat
~LD!. We show that Al plays a crucial, but ultimately ind
rect, part in determining the electronic structure and that
magnetic state is unusually sensitive to band filling. Bas
on a calculated carrier density of one electron and one h
for each 350 unit cells, we consider parameters related
possible excitonic condensate or to an excitonic Wig
crystal. These exotic phases are not favored by the par
eters. The character and density of the carriers, the struc
of their sublattices, and the anticipated dielectric behav
suggest that dynamic correlations of excitonic character
candidates to account for the enhanced ‘‘metallic’’ spec
density that is accompanied by decreasing conduction.

II. METHOD OF CALCULATION

We have used the linearized augmented plane w
~LAPW! method9 that utilizes a fully general shape of den
sity and potential. Both theWIEN97 code10 and theWM-NRL

code11 have been used on different aspects of the calc
tions. The lattice constant of 5.761 Å was used. LAP
sphere radii (R) of 2.00–2.30 a.u. were used in various ca
culations, and with very well converged basis sets no d
cernible effect of sphere radius size was found. Cutoffs
RKmax up to 8.6–8.9 provided well converged basis s
varying from 330 to more than 500 functions per primitiv
6855 © 1998 The American Physical Society
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cell. Self-consistency was carried out onk-point meshes of
around 200 points in the irreducible Brillouin zone (12312
312 and 15315315 meshes!.

To assess the finer details of the predictions of den
functional theory, we used two forms of generalized gradi
corrected exchange-correlation functionals from Perdew
co-workers.12 Gradient corrected functionals have been o
served to give small but sometimes important correction
the band structure in several compounds. Spin-orbit coup
was included in a second variation approach as formula
by MacDonaldet al.13

III. CALCULATIONAL RESULTS

A. LDA band structure

The band structure of Fe2VAl is shown in Fig. 1. The
crucial feature is a disjointedness between occupied vale
bands and unoccupied conduction bands that is unusual
intermetallic compound. There are 12 bands to be filled
the valence electrons. Interestingly, these lower 12 bands
disconnected from the remaining bands throughout the B
louin zone. The result is not quite a gap but rather a d
minimum ~pseudogap! in the density of states~DOS! pre-
cisely where the Fermi level (EF) falls. The density of states
N(EF) does not vanish because there is a very small ove
of a V-derived conduction band minimum, containing ele
tron carriers at the three inequivalentX points, with a three-
fold degenerateG258 valence band maximum arising from
Fe-derived holes.

The hole band atG is roughly 40%t2g on each Fe atom
and 15% V, with minor Al character. The electron pockets
X are V eg states~with minor Al character!, but Fed char-
acter is forbidden by symmetry. The total and atom deco
posed and projected DOS’s are shown in Fig. 2. The
states~not shown here, but presented by Guoet al.7! are
repelled from a wide region including the Fermi level by t
strongd-d bonding, as discussed by Singh and Mazin. T
repulsion, as well as the apparent unimportance of the

FIG. 1. Full band structure of Fe2VAl along principle symmetry
lines. The dashed line denotes the Fermi level. The lower ban
s-like, primarily Al character. The Fe and Vd bands lie between
25 and 2 eV.
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atom, leaves a network that can be pictured as V-cente
cubic VFe8 clusters connected along all edges in a fcc
rangement.

Contour plots of the holes and the electrons in a~110!
plane that contains the nearest neighbor separations
shown in Fig. 3. Thet2g character of the holes is not s
apparent in this plane, but they show the normaldxy shape
when plotted in the~001! plane. It is apparent from Fig. 3
that the hole and electron wave functions are essentially n
bonding and this character impacts the model we presen
Sec. IV.

The DOS shown in Fig. 2 is projected ontoeg and t2g
states on both Fe and V. The Fet2g states lie almost entirely
belowEF , whereas the Feeg DOS is split into roughly equa
amounts below and above the pseudogap. For V theeg states

is

FIG. 2. Density of states of Fe2VAl ~bottom panel!, projected
onto theeg ~solid lines! and t2g ~dashed lines! crystal field charac-
ters of the Fe~top panel! and V ~middle panel! atoms. Note that the
Fermi level falls precisely in the minimum, which is shown in mo
detail in Fig. 5.

FIG. 3. Contour plot of the Fe-centered hole carriers~from theG
point valence band maximum! and thee-g–type V-centered elec-
tron carriers~from theX point minimum! in Fe2VAl, plotted in the
~110! plane. Al atoms are centered in the empty regions. The se
rate densities were added to produce this figure. Thet2g-type den-
sity on Fe ~corners, edges, and center of the plot! looks normal
when viewed in a~100! plane, as is normally done.
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PRB 58 6857EXCITONIC CORRELATIONS IN THE INTERMETALLIC . . .
lie entirely above the pseudogap, while thet2g states form
bonding-antibonding complexes separated across the ga
3 eV.

The minimum direct gap of approximately 0.2 eV occu
along the~100! directions nearX. A ‘‘Penn gap’’ between
the occupied and unoccupied DOS’s, which gives a rou
measure of where there is substantial absorption wei
would be at least 2 eV. The susceptibility of this system
discussed below.

B. Gradient corrections and spin-orbit coupling

1. Gradient corrections

The LDA band structure we obtain without gradient co
rections and neglecting spin-orbit coupling is indistinguis
able from that of previous work.7,8 Since the fine details ar
of interest in determining the predicted effective masses
carrier densities, we have calculated the generalized grad
corrections of Perdew and co-workers12 and also included
spin-orbit coupling.13 The resulting bands are those shown
Fig. 1 and an enlargement near the Fermi level is picture
Fig. 4. Gradient corrections lead to a shift of theX point
conduction minimum upward with respect to theG point
band maximum, by 95 meV. This reduces the band ove
~before spin-orbit coupling! from 200 meV to 100 meV and
reduces the number of carriers by roughly (100/200)3/2' 1

3 .

2. Spin-orbit coupling

The result of spin-orbit coupling is to split the triply de
generateG258 band maximum of mostly Fet2g character into
j 5 3

2 and j 5 5
2 levels separated by 56 meV. The lower do

blet leads to a pair of hole pockets whose occupation is
order of magnitude less than that of the remaining h
pocket. The result is that the number of hole carriers is
fected only a little, but the ‘‘degeneracy’’ is lifted and th
Fermi wave vector of the holes is increased by 31/3'1.4.

FIG. 4. Enlargement of the band structure of Fe2VAl near the
Fermi level. The upper panel shows how gradient corrections af
the band overlap~dashed lines show bands before gradient corr
tions are included! by shifting states atX. Both gradient corrections
and spin-orbit coupling are included in the lower panel.
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3. Determination of the Fermi level

To determine the position of the Fermi level, the ho
pocket and the electron ellipsoids atX were fit along high
symmetry directions to small wave vector expansions

«k5«01ak21bk4. ~1!

Since thek4 term is important even though the Fermi ener
is small, effective masses do not describe the dispersion
cisely. We obtain roughlymh* '1.021.1 m for the main
hole pocket andml

* 50.8m and mtr* 50.320.35 m for the
longitudinal and transverse electron masses atX. The band
overlap is 130 meV and compensation determines the Fe
levels of 70 meV for the large hole pocket and 60 meV
electrons ~relative to their respective band edges!. The
DOS’s of the various pockets are shown in Fig. 5.

We finally obtainN(EF)'0.1 states/eV, corresponding t
a bare band specific heat coefficientgb'0.2 mJ/mol K2.
Compared to the extrapolated (T→0) observed value1 of
14 mJ/mol K2, the apparent enhancement factor of the th
mal mass ismth /mb'70. We address this discrepancy
Sec. IV.

4. Mechanical properties and effect of pressure

We calculated the energy for several crystal volume
few percent on either side of the experimental volume. T
lattice constant that minimizes the energy is 0.7% sma
than the experimental value (V/Vobs50.98). A fit to a poly-
nomial gives a bulk modulusB50.49 Mbar. This indicates a
relatively soft lattice, which can be compared to 1.7 Mbar
Fe and 0.7 Mbar for Al.

It will be of interest for future experiments what the effe
of pressure on the band overlap of the semimetallic state
From calculations atV51.025Vobs andV50.95Vobs, which
translates to a pressure difference of 36 kbar, the chang
band overlap is negligible. Hence we predict that the eff
of even substantial pressure on the semimetallic state wil
small.

ct
-

FIG. 5. Relative densities of states of the overlapping ba
very near the Fermi level, from a small wave vector expans
discussed in the text. Two of the hole bands are nearly unoccu
and are neglected in the discussion in the text.
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C. Magnetic tendencies of Fe2VAl

We have checked for a ferromagnetic instability by p
forming fixed spin moment calculations. No such instabil
was found, consistent with the results of Singh and Ma
and also with expectations based on the very small valu
N(EF), which would leave the system far from a Ston
instability. For small forced moments the V moment is p
allel to that on the Fe ion and the energy vs moment curv
parabolic. For total moment greater than 0.3mB , however,
the V moment becomes antiparallel and saturates aro
0.5mB as the Fe moments are driven to 2mB and above. This
behavior is plotted in Fig. 6. In this range the energy
moment curve is linear.

A FM instability involves theqW 50 response of the sys
tem, which is weak due to the very small Fermi surfaces. T
band structure contains a more interesting low energy
sponse at the zone boundary (X point! wave vectorQW 100
5(1,0,0)2p/a, which could encourage an AF instability
This response arises from the intersection of the Fermi
faces when the hole-derived surfaces atG are displaced by
QW 100. We searched for AF ordering of the simple cubic
sublattice, with cubic~rocksalt! ordering of Fe moments. Th
energy increases monotonically with the Fe moment~arising
from the imposed external staggered fieldHst) and no ten-
dency toward instability was found. These results are con
tent with the lack of any observed magnetic order.

D. Characteristics of the semimetallic state

The predicted carrier concentration is 2.931023 carriers
of each sign per formula unit~or one per 350' 73737
primitive cells!. This number is four times smaller than th
reported by Singh and Mazin due to the effect of the gen
alized gradient corrections to LDA, which push the electr
band atX upward and thereby acts to decrease the b
overlap and hence the carrier concentration. Since the e
tron carriers are Veg character, they reside on the V site
that form a fcc lattice. The hole carriers are of primarily

FIG. 6. Behavior of the moments on the Fe atom~solid dots!
and on the V atom~open dots! when fixed spin moment calculation
are carried out. Calculations were actually carried out for mome
above 3mB as well as for the points indicated.
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t2g character and the Fe sites form a sc array of lattice c
stant a/2, on which the holes are an average
(350)1/3(a/2)'20 Å apart.

For qualitative purposes we can think in terms of a m
mh* '1 for holes with 1/700 of sites occupied and massme*
'0.5 of electrons with 1/350 of available sites occupie
Taking the Drude plasma frequencies asVp54pne2/m*
gives\Vp570 meV for the holes and 50 meV for the ele
trons.

E. Importance of the Al site

Singh and Mazin8 have noted that the Alsp orbitals mix
with the transition metald states, with the result that little o
the Al DOS remains in the vicinity of the Fermi level. Sinc
isoelectronic Fe2VGa has properties3,4 similar to those of
Fe2VAl, we have carried out parallel calculations on the G
compound at its lattice constant of 5.776 Å.3,4 The resulting
band structure is very similar. The~primarily Ga! s band
centered 9.3 eV belowEF is 1 eV lower than the Al band in
Fe2VAl, but other differences are smaller. The band over
giving rise to semimetallic character is 230 meV, compa
to 130 meV in the Al compound. As a result, Fermi surfa
sizes and carrier concentrations are correspondingly la
than in Fe2VAl.

To explore further the effect of the Al states, we calc
lated the band structure of the fictitious compound Fe2V in
which the Al atom is simply removed. Since this unit cell h
an odd number of electrons, the electronic structure m
differ qualitatively; it cannot be a paramagnetic semicond
tor or be isomorphic to one~as the Fe2VAl band structure is!.
The resulting band structure is shown in Fig. 7. The diff
ence in the electronic structure is substantial and is m
obvious along theX-W direction.

The combined Fe-Vd bands are considerably narrowe
but corresponding bands can be located throughout the B
louin zone and throughout the valence/conduction band
ergy range. This congruity of the band structures indica
that removal of Al is analogous to removing three valen
electrons from the cell without removing bands~basis states

ts

FIG. 7. Band structure of the fictition compound Fe2V, after the
removal of the Al atom. Thed bands narrow by at least 1.5 eV an
the band topology near the Fermi level rearranges.
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available for occupation!. As a result, there isd→s charge
promotion on both Fe and V as the lowest, primarilys-like,
band changes from largely Al character to totally Fe and
character. The filling of thed bands drops, with an entir
band alongG-X-L becoming unoccupied and two ban
along G-L becoming half empty. Relative band shifts a
also substantial and the resulting change in band topo
leads to the complete disappearance of the pseudogap d
band rearrangements at theW point. Thus the Al atom or a
least its three electrons play a crucial role in determining
electronic behavior of Fe2VAl. The active states at the Ferm
level nevertheless have only a small amount of Al charac
as emphasized by Singh and Mazin.8

F. Doping on the V sublattice

As an indication of the effect of replacing V with
heavier transition metal atom, a virtual crystal calculati
was carried out for the case where the charge on th
nucleus and the number of electrons are increased by
This corresponds roughly to the case of Fe2V1/2Cr1/2Al, or
more roughly to Fe2V5/6Fe1/6Al. The result is a ferrimagnetic
state with a net moment near 0.5mB , i.e., almost equal to the
extra electronic charge in the cell. The band structure, sh
in Fig. 8 in a region near the Fermi level, is severely d
rupted nearEF , not resembling at all a situation in which th
bands are rigidly split in a Stoner fashion. The converge
to a self-consistent solution was very slow, suggesting
the FM state should not be very stable. The net momen
derived from 0.52mB within each Fe sphere and20.45mB
within the V sphere.

We have looked at the same doping level by doing
virtual calculation using the Al site, i.e., treatin
Fe2VAl 1/2Si1/2. Considering the behavior we found in Se
III E, that Al seems to simply dump its electrons into th
system, this virtual crystal calculation may be a very realis
treatment of the Al-Si alloy. The result is very similar

FIG. 8. ~a! Majority and ~b! minority band structures of the
ferromagnetic state of the virtual crystal of Fe2V1/2Cr1/2Al, illustrat-
ing the strong deviation from a simple Stoner splitting of the ba
in this system.
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doping on the V sublattice: The ferrimagnetic moment
again near 0.5mB , with 0.42 on each Fe atom and20.26 on
each V atom. The differences between doping on the V
Al sublattices can be accounted for almost entirely by
lowering of the V-derived electron bands when doping
done on the V site. We will report more of these results a
a study of Fe2VSi elsewhere.

IV. DISCUSSION OF EFFECTS OF INTERACTIONS

A. Excitonic condensate?

The study of semiconducting or semimetallic systems
which the gapEg ~positive or negative! is very small has a
long history, with residual interactions leading to the pos
bility of several exotic phases. A spontaneous condensed
citon phase is possible14 when the gapEg is less than the
exciton binding energyEB

x . The occurrence of the spontan
ous excitonic phase in a narrow gap semiconductor or
density semimetal has been extensively studied and sear
for experimentally, but only a few systems such
TmSe0.45Te0.55 provide reasonable candidates for such
system.15 Specific theoretical predictions are quite sensit
to the size and shape of the electron and hole Fe
surfaces.16 The possibility of an exciton condensate in mo
highly correlated systems such as Kondo insulators has b
suggested by Duan, Arovas, and Sham.17

The classic case of the group V semimetals lies at
extreme, where a one-electron picture works well and
effect of residual interactions is small. Bismuth is a compe
sated semimetal with less than 1025 electron and hole carri-
ers per atom, yet it behaves at low temperature as a stra
forward degenerate metal with observable~but tiny! Fermi
surfaces. An intermediate case is represented by ScN, a r
salt structure semimetal with a LDA band structure ve
much like that of Fe2VAl: a calculated band overlap of 80
meV involving a threefold degenerateG15 hole pocket atG
and electron ellipsoids atX. Monnieret al.18 considered the
additional correlation energy of the electron and hole carr
within the LDA and concluded that ScN remains semimet
lic ~i.e., an electron-hole liquid! with only modestly renor-
malized band overlap and effective masses.

The present case of Fe2VAl has two features not included
in previous models.14,16First, the electrons and holes are we
confined to distinct interpenetrating lattices so that the d
creteness of the lattice may have an effect. Second, there
likely to be strong residual interactions. There will be rep
sive electron-electron and hole-hole interactions, not o
on-site but also intersite due to the weakness of the met
screening. On-site exchange interactions on Fe and V m
lead to magnetic fluctuations, although they should be m
suppressed due to the low value ofN(EF). Then there will
be the attractive electron-hole interactions.

The response is described by the dielectric function«

512 v̂x0 wherev̂ is a mean matrix element of the Coulom
interaction and the noninteracting susceptibility is

x0~qW ,v!52 (
k,n,m

f ~«k,n!2 f ~«k1q,m!

«k1q,m2«k,n2\v
, ~2!

where «k,n is the band energy of bandn and f («) is the
Fermi-Dirac thermal occupation factor. For the band str

s
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ture of Fe2VAl there are three types of contributions at lo
energy\v. For qW→0 there is the usual repulsive intraban
scattering~from holes and electrons separately! that gives
rise to Drude absorption in the optical spectrum. This
sponse corresponds to a Lindhard-like susceptibility fr
both the hole and electron pockets, with Drude plasma e
gies given in Sec. III D. The characteristic Fermi wav
lengths are of the order oflF'12a570 Å.

Second, near theX point whereqW 5QW 100 and equivalent
points there will be lowv response as theG-centered hole
Fermi surface displaced byQW 100 intersects one of the elec
tron ellipsoid Fermi surfaces. Third, there will be lo
energy intervalley scattering of electrons centered atQW 110
5(1,0,0)(2p/a)2(0,21,0)(2p/a) and symmetry-related
vectors. In the fcc latticeQW 110 reduces toQW 100. Thus attrac-
tive electron-hole scattering and intervalley repuls
electron-electron scattering occur at the same reduced w
vectors.

B. Excitonic parameters

The scale factors describing the excitonic system18 de-
pend on the background dielectric constante` for the rigid
lattice in the absence of carriers and on the reduced mam
given by

1

m
5

1

me*
1

1

mh*
, ~3!

where the electron effective massme* is given by

3

me*
5

1

ml

1
2

mtr
~4!

in terms of the longitudinal (ml ) and transverse (mtr)
masses of the electron ellipsoid. For the calculated bands
obtain m' 1

3 m. The density of electron-hole pairs corr
sponds to a~bare; see below! density parameterr s530. The
dielectric constant is difficult to estimate. It involves dipo
matrix elements betweend bands, which vanish in the
atomic limit ~dipole transitions requirep→d or d→ f transi-
tions in this limit!. Moreover, the valence and conductio
bands are dominated by Fe and V, respectively, on two s
rate sublattices, which will tend to reduce matrix elemen
Since the Fe and Vd states retain much of their atom
character in this solid, we do not expect a large value ofe` .

The exciton radiusaB
x , effective RydbergEB

x ~the binding
energy!, and density parameterr s

x are given by18

aB
x 5e`

m

m
aB , ~5!

EB
x 5

1

e`
2

m

m
ER , ~6!

and

r s
x5

aB

aB
x

r s5
1

e`

m

m
r s , ~7!
-

r-
-

ve

e

a-
.

whereER is the Rydberg andaB is the Bohr radius. In Table
I we provide values of these parameters fore`52, 5, 10, and
20. From the band structure and the band character we
pect e` to lie in the lower end of this range. In any cas
however, the exciton radius is large and the resulting eff
tive density parameterr s

x is far from the low density range
where an exciton condensate might be expected. Moreo
the Thomas-Fermi screening length for this density of el
trons~or holes! is still approximately equal to 2 Å, so screen
ing is still a consideration. In any case, a true exciton c
densate would be an insulator, which is not the case for
reported samples~unless the conduction is a result of d
fects!. Thus an exciton condensate is not expected to ar
Moreover, since there is only a factor of 2 difference
masses, a hole Wigner crystal screened by the lighter e
trons also is not a likely scenario. However, an electron-h
plasma of low density (r s530) may have strong dynami
correlations, which we address next.

C. Excitonic correlations

An interaction that will be nearly unscreened in this sy
tem is the attraction between an electron on a V site and a
hole on a neighboring Fe site. The V-Fe separation is o
2.5 Å, and since the density of electrons and holes separa
is in the vicinity ~if e` is small! of that where Wigner crys-
tallization should occur,19 a homogeneous screening appro
mation may have broken down anyway. We suggest tha
Hamiltonian of the form

H5 (
i ,i 8,s

t i ,i 8
e ei ,s

† ei 8,s1 (
j , j 8,s

t j , j 8
h hj ,s

† hj 8,s

2Veh (
^ i , j &,s,s8

ni ,s
e nj ,s8

h
1Ue(

i
ni ,1

e ni ,2
e

1Uh(
j

nj ,1
h nj ,2

h ~8!

includes the important residual interactions. Hereei ,s
† creates

an electron of spins ~equal to1 or 2) on thei th site of the
V sublattice,hj ,s

† creates a hole of spins on thej th site of the
Fe sublattice,ne5e†e, and similarly for the hole occupation
operator. The constantsVeh andUe,Uh represent the corre
sponding interactions confined here to on-site for like p
ticles or nearest neighbors for the electron-hole interact
The hopping amplitudeste and th are determined so as t
reproduce the dispersion seen in Fig. 4. The attractivee-h
attractionVeh might be of the order of

Veh>
e2

e`r NN
e2kTFr NN5

2.5 eV

e`
30.3'150 meV ~9!

TABLE I. Values of the excitonic radiusaB
x , binding energy

EB
x , and density parameterr x

x for representative values ofe` .

e` aB
x /aB EB

x ~meV! r s
x

2 6 1150 5
5 15 180 2
10 30 45 1
20 60 11 0.5
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if e`'5, with the equality being applicable only if Thoma
Fermi screening is applicable. If both dielectric and Thom
Fermi screening are inapplicable due to the short separa
Veh could approach the 1–2 eV range.

Falicov and Kimball20 considered such a model, bu
treated only the case of infinitely heavy holes and neglec
identical particle repulsion. They obtained an anomalo
temperature dependence of the carrier concentrat
Kasuya21 has considered the possibility of Wigner crystal
zation of excitons in a related picture and suggested that
picture might be appropriate for rare earth pnictides such
LaSb. The situation presented by Fe2VAl does not seem to fit
well within either of these pictures.

Since we expect the kinetic energy to be sufficient to
hibit the formation of bound excitons~as discussed in Sec
IV B !, dynamic correlations of excitonic character may
substantial. To account for the observed behavior, the in
actions have to be large enough to keep the system f
simply reverting to a degenerate metal~such as Bi!. Two
effects oppose the formation of coherent propagat
electron-hole pairs: The electrons and holes have diffe
velocities ~although very similar in magnitude! and they
move on inequivalent sublattices. Nevertheless, excito
correlations should occur and grow in strength as the t
perature is lowered. These correlations result in neutral
jects that do not carry current, hence the resistivity sho
increase at low temperature, as observed, as carriers ar
fectively removed in pairs from the conduction proce
Whether the photoemission spectra and the thermal mas
hancement can be obtained will require further treatmen
this model Hamiltonian, which will be presented elsewhe
This Hamiltonian would be expected to show supercond
tivity in its phase diagram as well, although perhaps no
very low density.
U.
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V. SUMMARY

Within the local density approximation, Fe2VAl is found
to be a low density semimetal. It is not unstable toward m
netic ordering, in agreement with observation, although
addition of rather small amounts of carriers produces fer
magnetism, as observed. The Al atom is found to hav
strong but indirect effect on the electronic structure of t
compound. The observed properties, including a heat ca
ity that is 70 times larger than the semimetallic DOS c
account for, indicate that other processes are occurring in
system.

The density of electrons and holes is in the range wh
individual formation of a Wigner crystal is expected an
hence long-range interactions might be expected to be
importance. We have suggested rather that dynamic exci
like short-range correlations~arising from short-range inter
actions! will dominate the observed behavior and account
at least some of the enhancement of the thermal mass an
the upturn in the resistivity at low temperature. We ha
considered the possibility of an exciton condensate gro
state, but for this picture to be viable even for an unreas
ably small background dielectric constant, a conventio
condensate does not seem to be indicated. A two-band,
tended Hubbard model with attractive electron-hole inter
tion has been suggested as a possible model to captur
essential processes, including excitonic correlations.
possibility of inhomogeneous magnetism, as suggested
Singh and Mazin, remains a possibility for accounting f
some of the observed behavior.
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