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Electronic structure of metal CoSi2/insulator CaF2 superlattice
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Electronic structure of metal CoSi2/insulator CaF2 superlattice is studied by the full-potential linearized
augmented plane-wave method, based on the density-functional theory. From the comparison of calculated
total energies for some atomic configurations in the superlattice interface, it is concluded that the Si layer is in
contact with a F layer at the interface. Using this atomic configuration, the band structure and the density of
states are calculated: the band structure of the CoSi2/CaF2 superlattices is quite different from the bulks due to
electron confinement effects, i.e., the subband structure and highly nested hole sheets appear. Also, band
offsets for some energy levels in the superlattice and a transition probability of an electron between two
metallic layers under an electric field are calculated.@S0163-1829~99!08231-4#
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I. INTRODUCTION

Remarkable progress in crystal-growth techniques, e
an epitaxial growth, has brought nanostructure mater
such as superlattice, quantum wire, and quantum dot
tems. In these artificial materials electronic properties
modified by quantum effects such as a carrier confinemen
resonant tunneling and so on. There are many new electr
devices that have been developed. So far, quantum dev
have been studied much in semiconductor heterojunc
systems, but research in metal/insulator superlattice sys
has been performed very little, nevertheless the latter is c
sidered to be suitable for size reduction and high-speed
eration of devices. In metal/insulator superlattice syste
electronic states in a metallic layer become those of a qu
two-dimensional metal, since electrons are confined in
layer by very high potential-barrier of the insulator. By var
ing an well width and a barrier one, not only electronic stru
tures of a multilayer or a superlattice system but also tra
port properties are controlled. Thus, it is a good candidate
a new low-dimensional electron system. Up to now ultrat
multilayer systems with metal/insulator heterostructure h
been obtained in the combination of silicide or oxide co
pounds and metals.1,2 Using the metal/insulator hetero
junction, Asadaet al. fabricated resonant tunneling diode
and transistors and observed a negative differen
resistance.3,4

The electronic structure of these metal/insulator super
tices has not been studied theoretically. Thus, the trans
properties have been estimated on the basis of band s
tures of the bulks. In order to clear electronic and opti
properties in metal/insulator superlattices, the informat
about the electronic structure is necessary. For the electr
structure in superlattice systems the charge transfer betw
a metallic layer and an insulating layer is important and th
effects of charge transfer must be taken into account in
self-consistent calculation of the electronic structure. Incl
ing the effects we perform, in the present work, the calcu
tion of the electronic structure of CoSi2 /CaF2 superlattice
with the use of the full-potential linearized augmented pla
wave ~FLAPW! method, based on the density-function
theory.5
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This paper is organized as follows. In Sec. II, we discu
crystal structures of bulk CoSi2 and CaF2 and CoSi2 /CaF2
superlattices. In Sec. III, the method of the electronic str
ture calculation is briefly presented. In Sec. IV, calculat
results are shown and are discussed. There, the band s
ture and the electronic density of states~DOS! of superlat-
tices are presented and the subband-energy is discussed
the comparison of that of the infinite potential model in t
quantum well. Also, band offsets are calculated and elec
tunneling between metallic layers is discussed. Section V
the summary.

II. CRYSTAL STRUCTURE OF THE SUPERLATTICE

Both bulk CoSi2 and CaF2 have the same crystal struc
tures, i.e., the cubic Fluorite structure (Oh

5). Also their lattice
constants are very close each other, i.e., 5.356 Å for Co2
and 5.462 Å for CaF2.6 A CoSi2 /CaF2 superlattice has bee
accumulated on Si~111! substrates by the epitaxial growt
technique.1 The crystal orientation of the growth direction o
both CoSi2 layer and CaF2 layer is the@111# direction of the
fluorite structure, which was confirmed from the high-ener
electron diffraction patterns of the superlattice. So far ther
not enough available experimental information about all
precise atomic positions, for which we consider as follow
Since the lattice mismatch between CoSi2 and CaF2 is small,
it is natural to assume that both CoSi2 and CaF2 in the su-
perlattice keep the same crystal structure as in the bulk
only the lattice constants are modified. Moreover, both lay
in the present superlattice are very thin and then both lay
presumably have the same lattice constant, whose valu
between 5.356 and 5.462 Å . In the present calculatio
lattice constant of CoSi2 and CaF2 layers in the superlattice
structure is assumed to be the average value of lattice
stants of both bulk crystals, i.e.,a55.409 Å, for simplicity.

A unit cell of the cubic fluorite structure is shown in Fig
1. An open circle shows Co or Ca atom, denoted asM; a
solid circle shows Si or F atom, denoted asX. In the figure,
M atoms occupy lattice points of a hexagonal closed pac
~hcp! structure, and a basal plane of this structure is para
to the ~111! plane of the fluorite structure. The lettersA, B,
and C denote three types of the closest-packed layer of
5561 ©1999 The American Physical Society
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5562 PRB 60KOJI AKAI AND MITSURU MATSUURA
hcp lattice. We define 1layer to be the unit crystal structure
shown in Fig. 1~a!. Thus, it is considered that the cryst
symmetry of the superlattice is hexagonal, and CoSi2-layer
and CaF2-layer are stacked alternately along the@111# axis.
However, there is an ambiguity about the atomic configu
tion at the CoSi2 /CaF2 interface, that is, what kinds of atom
are in contact at the interface. As concerns this, we do
have enough experimental data to present the atomic
figuration. Thus, to clear this point, we calculate the interfa
energy of CoSi2 /CaF2 superlattice for some interface
atomic-configurations by theab initio method. The method is
explained in the next section.

The interface energyES is defined as

ES5~ESL2EB
CoSi22EB

CaF2!/S, ~1!

whereESL is the total energy of the superlattice in a unit c
andEB

( i ) ( i 5CoSi2 ,CaF2) is a total energy of the bulk crys
tal i. The sum of volumes of these crystals CoSi2 and CaF2 is
taken to be equal to a unit-cell volume of the superlatticeS
is an area of an interface of the CoSi2 /CaF2 superlattice in a
unit cell. We choose superlattices, being alternately stac
1-layer CoSi2 and 1-layer CaF2, and calculate the interfac
energy for three different atomic configurations at the int
face, i.e., three different combinations of atomic layers
contact at the superlattice interface: F and Si layers, Co
F layers, and Ca and Si layers. The calculated results
shown in Table I. The lowest interface energy is obtained
the combination of F and Si layers. Thus, we conclude th
F layer and a Si layer are in contact at a CoSi2 /CaF2 inter-
face. In following sections, we calculate and discuss the e
tronic structure of the superlattice with this F/Si interfac
atomic configuration.

III. METHOD AND DETAILS OF CALCULATION

The electronic structure of CoSi2 /CaF2 superlattices is
calculated by theab initio method, i.e., the FLAPW metho

FIG. 1. Cubic fluorite structure (MX2): ~a! A perspective draw-
ing of the atoms associated with a unit cell,~b! a schematic picture
of atomic layers to@111# direction of the fluorite structure.M is Co
or Ca,X is Si or F.

TABLE I. Interface energyEs of the CoSi2 /CaF2 superlattice
for three different interface atomic configurations, i.e., three diff
ent combinations of the atomic layers in contact at the interfac

F/Si Co/F Ca/Si

Es (eV/Å 2) 0.257 0.405 0.353
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based on the density-functional theory.7 The one-particle
eigen-energy«nk and the eigenstateCnk(r) are obtained by
solving the following Kohn-Sham~KS! equation self-
consistently,

F2
\2¹2

2m0
1Vtot~r!GCnk~r!5«nkCnk~r!, ~2!

Vtot~r!5Vi~r!1e2E dV8
r~r8!

ur2r8u
1VXC@r~r!#, ~3!

VXC@r~r!#5
dEXC@r#

dr
, ~4!

r~r!52(
nk

occ.

uCnku2, ~5!

wherem0 is a free-electron mass,Vi(r) is the Coulomb po-
tential of nuclei,Exc@r# is the exchange-correlation energy

The exchange-correlation energy is treated with the g
eral gradient approximation which has been parameter
by Perdewet al.8 The Brillouin-zone~BZ! sampling have
included 14k points in the 1/12 irreducible wedge of the B
to obtain the self-consistent charge densityr(r) in the KS
equation. Thek-space integration to calculate the density
states~DOS! is performed numerically by using 232k points
in the irreducible wedge. An wave-function and a potent
in the interstitial region are expanded by about 2250 pla
waves.

IV. RESULTS AND DISCUSSION

The band structure of CoSi2 /CaF2 superlattices is shown
in Fig. 2: ~a! is of 1-1 type, i.e., 1-layer CoSi2 and 1-layer
CaF2 , ~b! is of 3-1 type, i.e., 3-layer CoSi2 and 1-layer CaF2.
The origin of energy is taken to be the Fermi energy, wh
is shown by the broken lines in the figure. Figure 3 sho
the DOS of CoSi2 /CaF2 superlattices and atom-decompos
densities of states for Ca, F, Co, and Si atom. Each at
decomposed DOSna (a5Ca,F,Co,Si! is the sum of the
DOS, which are characterized by the same kinds of atom
the unit cell and is written as

na~«!5 (
i PL(a)

ni~«!, ~6!

whereL(a) is a set of atomic sites characterized by the sa
kinds of atoma andni(«) is a site-projected DOS at thei th
muffin-tin sphere defined as:

ni~«!5(
nk

wnk
( i )d~«2«nk!, ~7!

wnk
( i )5E

V i

uunk~r!u2dV, ~8!

Cnk~r!5
1

AN
eikrunk~r!, ~9!

-
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whereV i is thei th muffin-tin sphere andN is the total num-
ber of the unit cell in the crystal.Cnk defined in Eq.~2! is a
Bloch function of thenth band atk and thenunk(r) is nor-
malized over a unit cell, i.e.,*Vuunku2dV51 (V: a unit cell!.
For the purpose of the comparison the DOS of bulk Co2
and bulk CaF2 are shown in Figs. 4~a! and 4~b!, respectively:
the present result for bulk CoSi2 in Fig. 4~a! agrees with that
in the calculation of Ref. 9.

From Figs. 2–4 main features of the electronic struct
can be understood as follows. The band structure of the
perlattice originates from metallic CoSi2 and insulating CaF2
bands. The metallic layer CoSi2 keeps the metallic characte
and the insulating layer CaF2 the insulating one. In the fol-
lowing, we explain this character in more details.

Metallic CoSi2-like states: The bottom of the conduction
band is near -13 eV. In this energy region conduction ba
are parabolic in thekx-ky plane. These bands are main
composed from the bonding 3sp orbitals of Si atom, which
are very wide and Fermi-level-crossing bands in the b
CoSi2. The 3d bands of Co atom locate around22 eV,
which are narrow and anisotropic. These bands correspon
eg-like bands of Co in fcc bulk CoSi2: as the Co site in bulk

FIG. 2. Band structure of CoSi2 /CaF2 superlattices:~a! 1-1
type, ~b! 3-1 type. The broken line denotes the Fermi energy.
i
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CoSi2 has cubic symmetry, 3d states of Co atom split into
two type states by the ligand field. Othert2g-like bands of Co
are hybridized with 3sp orbitals of Si, which become bond
ing and antibonding wide bands. At theG point, theset2g
states lie about24 and 3 eV.

InsulatingCaF2-like states: Bulk CaF2 is an ionic crystal,
and 2p states of anion F2 are fully occupied and 4s states of
cation Ca21 are empty. Then bands originated from the
states are narrow and the wide-energy gap exist in the b
because of the small overlapping of wave functions betw
F2 and Ca21. In superlattice systems 2p bands of F atom are
below the bondingt2g bands of Co atom and lie around25
eV. The width of their 2p bands is about 2.5 eV, which is th
same as the bulk value. The empty 4s and 3d bands of Ca
appear around 5 eV.

It should be stressed that there is some hybridization
fect of the CoSi2 and CaF2 electronic bands. In the energ
regions between26 and 24 eV and between 5 and 7 eV
both CoSi2 and CaF2 electronic states exist. Then the hybri
ization occurs and yields the characteristic energy disper
in theG-A direction as seen in Fig. 2, because an electron
insulating layers can move between the layers via the Co2
states. Then the character of these states reflect mainly
insulating CaF2 states, which can be shown from the beha
ior of the wave-function amplitude. On the other hand, in t
other energy region where there are only the CoSi2-like
states, these states receive the strong confinement e
which brings the almost no dispersion in theG-A direction.
This confinement effect is discussd in more details in
following section.

A. Subband structure

One of the characteristic features in superlattice syste
is confinement of an electron in metallic layers. The effe
causes a subband structure in the electronic states. By c
paring Fig. 3 with Fig. 4, the confinement effects are clea
shown; in the energy region between24 and 4 eV, many
spikelike structures appear in the DOS of the supperlat
systems and with increasing width of metallic layers the
velop configuration of DOS approaches the DOS of b
CoSi2. Moreover, in the low energy below28 eV many
parabolic bands of the 3sp orbital of Si appear in Fig. 2 and
the stairlike structure of the DOS appears at the same en
region in Fig. 3.

In the low-energy region, we can calculate the ene
structure due to the confinement effect with a simple mod
In Fig. 3 the solid diamonds denote subband levels at thG
point, which are calculated from the one-dimensional perf
confinement model of an electron, i.e., the quantum w
model with the infinite potential barrier; the Schro¨dinger
equation is written as

F pz
2

2m
1Vconf~z!Gcn~z!5Encn~z!, ~10!

whereVconf(z) denotes the perfect confinement of an ele
tron in the well with widthW, m is a band mass. Then th
nth subband energy is obtained from«n5(\pn/W)2/2m.
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FIG. 3. The total and atomic-decomposed densities of states of the CoSi2 /CaF2 superlattice:~a! 1-1 type,~b! 3-1 type. Solid diamonds
denote the subband energy atG, which is estimated by the one-dimensional perfect confinement model. The Fermi energy is taken t
eV.
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In the calculation, we fix the band mass valuem of the
CoSi2 1.6m0. The value is calculated from theAE-type
DOS near the bottom of the conduction band in the b
CoSi2 by the presentab initio calculation. The well width is
determined to reproduce the energy difference (D«) between
the first and the second parabolic bands of CoSi2 /CaF2 su-
perlattices atG, in other words the energy differences of th
k

first and the second kink positions of the stairlike DOS
Fig. 3. ThenW5\pA3/2mD«. The determined well width
are 0.9 layer in the 1-1 type superlattice and 2.4 layer in
3-1 type. As shown in Fig. 3, in the low-energy region ne
the bottom of the parabolic band the calculated energy
some confinement states agrees well with positions of s
like steps of the DOS, but for higher energy states the ag
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PRB 60 5565ELECTRONIC STRUCTURE OF METAL . . .
ment is poor. Thus, the simple effective mass approach u
to discuss confined electronic states is questionable in
higher energy region.

B. Fermi surface

An interesting feature of CoSi2 /CaF2 superlattices is me
tallic properties, appearing in CoSi2 layer. Since a metallic
CoSi2 layer is sandwiched between insulating CaF2 layers,
an electron transfers among interlayers by tunneling. Me
lic intralayer properties are characterized by Fermi surf
structure. The Fermi surface is very complex by the subb
structure of the superlattice due to the electron confinem
In order to help the discussion on the Fermi surface of
superlattice, we calculate the electronic structure for Co2
bulk with the hcp lattice instead of that of the fcc lattic
Results of the band structure near the Fermi level and
cross section of the Fermi sphere with thekz50 plane of the
bulk CoSi2 are shown in Fig. 5. Then bands of the fcc bu
are kept in the first BZ of the hcp lattice. In the bulk sev

FIG. 4. The DOS of bulk systems:~a! CoSi2 (a55.356 Å! and
~b! CaF2 (a55.462 Å!.
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bands cross the Fermi level as shown in Fig. 5~a!, and all
their bands bring hole pockets. In Fig. 5~b!, Fermi surfaces
of these bands are shown. In Figs. 6~a! and 6~b!, the cross
section of Fermi surfaces in 1-1 type and 3-1 type of sup
lattices are shown, respectively. A stereoscopic picture of
Fermi surface is easily obtained: the shape of the Fermi
face is cylindrical along thekz axis, because the band stru
ture between theG and theA points is flat near the Ferm
energy. In Fig. 6, Fermi surfaces are decomposed into
types: the surface of hole pockets atG and one atK. The hole
pockets, centered at theG point, are made by many subband
due to an electron confinement and correspond to the Fe
holes in the bulk. The other type ones atK do not exist in the
bulk CoSi2 as seen in Fig. 5b, though Fermi surfaces in
bulk expand along theG-K line due to the hybridization of
3d band of Co. Thus these Fermi holes arise to separate f
the large holes atG, due to the modification of bands by th
superlattice effect.

C. Energy gap

In the present superlattice system the energy gap fo
insulating layer can be introduced. Figure 7 shows the s

FIG. 5. Band structure~a! and cross section of Fermi sphere
with thekz50 plane~b! in the bulk CoSi2 with the primitive cell of
the hcp lattice. In this band structure seven bands cross Fermi l
which are shown the numbers from 1 to 7.
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5566 PRB 60KOJI AKAI AND MITSURU MATSUURA
projected DOS, defined in Eq.~7!, for 1-1 type at the Ca and
the F sites, which are the nearest and the second nea
atomic sites from the center of an insulating layer, resp
tively. The site-projected DOS for 3-1 type is quite similar
that for 1-1 type. From the results the energy gaps of in
lating CaF2 layer in CoSi2 /CaF2 superlattices are obtaine
as 7.9 eV for 1-1 type and 7.6 eV for 3-1 type. These val
are compared with the calculated gap, 7.8 eV, in bulk C2

FIG. 6. Cross section of Fermi spheres with thekz50 plane:~a!
the CoSi2 /CaF2 superlattice of 1-1 type,~b! 3-1 type.

FIG. 7. The site projected densities of states of the 1-1 t
CoSi2 /CaF2 superlattice, which is defined in Eq.~7!.
st-
c-

-

s

by the present method. In general, the electronic structur
a superlattice is modified by the electron confinement and
hybridization of energy levels near the interface. But the
ergy gap of insulating layers in CoSi2 /CaF2 superlattices
does not change much by the modification. The resul
consistent with the electronic structure of the bulk Ca2
whose conduction bands and valence bands are narrow: t
narrow bands yield the small modification of the band g
and the small charge transfer near interfaces.

The magnitude of the band gap from the self-consist
electronic structure calculation is rather small compared
the experimental value. From the far-ultraviolet reflectan
spectra of bulk CaF2 crystals, the band gap has been obtain
as 12.1 eV.10 The disagreement between the theory and
experiment arises from over-screening for a conduction e
tron in semiconductors or insulators with the usual dens
functional method, which can be improved by the inclusi
by the self-interaction effects.11 As the screening effects fo
an conduction electron in a CaF2 layer by electrons in me-
tallic layers is small, the calculated band gap without t
self-interaction effects is not improved for th
metal/insulator superlattice.

D. Band offset

Band offsets of semiconductor superlattices have b
calculated by theab initio pseudopotential method, based o
the density-functional theory.12 We calculate band offsets in
the present system, following the method in Ref. 12. T
band offsetD«mn

AB of A/B superlattices is defined as

D«mn
AB5«m

A2«n
B2V̄A

bulk1V̄A
SL1V̄B

bulk2V̄B
SL , ~11!

where«m
A and«n

B are the eigenenergies of themth state with

A layer and of thenth state withB layer, respectively.V̄A
SL

and V̄B
SL are the averaged total-potential given in Eq.~3!.

These potential averages are carried out over a unit cell
fined by theA crystal structure or theB crystal structure.
These unit cells are taken apart from an interface in orde
avoid effects by the charge transfer near the interface.V̄A

bulk

andV̄B
bulk are the averaged total potential for the bulksA and

B, respectively. Crystal parameters of these bulks are
same as structures of theA-layer part and theB-layer part in
the A/B superlattice.

The total potential is singular near nuclear positions. B
the differenceDV5VSL2Vbulk does not have singular par
as the potential difference is caused mainly by charge tra
fer near an interface and difference of the Madelung pot
tial. To make the calculation easier, we use more slow
varying-potentialVp , defined below, instead of the total po
tential. In the FLAPW method, the potential is expanded
lattice harmonicses in muffin-tin spheres and by a Fou
series in the interstitial region. The series is obtained fr
the electron density in the region. In the interstitial regi
Vp(r) can be written as

Vp~r!5
1

AV
(

G<Kmax

C~G!eiG•r, ~12!

where C(G) denotes the Fourier coefficients andV is the
volume of the system;G and Kmax denote the reciproca

e



ns

th

e,
ul
e
re
n
o

es

n
S
he

be-
in
are

ring
s-

x-

-

in

g

n a
ure
nt

n

e
yp

nce

PRB 60 5567ELECTRONIC STRUCTURE OF METAL . . .
lattice vector and the plane-wave cut off for wave functio
respectively. In the present caseKmax

21 is chosen to be 0.146
Å . Vs(r)„[Vtot(r)2Vp(r)… including the singular part of a
core potential is expanded by the Fourier series with
reciprocal lattice vectoruGu*Kmax, approximately. Thus, as
the difference of the total potentialVtot(r) for superlattice
and bulk is slowly varying, the difference ofVtot(r) can be
calculated from the difference ofVp(r)

VSL~r!2Vbulk~r!5
1

AV
(

G<Kmax

D~G!eiG•r, ~13!

5Vp
SL~r!2Vp

bulk~r!. ~14!

Figure 8 shows the potentialV̄p(z) defined as:

V̄p~z!5
1

SE E
D(z)

Vp~r!dxdy, ~15!

where the planeD(z) is parallel to the superlattice interfac
S is an area of the interface of the superlattice. The calc
tion has been performed in the 2-2 type superlattice wh
both widths of a metallic layer and an insulating layer a
18.7 Å and thus at the center of each layer the electro
structure of the superlattice become the similar structure
bulks. From Fig. 8, we obtain the potential differenc
DVCoSi2

and DVCaF2
as 0.21 and20.20 Ry, respectively.

Then the band diagram of the CoSi2 /CaF2 superlattice is
obtained and is shown in Fig. 9. As seen in Fig. 9 the ba
offset between the bottom of the conduction band of Co2
and of CaF2 is 21.5 eV and the band offset between t
bottom of the conduction band of CoSi2 and the bottom of
the valence band of CaF2 is 6.8 eV. In the calculation the
experimental band gap 12.1 eV for CaF2 has been used.

FIG. 8. Potential of the CoSi2 /CaF2 superlattice averaged in th
plane parallel to the interface. The solid line denotes the 2-2 t
superlattice, the broken lines are the potential of the CoSi2 bulk and
of the CaF2 bulk.
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E. Electron tunneling

We briefly discuss transport properties of electrons
tween metallic layers through an insulator layer. As seen
the band diagram near the Fermi energy, electronic states
occupied by the only electrons in metallic CoSi2 layers and
no electronic states are present in insulating CaF2 layers.
Thus the transition rate of an electron between neighbo
metallic layers can be calculated from the following expre
sion with use of the present band calculation:

w~V!52putu2G~V!, ~16!

G~V!5E dv(
n,ki

d~v2eV2«nki

A !

3 (
n8,k8i

d~v2«n8k8i

B
!•d~ki2k8i!

3@ f ~«nki

A !2 f ~«n8k8i

B
!#, ~17!

wheret is a transfer integral between interlayers. In this e
pression, we neglect dependence of band indicesn,n8 and
wave numberski ,ki8 for t, for simplicity. f («) is the Fermi
distribution function,ki is parallel to the heterojunction in
terface.V is the voltage difference between metallic layersA
andB. For V.0, the electrons are transferred fromA to B,
and vice versa forV,0. Then as the state number with
EF2eV,«nki

A ,EF or EF,«n8k8i

B
,EF1eV increases with

increasingV, the tunneling current though the insulatin
layer tends to increase withV; EF is the Fermi energy. Ex-
actly speaking, the behavior of the current depends o
shape of the DOS near Fermi level in metallic layers. Fig
10 shows uG(V)u at zero temperature for three differe
cases:~a! both metallic layers are 1 layer,~b! metallicA layer
is 1 layer and metallicB layer is 3 layers;~c! A andB are 2
layer and 2 layer, respectively. AboutV dependence ofG(V)
we can roughly divide two regions. First, in the regio

e
FIG. 9. Energy diagram of the CoSi2 /CaF2 superlattice. A

thick-solid line denotes the bottom of the conduction or the vale
bands and a dotted line denotes the top of the valence band.
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uVu&1, G(V) has a broad peak and the value is small. S
ond, in the regionuVu*1, G(V) increases withuVu. TheseV
dependences are consistent with the DOS of the superla
As seen in Fig. 3 the Fermi level locates in the high-ene
side of the peak due to the 3d bands, then until about 1 eV
above the Fermi level the DOS decreases monotonously
above about 1 eV the DOS increases. Thus foruVu&1 an
electron transfers from low energy states ofA(B)-layer be-
low the Fermi level to high-energy states with the low DO
of B(A) layer: then increase ofuG(V)u for the increase of
uVu is suppressed. On the other hand foruVu*1 there occurs
the large tunneling due to the electron transition from
peak of 3d bands to other upper band with the high DO
We think these properties will be observed by measurem
of the electrical conductivity.

F. Other discussion

Here we discuss the charge transfer in the superlat
Figure 11 shows the charge difference between the supe
tice and each bulk lattice, which is averaged in the pla
parallel to the interface. The charge density of valence e
trons is obtained self consistently by the FLAPW metho
The charge density in the superlattice is modified in the
gion of ;0.2 layer of the CaF2 layer and;0.5 layer of the
CoSi2 layer near the interface. In the modified region ele
trons are removed from CoSi2 layers to CaF2 layers, and the
interface is the ohmic contact.

Finally, we discuss the effects on the electronic states
to the choice of the lattice constant. In the present paper
have performed the calculation by using the same lattice c
stanta55.409 Å for both layers, being the average value
the bulks CoSi2 and CaF2. However, in real superlattice sys
tems the electronic structure may be modified from
present results, because the lattice constant of the laye

FIG. 10. uG(v)u, which is proportional to the transfer rate of a
electron between metallic layers through the insulating layer:~a!
both width of metallic layers are 1 layer,~b! 1 layer and 3 layers,~c!
2 layers and 2 layers. The inset is a schematic picture of me
insulator/metal-junction under the electric field.
-
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real superlattices may differ from this simple averaged val
The effect to the electronic structure is estimated by cal
lating the band structure for the two limiting cases:a
55.356 Å ~bulk CoSi2) and a55.462 Å ~bulk CaF2). The
results are very simple: the bandwidth becomes wide or n
row due to the change of the overlapping of wave function
interatomic region for the larger or smaller lattice consta
Then the typical bandwidthsDD512.67, 12.50, and 12.24
eV are obtained for a55.356, 5.409, and 5.462, respectivel
whereDD is the energy difference between the bottom of t
bondingsp-Si band and the Fermi energy. Since the ban
width changes slightly due to the change of the lattice c
stants, the electronic structure is modified more slightly, e
band offsets shown in Fig. 9 receive only very small corre
tion that is of the order of 0.1 eV or less. Thus the pres
main results are considered to be valid even when the a
rate atomic position in the superlattice is known.

V. SUMMARY

We have calculated the electronic structure
CoSi2 /CaF2 superlattices by the FLAPW method based
the density-functional theory. By computing the total ener
for several types of the atomic configuration at the interfa
it has been concluded that Si layer and F layer are in con
at the CoSi2 /CaF2 superlattice interface. Based on the det
mined interface structure, the band structure and the den
of states for the superlattice were calculated. In CoSi2 /CaF2
superlattice system typical subband structure appears du
an electron confinement within the metallic layer: the lo
parabolic band with 3sp character of Si yields many state
with the subband structure. There the free electron confi
ment picture works well. In the region near the Fermi lev
this picture does not be held, because narrow 3d bands lie in
the region and hybridize with parabolicsp bands. However,
electrons are confined in metallic layers, since CaF2 layers
yield wide-energy gap around Fermi level. In actually, t
dispersion of an electron is very small along thekz axis; the

l/

FIG. 11. Planar average of the charge difference between
superlattice and each bulk crystal. The broken line denotes the
terface of the CoSi2 /CaF2 superlattice.
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energy difference between theG and theA points is of the
order of 0.1 meV for the bands near the Fermi energy, w
the insulating-CaF2 layer is 1 layer, and the Fermi surface
are cylindrical. As a whole, effects of the subband struct
da

to

nd

ho
n

e

appear in the DOS of the superlattices clearly; there are s
like structures of the DOS near the bottom of the conduct
band and many sharp peaks corresponding to Van Hove
gularities in subbands arise near the Fermi energy.
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