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Electronic structure of metal CoSk/insulator CaF, superlattice
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Electronic structure of metal Codinsulator Cak 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 wih 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 £L88F, 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 calcula{&80163-18289)08231-4

[. INTRODUCTION This paper is organized as follows. In Sec. I, we discuss
crystal structures of bulk Cogiand Cak and CoSj/Cak,
Remarkable progress in crystal-growth techniques, e.gsuperlattices. In Sec. Ill, the method of the electronic struc-
an epitaxial growth, has brought nanostructure materialgure calculation is briefly presented. In Sec. IV, calculated
such as superlattice, quantum wire, and quantum dot sy$esults are shown and are discussed. There, the band struc-
tems. In these artificial materials electronic properties ardure and the electronic density of stal@oOS) of superlat-
modified by quantum effects such as a carrier confinement, #ces are presented and the subband-energy is discussed with
resonant tunneling and so on. There are many new electronfBe comparison of that of the infinite potential model in the
devices that have been developed. So far, quantum devic&gantum well. Also, band offsets are calculated and electron
have been studied much in semiconductor heterojunctiofnneling between metallic layers is discussed. Section V is
systems, but research in metal/insulator superlattice systende summary.
has been performed very little, nevertheless the latter is con-
sidered to be suitable for size reduction and high-speed op- ||. CRYSTAL STRUCTURE OF THE SUPERLATTICE
eration of devices. In metal/insulator superlattice systems
electronic states in a metallic layer become those of a quasi- Both bulk CoSj and Cak have the same crystal struc-
two-dimensional metal, since electrons are confined in théures, i.e., the cubic Fluorite structur®y). Also their lattice
layer by very high potential-barrier of the insulator. By vary- constants are very close each other, i.e., 5.356 A for £oSi
ing an well width and a barrier one, not only electronic struc-and 5.462 A for Caf:° A CoSi,/CaF, superlattice has been
tures of a multilayer or a superlattice system but also transaccumulated on §i11) substrates by the epitaxial growth
port properties are controlled. Thus, it is a good candidate fotechnique’ The crystal orientation of the growth direction of
a new low-dimensional electron system. Up to now ultrathinboth CoS;j layer and Caf layer is the[111] direction of the
multilayer systems with metal/insulator heterostructure havéluorite structure, which was confirmed from the high-energy
been obtained in the combination of silicide or oxide com-electron diffraction patterns of the superlattice. So far there is
pounds and metalfs® Using the metallinsulator hetero- not enough available experimental information about all the
junction, Asadaet al. fabricated resonant tunneling diodes precise atomic positions, for which we consider as follows.
and transistors and observed a negative differentiaBince the lattice mismatch between Co&nd Cak is small,
resistancé:* it is natural to assume that both Ce%ind Cak in the su-
The electronic structure of these metal/insulator superlatperlattice keep the same crystal structure as in the bulk and
tices has not been studied theoretically. Thus, the transpoenly the lattice constants are modified. Moreover, both layers
properties have been estimated on the basis of band struitt the present superlattice are very thin and then both layers
tures of the bulks. In order to clear electronic and opticalpresumably have the same lattice constant, whose value is
properties in metal/insulator superlattices, the informatiorbetween 5.356 and 5.462 A . In the present calculation a
about the electronic structure is necessary. For the electronlattice constant of Cogiand Cak layers in the superlattice
structure in superlattice systems the charge transfer betwestructure is assumed to be the average value of lattice con-
a metallic layer and an insulating layer is important and therstants of both bulk crystals, i.ea=5.409 A, for simplicity.
effects of charge transfer must be taken into account in the A unit cell of the cubic fluorite structure is shown in Fig.
self-consistent calculation of the electronic structure. Includ-L. An open circle shows Co or Ca atom, denotedvhsa
ing the effects we perform, in the present work, the calculasolid circle shows Si or F atom, denoted>asin the figure,
tion of the electronic structure of Cg3iCaF, superlattice M atoms occupy lattice points of a hexagonal closed packed
with the use of the full-potential linearized augmented plane{hcp) structure, and a basal plane of this structure is parallel
wave (FLAPW) method, based on the density-functional to the (111) plane of the fluorite structure. The letteks B,
theory® and C denote three types of the closest-packed layer of the
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based on the density-functional thedrythe one-particle
ppy M X eigen-energy,, and the eigenstaté . (r) are obtained by
solving the following Kohn-Sham(KS) equation self-

------------------ B ietentl
__________________ A consistently,
2y2
""" C “ B [_ 2m, +Vtot(r)}q,nk(r): enk W ni(r), (2
.................. A
................... C
A (r')
_ 2 ’ P
Viel(1) = Vi(r) +e J dv ' +Vxclp(N]l, (3
FIG. 1. Cubic fluorite structurelM X,): (a) A perspective draw-
ing of the atoms associated with a unit céfl) a schematic picture SE
of atomic layers td111] direction of the fluorite structuréd is Co Vyclp(r)]= xclp] (4)
or Ca,X is Si or F. ép
hcp lattice. We define layerto be the unit crystal structure, oce.
shown in Fig. 1a). Thus, it is considered that the crystal p(l’)=2§|:, | 2, (5)
n

symmetry of the superlattice is hexagonal, and Gd&ier

and Cap-layer are stacked alternately along fid.1] axis.  \yherem, is a free-electron mas¥,(r) is the Coulomb po-
However, there is an ambiguity about the atomic configurasenia| of nuclei,E, [ p] is the exchange-correlation energy.
tion at the CoSi/CaF,; interface, that is, what kinds of atoms The exchange-correlation energy is treated with the gen-

are in contact at the interface. As concerns this, we do nol 5| gradient approximation which has been parameterized
have enough experimental data to present the atomic COy perdewet al The Brillouin-zone(BZ) sampling have
figuration. Thus, to clear this point, we calculate the interfacg, | ,ded 14k points in the 1/12 irreducible wedge of the BZ

energy of .Coszi/.Can super'la.tt'ice for some interfacg- to obtain the self-consistent charge dengify) in the KS
atomic-configurations by theb initio method. The method is g ,ation. Thek-space integration to calculate the density of

explained in the next section. statesDOS) is ; : -
) . , performed numerically by using 2¥2points
The interface energls is defined as in the irreducible wedge. An wave-function and a potential
in the interstitial region are expanded by about 2250 plane

CoSi C
Es=(Es—Eg " "—Eg /S, D waves.

whereEg, is the total energy of the superlattice in a unit cell
andEY) (i=CoSi,Cah) is a total energy of the bulk crys- IV. RESULTS AND DISCUSSION
tali. The sum of volumes of these crystals Co&id Cak is
taken to be equal to a unit-cell volume of the superlatiie.
is an area of an interface of the Cge8CaF, superlattice in a

unit cell. We choose superlattices, being alternately stacke he origin of energy is taken to be the Fermi energy, which

1-layer CoSJ and _1-Iayer Caj; _and cglculatg the interfgce is shown by the broken lines in the figure. Figure 3 shows
energy for three different atomic configurations at the inter-

f . th diff ¢ binafi f atomic | " the DOS of CoSi/CaF, superlattices and atom-decomposed
ace, 1.e., three difierent combinations of atomic 1ayers Nyengities of states for Ca, F, Co, and Si atom. Each atom-
contact at the superlattice interface: F and Si layers, Co an

. ecomposed DOS, (a=Ca,F,Co0,Si is the sum of the
F Iayer;, and Ca and Si Iayprs. The calculqted regults a60s, which are characterized by the same kinds of atoms in
shown in Table I. The lowest interface energy is obtained fo

S ; he unit cell and is written
the combination of F and Si layers. Thus, we conclude thatrzge unit cell and is written as

F layer and a Si layer are in contact at a GdSiaF, inter-
face. In following sections, we calculate and discuss the elec- n(e)= > ni(e), (6)
tronic structure of the superlattice with this F/Si interface- ieA(a)

atomic configuration.

The band structure of CogSiCaF, superlattices is shown
in Fig. 2: (a) is of 1-1 type, i.e., 1-layer Cogiand 1-layer
ak, , (b) is of 3-1 type, i.e., 3-layer Cogand 1-layer Caj

whereA (a) is a set of atomic sites characterized by the same

kinds of atoma andn;(¢g) is a site-projected DOS at théh
Ill. METHOD AND DETAILS OF CALCULATION muffin-tin sphere defined as:

The electronic structure of CoSiCaF, superlattices is
calculated by theb initio method, i.e., the FLAPW method ni(e)=2> wid(e—eny), 7)
nk

TABLE I. Interface energyE, of the CoSj/CaF, superlattice

for three different interface atomic configurations, i.e., three differ- )
ent combinations of the atomic layers in contact at the interface. W,(1'|2= fﬂ |unk(r)|2dV, (8)
i
F/Si ColF Ca/Si
1
Es (eVIA?) 0.257 0.405 0.353 W)= —=e*u, (1), (9)

VN
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10 CoSh, has cubic symmetry, @ states of Co atom split into
a) two type states by the ligand field. Othgg-like bands of Co
are hybridized with 3p orbitals of Si, which become bond-
5 ing and antibonding wide bands. At tie point, theset,,
— states lie about-4 and 3 eV.
= —a I Insulating CaF-like states Bulk CaF, is an ionic crystal,
0 — —[= and 2p states of anion F are fully occupied and gistates of
cation C&" are empty. Then bands originated from these
states are narrow and the wide-energy gap exist in the bulk
-5 because of the small overlapping of wave functions between
T — F~ and C&". In superlattice systemgai2bands of F atom are
below the bondind,, bands of Co atom and lie aroureb
eV. The width of their  bands is about 2.5 eV, which is the
\ same as the bulk value. The empty dnd 3 bands of Ca
appear around 5 eV.
.15 It should be stressed that there is some hybridization ef-
r M K A fect of the CoSi and Cak electronic bands. In the energy
regions between-6 and —4 eV and between 5 and 7 eV
both CoSj and Cak electronic states exist. Then the hybrid-
b) ization occurs and yields the characteristic energy dispersion
in theI'-A direction as seen in Fig. 2, because an electron in
insulating layers can move between the layers via the £oSi
states. Then the character of these states reflect mainly the

Energy(eV)

5\ insulating Cak states, which can be shown from the behav-
Q 0 e ior of the wave-function amplitude. On the other hand, in the
o>13 other energy region where there are only the Gdige
5 states, these states receive the strong confinement effect,
LT‘-:I -5 which brings the almost no dispersion in theA direction.
This confinement effect is discussd in more details in the
following section.
-10 =
A. Subband structure
-15 One of the characteristic features in superlattice systems

r M K r'A is confinement of an electron in metallic layers. The effect
causes a subband structure in the electronic states. By com-
paring Fig. 3 with Fig. 4, the confinement effects are clearly
shown; in the energy region betweer4 and 4 eV, many

) . o ) spikelike structures appear in the DOS of the supperlattice
where(); is thelth r_nuffm—tln sphere ant_ﬂ is t_he total NUM- systems and with increasing width of metallic layers the en-
ber of the unit cell in the crystalV,, defined in Eq(2) is a velop configuration of DOS approaches the DOS of bulk
Bloc_:h function of _thenth_band aﬂ<2and thenu,.(r) i_s nor-  cosj. Moreover, in the low energy below-8 eV many
malized over a unit cell, i.efq|unl“dV=1 (Q: aunitcel). parabolic bands of thesd orbital of Si appear in Fig. 2 and
For the purpose of the comparison the DOS of bulk GOSi {he stairlike structure of the DOS appears at the same energy
and bulk Cak are shown in Figs. @) and 4b), respectively: region in Fig. 3.

Fhe present re§ult for bulk CoSin Fig. 4(a) agrees with that In the low-energy region, we can calculate the energy
in the calc_ulat|on of Re_f. 9. ) structure due to the confinement effect with a simple model.
From Figs. 2—4 main features of the electronic structurgp, Fig. 3 the solid diamonds denote subband levels af’the
can be understood as follows. The band structure of the Suspint, which are calculated from the one-dimensional perfect
perlattice originates from metallic CgSand insulating Ca~  confinement model of an electron, i.e., the quantum well

bands. The metallic layer CoSkeeps the metallic character model with the infinite potential barrier; the ScHinger
and the insulating layer CaRhe insulating one. In the fol- equation is written as
lowing, we explain this character in more details.
Metallic CoSk-like states The bottom of the conduction
band is near -13 eV. In this energy region conduction bands [ 2

FIG. 2. Band structure of CosfiCaF, superlattices:(a) 1-1
type, (b) 3-1 type. The broken line denotes the Fermi energy.

are parabolic in thek,-k, plane. These bands are mainly %+Vcon{2) n(2)=Enin(2), (10
composed from the bondings® orbitals of Si atom, which

are very wide and Fermi-level-crossing bands in the bulk

CoSi. The A bands of Co atom locate around2 eV, whereV,.{(z) denotes the perfect confinement of an elec-
which are narrow and anisotropic. These bands correspond toon in the well with widthW, m is a band mass. Then the

eg-like bands of Co in fcc bulk Cogi as the Co site in bulk  nth subband energy is obtained fram= (% wn/W)2/2m.
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FIG. 3. The total and atomic-decomposed densities of states of the {z®, superlattice(a) 1-1 type,(b) 3-1 type. Solid diamonds
denote the subband energylatwhich is estimated by the one-dimensional perfect confinement model. The Fermi energy is taken to be 0
ev.

In the calculation, we fix the band mass valmeof the  first and the second kink positions of the stairlike DOS in
CoSi, 1.6m,. The value is calculated from thgE-type Fig. 3. ThenW=#73/2mAe. The determined well width
DOS near the bottom of the conduction band in the bulkare 0.9 layer in the 1-1 type superlattice and 2.4 layer in the
CoSi, by the presenab initio calculation. The well width is  3-1 type. As shown in Fig. 3, in the low-energy region near
determined to reproduce the energy differente ) between the bottom of the parabolic band the calculated energy of
the first and the second parabolic bands of G6GaF, su- some confinement states agrees well with positions of stair-
perlattices al’, in other words the energy differences of the like steps of the DOS, but for higher energy states the agree-
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: FIG. 5. Band structuréa) and cross section of Fermi spheres
I Lr/ with thek,=0 plane(b) in the bulk CoSj with the primitive cell of
| the hcp lattice. In this band structure seven bands cross Fermi level,
0 ) . L P B .
-5 0 5 10 15 which are shown the numbers from 1 to 7.

Energy(eV)
bands cross the Fermi level as shown in Fi¢g)5and all
FIG. 4. The DOS of bulk system&) CoSj, (a=5.356 A and  their bands bring hole pockets. In Figlb Fermi surfaces
(b) CaR, (a=5.462 A). of these bands are shown. In Figga)eand b), the cross
) ) ) section of Fermi surfaces in 1-1 type and 3-1 type of super-
ment is poor. Thus, the simple effective mass approach usqdyices are shown, respectively. A stereoscopic picture of the
to discuss confined electronic states is questionable in theami surface is easily obtained: the shape of the Fermi sur-

higher energy region. face is cylindrical along th&, axis, because the band struc-
ture between thé' and theA points is flat near the Fermi
B. Fermi surface energy. In Fig. 6, Fermi surfaces are decomposed into two

types: the surface of hole pocketdaand one aK. The hole
pockets, centered at thepoint, are made by many subbands

CoSi, layer is sandwiched between insulating Gd&yers due to an electron confinement and correspond to the Fermi
an electron transfers among interlayers by tunneling. Metalho:iS in the bulk. The other typehoneﬁ@do not eXf'St in the N
lic intralayer properties are characterized by Fermi surfac@Uk COSt as seen in Fig. 5b, though Fermi surfaces in the
structure. The Fermi surface is very complex by the subban§ulk expand along th&'-K line due to the hybridization of

structure of the superlattice due to the electron confinemengd Pand of Co. Thus these Fermi holes arise to separate from

In order to help the discussion on the Fermi surface of thdhe large holes af, due to the modification of bands by the
superlattice, we calculate the electronic structure for goSiSuPerlattice effect.
bulk with the hcp lattice instead of that of the fcc lattice.

Results of the band structure near the Fermi level and the

cross section of the Fermi sphere with the= 0 plane of the

bulk CoSj are shown in Fig. 5. Then bands of the fcc bulk  In the present superlattice system the energy gap for an
are kept in the first BZ of the hcp lattice. In the bulk seveninsulating layer can be introduced. Figure 7 shows the site-

An interesting feature of CogiCaF, superlattices is me-
tallic properties, appearing in CgSiayer. Since a metallic

C. Energy gap
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by the present method. In general, the electronic structure of
a superlattice is modified by the electron confinement and the
hybridization of energy levels near the interface. But the en-
ergy gap of insulating layers in Cg3Cak, superlattices
does not change much by the modification. The result is
consistent with the electronic structure of the bulk €aF
whose conduction bands and valence bands are narrow: these
narrow bands yield the small modification of the band gap
and the small charge transfer near interfaces.

The magnitude of the band gap from the self-consistent
electronic structure calculation is rather small compared to
the experimental value. From the far-ultraviolet reflectance
spectra of bulk Cajcrystals, the band gap has been obtained
as 12.1 e\!° The disagreement between the theory and the
experiment arises from over-screening for a conduction elec-
tron in semiconductors or insulators with the usual density-
functional method, which can be improved by the inclusion
by the self-interaction effects.As the screening effects for
an conduction electron in a Calayer by electrons in me-
tallic layers is small, the calculated band gap without the
self-interaction effects is not improved for the
metal/insulator superlattice.

D. Band offset

Band offsets of semiconductor superlattices have been
FIG. 6. Cross section of Fermi spheres with kye-0 plane:(a) calculated by theb initio pseudopotential method, based on

the CoSj/CaF, superlattice of 1-1 typeh) 3-1 type. the density-functional theor{?. We calculate band offsets in

the present system, following the method in Ref. 12. The

projected DOS, defined in E€7), for 1-1 type at the Ca and band offsetA %% of A/B superlattices is defined as

the F sites, which are the nearest and the second nearest-

atomic sites from the center of an insulating layer, respec- ASﬁE’ISﬁ—ev—VR”'kJrViLJrVg”'k—VSL, (11
tively. The site-projected DOS for 3-1 type is quite similar to A B . . .

that for 1-1 type. From the results the energy gaps of insu\—Nherea# ande, are the e|gen_energ|es of theth s.tate ingh
lating Cak layer in CoSj/CaF, superlattices are obtained A layer and of thevth state withB layer, respectivelyVy

as 7.9 eV for 1-1 type and 7.6 eV for 3-1 type. These valuesnd VE’L are the averaged total-potential given in Eg).

are compared with the calculated gap, 7.8 eV, in bulk LaF These potential averages are carried out over a unit cell de-
fined by theA crystal structure or thé® crystal structure.
These unit cells are taken apart from an interface in order to

avoid effects by the charge transfer near the interfgtgé”.‘

and V2  are the averaged total potential for the buland
I ] B, respectively. Crystal parameters of these bulks are the
[ reeeeea :Ca ] same as structures of ti#elayer part and th@&-layer part in
ol ) b the A/B superlattice.

r—F ] The total potential is singular near nuclear positions. But
I ] the differenceAV=VS-—Vv""k does not have singular part,
as the potential difference is caused mainly by charge trans-
fer near an interface and difference of the Madelung poten-
tial. To make the calculation easier, we use more slowly
varying-potentiaV,,, defined below, instead of the total po-
tential. In the FLAPW method, the potential is expanded by
lattice harmonicses in muffin-tin spheres and by a Fourier
series in the interstitial region. The series is obtained from
the electron density in the region. In the interstitial region
Vp(r) can be written as

15

1-1 type

DOS(eV/states)

1 )
J_ﬁes; C(G)e'®T, (12)

FIG. 7. The site projected densities of states of the 1-1 typevhere C(G) denotes the Fourier coefficients afl is the
CoSi, /Cak, superlattice, which is defined in E). volume of the systemG and K,,,, denote the reciprocal

Vp(r):

Energy(eV)
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FIG. 8. Potential of the CoSICaF, superlattice averaged in the
plane parallel to the interface. The solid line denotes the 2-2 type

superlattice, the broken lines are the potential of the £b&k and ) FIG. ,9' _Energy diagram of the CoSCak s_uperlattice. A
of the Cak bulk. thick-solid line denotes the bottom of the conduction or the valence

bands and a dotted line denotes the top of the valence band.

lattice vector and the plane-wave cut off for wave functions,
respectively. In the present cakg,., is chosen to be 0.146
A V() (=Vio(r) — Vp(r)) including the singular part of a
core potential is expanded by the Fourier series with th
reciprocal lattice vectojG|=K ., approximately. Thus, as
the difference of the total potenti,(r) for superlattice
and bulk is slowly varying, the difference ®,(r) can be
calculated from the difference &f(r)

E. Electron tunneling

We briefly discuss transport properties of electrons be-
ween metallic layers through an insulator layer. As seen in
he band diagram near the Fermi energy, electronic states are
occupied by the only electrons in metallic Co$iyers and
no electronic states are present in insulating Lkdyers.
Thus the transition rate of an electron between neighboring
metallic layers can be calculated from the following expres-
sion with use of the present band calculation:

1 _
VSHn -k =— > D(G)E®T, (13 w(V)=2m7(t|>G(V), (16)
\/5 GSKmax
G(V)=f do, S(w—eV—¢eh )
=VpH(n = V). (14 o i
_ _.B L
Figure 8 shows the potenti¥l (z) defined as: X E e Sn'k'H) (k= k')
P n'K|
1 X[H(eho) ~ Fleqie)]. (17
Vz=—JJ V,(r)dxdy, 15
p(2) S D(2) o0 y (19 wheret is a transfer integral between interlayers. In this ex-

pression, we neglect dependence of band indices and
where the plan®(z) is parallel to the superlattice interface, Wave numbers K for t, for simplicity. f(e) is the Fermi
Sis an area of the interface of the superlattice. The calculadistribution function k| is parallel to the heterojunction in-
tion has been performed in the 2-2 type superlattice wheréerface.Vis the voltage difference between metallic layars
both widths of a metallic layer and an insulating layer areandB. For V>0, the electrons are transferred frokto B,
18.7 A and thus at the center of each layer the electroni@nd vice versa foV<0. Then as the state number within
structure of the superlattice become the similar structure ofr—eV< sﬁ‘k”< Er or EF<sE,k,”< Er+eV increases with

bulks. From Fig. 8, we obtain the potential differencesincreasingV, the tunneling current though the insulating
AVcosi, and AVcq, as 0.21 and—0.20 Ry, respectively. |aver tends to increase with; Eg is the Fermi energy. Ex-
Then the band diagram of the Cg8CaF, superlattice is actly speaking, the behavior of the current depends on a
obtained and is shown in Fig. 9. As seen in Fig. 9 the bandhape of the DOS near Fermi level in metallic layers. Figure
offset between the bottom of the conduction band of €oSi10 shows|G(V)| at zero temperature for three different
and of Cak is 21.5 eV and the band offset between thecases(a) both metallic layers are 1 laygih) metallicA layer
bottom of the conduction band of CeSind the bottom of is 1 layer and metalli® layer is 3 layers{(c) A andB are 2

the valence band of CaFs 6.8 eV. In the calculation the layer and 2 layer, respectively. Abodtdependence d&(V)
experimental band gap 12.1 eV for Gdfas been used. we can roughly divide two regions. First, in the region
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FIG. 11. Planar average of the charge difference between the
FIG. 10.|G(w)|, which is proportional to the transfer rate of an superlattice and each bulk crystal. The broken line denotes the in-

electron between metallic layers through the insulating lag@r: ~ terface of the CogiCaF, superlattice.

both width of metallic layers are 1 layeh) 1 layer and 3 layerc) ] ) o
2 layers and 2 layers. The inset is a schematic picture of metaff€@l superlattices may differ from this simple averaged value.
insu|ator/meta|-junction under the electric field. The effect to the electronic structure is estimated by calcu-

lating the band structure for the two limiting cases:
[V|=1, G(V) has a broad peak and the value is small. Sec=5.356 A (bulk CoS}) anda=5.462 A (bulk CaR,). The
ond, in the regionV|=1, G(V) increases withV|. Thesev  results are very simple: the bandwidth becomes wide or nar-
dependences are consistent with the DOS of the superlatticeow due to the change of the overlapping of wave function in
As seen in Fig. 3 the Fermi level locates in the high-energynteratomic region for the larger or smaller lattice constant.
side of the peak due to thed3ands, then until about 1 eV Then the typical bandwidthAD=12.67, 12.50, and 12.24
above the Fermi level the DOS decreases monotonously ar@V are obtained fora5.356, 5.409, and 5.462, respectively,
above about 1 eV the DOS increases. Thus|¥is1 an  WhereAD is the energy difference between the bottom of the
electron transfers from low energy statesAqB)-layer be-  bondingsp-Si band and the Fermi energy. Since the band-
low the Fermi level to high-energy states with the low DOSWidth changes slightly due to the change of the lattice con-
of B(A) layer: then increase dfG(V)| for the increase of stants, the electronic structure is modified more slightly, e.g.,
|V| is suppressed. On the other hand|féf=1 there occurs band offsets shown in Fig. 9 receive only very small correc-
the large tunneling due to the electron transition from thetion that is of the order of 0.1 eV or less. Thus the present
peak of 3 bands to other upper band with the high DOS.main results are considered to be valid even when the accu-
We think these properties will be observed by measurement@te atomic position in the superlattice is known.

of the electrical conductivity.
V. SUMMARY

F. Other discussion We have calculated the electronic structure of

Here we discuss the charge transfer in the superlatticeCoSi,/CaF, superlattices by the FLAPW method based on
Figure 11 shows the charge difference between the superlafie density-functional theory. By computing the total energy
tice and each bulk lattice, which is averaged in the plandor several types of the atomic configuration at the interface,
parallel to the interface. The charge density of valence eledt has been concluded that Si layer and F layer are in contact
trons is obtained self consistently by the FLAPW method.at the CoSi/CaF, superlattice interface. Based on the deter-
The charge density in the superlattice is modified in the remined interface structure, the band structure and the density
gion of ~0.2 layer of the Caj-layer and~0.5 layer of the of states for the superlattice were calculated. In G6SaF,
CoSy, layer near the interface. In the modified region elec-superlattice system typical subband structure appears due to
trons are removed from CoSlayers to Cak layers, and the an electron confinement within the metallic layer: the low
interface is the ohmic contact. parabolic band with 8p character of Si yields many states

Finally, we discuss the effects on the electronic states duwith the subband structure. There the free electron confine-
to the choice of the lattice constant. In the present paper, wment picture works well. In the region near the Fermi level,
have performed the calculation by using the same lattice corthis picture does not be held, because narraWbands lie in
stanta=5.409 A for both layers, being the average value forthe region and hybridize with parabokp bands. However,
the bulks CoSi and Cak. However, in real superlattice sys- electrons are confined in metallic layers, since Chlyers
tems the electronic structure may be modified from theyield wide-energy gap around Fermi level. In actually, the
present results, because the lattice constant of the layers dispersion of an electron is very small along #jeaxis; the
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energy difference between the and theA points is of the appear in the DOS of the superlattices clearly; there are stair-
Order Of 0.1 meV for the bands near the Fermi energy, Whell'ike structures of the DOS near the bottom of the conduction

the insulating-Cag-layer is 1 layer, and the Fermi surfaces band and many sharp peaks corresponding to Van Hove sin-
are cylindrical. As a whole, effects of the subband structuregularities in subbands arise near the Fermi energy.
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