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We present a combined theoretical and experimental investigation of the electron properties of
calcium silicides (Ca2Si, CaSi, and CaSi, ). The theoretical study is performed by a self-consistent
calculation of the electron states, while the experimental analysis is based on synchrotron-radiation
photoemission measurements. The overall agreement between the computed and measured spectra
allows us to investigate the main features of the Ca-Si interaction in different compounds. We find

that covalent character is present in the Ca—Si bond and that the strength of this interaction in-

creases with Si concentration. Furthermore all the Ca s-p-d states are involved in this coupling with
Si. In Ca2Si, the Si s states are found in a corelike configuration, while in the other compounds they
are promoted to form an s-p valence band. The covalent interaction is not sufFicient to interpret the
results and some ionic character is present in the Ca—Si bond. Ca2Si is found to be a semimetal and
many structures in the density of states can be correlated to well-defined interactions between the
nonequivalent Ca-Si couples that are found in these complex compounds.

I. INTRODUCTION

The study of the electron states of silicides has received
much attention in recent years. This is due both to the
interest in the problem itself and to its connection with
interface physics: In fact, many silicon-metal interfaces
are reactive and the interface silicide-like products con-
trol the electronic properties of the junction, therefore
studies of the electron states of silicides are connected
both with fundamental problems and with the perspective
of a deeper understanding of the associated technological
problems.

In the study of the electron states and of the chemical
bond of transition-metal silicides, the first breakthrough
has been the description in terms of the hybridization be-
tween metal d and silicon p states in the frame of a two-
level model. ' This treatment can successfully explain
the gross features of photoemission experiments on near-
noble silicides ' on some refractory-metal silicides 11, 12

as well as trends across the series of 3d-metal silicides. '

For an extensive summary of these subjects see Ref. 14.
This model must be regarded, however, as a first ap-

proximation which is useful to point out the general
features of the chemical bond such as the importance of
covalency, but which is not sufficient for a detailed com-
parison between theory and experiments. A number of
first-principles calculations using real crystal structures
have shown that the experimental results cannot be inter-
preted solely in terms of the two-level model. ' ' These

calculations allow one to go deeper into the problem con-
cerning the contribution of the atomic states to the chem-
ical bond and to sort out the features of the electron
structures, which depend upon the characteristics of the
crystal structure, such as the role of nonequivalent atoms
of the same species.

The present paper and the following one must be con-
sidered in this larger perspective: We present extensive
calculations of the electron states of all the Ca silicides
carried out with the Andersen linear muon-tin orbital
(LMTO) method in the atomic-sphere approximation'
(ASA) and we compare the results for occupied states
with synchrotron-radiation photoemission (in the present
paper, I) and the results for empty states with inverse
photoemission in the ultraviolet region (next paper,
hereafter referred to as paper II). In both cases experi-
ments have been performed on polycrystalline samples;
the comparison with theoretical results takes into ac-
count the experimental sensitivity to the different
density-of-states contributions. Since the LMTO eigen-
value E has errors of fourth and higher order in E —E
with respect to the fixed but arbitrary energy E we
present two sets of calculations. The results presented in
this paper are computed with E fixed at the center of the
occupied part of the bands, while in the calculations
presented in paper II E is fixed in the empty-state re-
gion. This allows us to describe a -24-eV-wide energy
range well. The negligible difference between the results
presented in the two papers gives evidence of the accura-
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cy of our results.
Due to their low d occupancy, Ca silicides are the best

candidates for a study beyond the two-level model: the
center of the Ca d band is, in fact, located -4—6 eV
above the Fermi energy and the mixing between Ca d and
Si p states cannot be the only relevant bonding interac-
tion. Furthermore, the difference in electronegativity be-
tween Ca and Si, 0.9 according to Pauling's scale, sug-
gests that ionicity would play a fundamental role in the
bonding. The relevance of an ionic contribution of the
Si—Ca bond has also been shown by Franciosi et al. ,

'

but the above arguments do not interpret the nature of
the bond in these compounds; on the contrary, they point
out the importance of a detailed study of their electronic
properties.

Other specific reasons to investigate Ca silicides are
presented in the following. The region of low d occupan-
cy also includes, besides the other elements of column II,
the rare-earth silicides, which are an important family in
interface physics. ' Calcium silicides can be con-
sidered prototypes of this family and of Si—rare-earth in-
terfaces in the study of processes like the Si I.2 3 Auger
transition. ' In the field of interface physics, a good
knowledge of Ca silicides is obviously useful to discuss
the interfaces with column-II elements such as Si/Ca in-
terfaces, ' Si/Ba interfaces, and related systems such
as Si/Y. The interface between Si(111)and Ca appears
to be quite promising since it is possible to grow epitaxial
CaSi2 films by annealing the Ca metal deposited onto
clean Si(111)substrate. In this respect CaSiz is similar to
CoSi2 and NiSiz, the only other systems which yield
single-crystal interfaces which are atomically abrupt and
atomically smooth over extended regions. The funda-
mental reason for this similar behavior of such different
systems is not known at present and deserves accurate in-
vestigations particularly on the role of d states and on the
covalent-ionic character of the Si-metal bond. Further-
more, a better understanding of the Si-Ca interaction is of
strong interest in connection with the problem of
Si/CaF2 interfaces, a problem which is receiving consid-
erable attention due to the formation of an epitaxial semi-
conductor, large-band-gap insulator interface. ' Very
recently, it has been shown that the Si/CaFz interface is
not abrupt, but is mediated by a CaSi2-type layer which is
deficient in F. Again, the features of the Ca—Si bond are
essential to understand this unique interface structure.

We conclude by mentioning that this paper and the fol-
lowing one are the first systematic accounts of these cal-
culations and of photoemission (direct and inverse); a
very preliminary report has been presented and brems-
strahlung isochromat spectra in the x-ray region from
two silicides (CaSi and CaSi2) have been pui:!ished; the
effects of correlation in core-valence-valence Auger tran-
sitions from Si 2p excitation have been discussed in Ref.
35. The paper is organized as follows. The structure of
the silicides is given in Sec. II, the method of calculation
is presented in Sec. III, and the experimental methods are
given in Sec. IV. The theoretical results are discussed in
detail in Sec. V, while the calculations are compared with
the experiment in Sec. VI and the conclusions are sum-
marized in Sec. VII.

II. THE STRUCTURE OF Ca SILICIDES

The fundamental data concerning the Ca-silicides crys-
tal structure are listed in Table I. It is evident that
these compounds form complex structures with many
atoms per unit cell. Furthermore, in Ca2Si and CaSi2
there are two nonequivalent Ca [Ca(1) and Ca(2)] and Si
[Si(1) and Si(2)] atoms, respectively.

The Bravais lattice is simple orthorhombic in Ca2Si,
base-centered orthorhombic in CaSi and trigonal in
CaSi2. The coordination numbers and the interatomic
distances of Ca and Si atoms in these three compounds
are displayed in Table II. The most remarkable fact con-
cerning Ca2Si is that the Ca(2) atom has only three Si
neighbors below 3.5 A (3.11—3.27 A), while the Ca(1)
atom has four Si neighbors in the range 2.97—3.08 A.
Furthermore, the CA neighbors of Ca(2), at distances
greater than 3.6 A, are located farther than the corre-
sponding Ca neighbors of Ca(1). The consequences of
these geometrical differences will be examined in the sec-
tion dedicated to the analysis of the electronic structure.

As far as CaSi2 is concerned, it should be noticed that a
Ca atom corresponding to the one found at a distance of
3.11 A from Si(1) is missing in the Si(2) case. Again, this
feature will be responsible for characteristic structures in
the projected density of states.

Ca&Si Bravais lattice: simple orthorhombic
Space group: Pnma (62nd)
O„g=330.871 A
a=7.667 A
b=4.799 A
c=9.002 A
4 molecules per cell
2 nonequivalent Ca atoms per cell
Packing fraction f=0.67

CaSi Bravais lattice: base-centered orthorhombic
Space group: Cmcm (63rd)

0 3Q„ii=96.844 A
a=4.590 A
6=10.795 A
c=3.910 A
2 molecules per cell
Packing fraction f=0.73

CaSi2 Bravais lattice: trigonal
Space group: R3m (166th)
Q ]&= 132 249 A
a=10.4 A
e =21' 30'
2 molecules per cell
2 nonequivalent Si atoms per cell
Packing fraction f=0.59 (no empty spheres)
Packing fraction f=0.65 (with empty spheres)

TABLE I. Crystal geometry and structural information for
Ca silicides.
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TABLE II. Coordination numbers and interatomic distances (in A) for Ca silicides.

Ca(1)
1 Si
2 Si
1 SI
2 CR(2)
2 Ca(2)
1 Ca(2)
2 CB(1)
1 Ca(2)

2.97
2.98
3.08
3.56
3.57
3.60
3.63
3.73

Ca2Si
Ca(2)

1 Si
2 Si
2 Si
2 Ca(1)
2 CR(1)
1 CB(1)
1 Ca(1)
2 CR(2)
2 Ca(2)

3.11
3.27
3.54
3.56
3.57
3.60
3.73
3.99
4.06

1 Ca(1)
2 Ca(1)
1 Ca(1)
1 Ca(2)
2 CB(2)
2 CB(2)

Si
2.97
2.98
3.08
3.11
3.27
3.54

4 Si
1 Si
2 Si
2 Ca
4 Ca
2 Ca

Ca
3.11
3.13
3.23
3.60
3.84
3.91

CaSi

2 Si
4 Ca
1 Ca
2 Ca

Si
2.47
3.11
3.13
3.23

3 Si(2)
3 Si(1)
1 Si(1)
6 Ca

2.98
2.99
3.11
3.86

3 Si(1)
3 Ca
1 Ca
3 Ca
6 Ca

CaSi2
Si(1)

2.51
2.99
3.11
4.90
4.97

Si(2)
3 Si(2)
3 Ca
3 Ca
3 Ca

2.52
2.98
3.82
4.89

III. METHOD OF CALCULATION

The complex structure of Ca silicides can be investigat-
ed through a first-principles calculation by using the
efficient computational scheme offered by Andersen's
linear muffin-tin orbital (LMTO) method' ' In the
atomic-sphere approximation (ASA) the interstitial re-
gion of the muitin-tin starting potential is "annihilated"
through the expansion of the muffin-tin spheres and the
neglect of the slight overlap. ' The muffin-tin spheres in
this approximation thus become the Wigner-Seitz spheres
which fill all the space. The potential is taken to be
spherically symmetric within the spheres.

This approximation is valid for closely packed solids,
i.e., when the touching sphere s interstitial region 0—Qo
is less than (of the order of) —,

' of the total volume II. In
terms of the packing fraction f =BOIH, this corresponds
to f 0.67. In Ca2Si and in CaSi it is possible to reach a
satisfactory packing of the solid, as shown in Table I, by
a proper choice of the Ca and Si radii. The resulting size
of the Si spheres is 1.37 A for both compounds. The radii
of the Ca spheres are 2.05 A in Ca2Si and 2.08 A in CaSi.
As we will discuss later, this choice overestimates the
space region occupied by Ca atoms and this causes prob-
lems in defining the charge transfer (see also below), but
does not prevent one from obtaining reliable electron
states or discussing the main features of the chemical
bond.

As shown in Table I, it is not possible to get a satisfac-
tory packing in CaSi2 by simply using Ca and Si spheres

since this compound is characterized by various empty-
space regions, like Si in the diamond lattice. It is now
well established that the open structures like Si can be in-
vestigated by the LMTO ASA method by adding empty
spheres to the lattice of real atoms. ' Empty spheres
have been introduced as ficitious atoms with zero atomic
number to be placed on void sites in order to obtain the
close-packing necessary for the muffin-tin approxima-
tion. In CaSi2 the void sites are located between Si
planes. We added one empty sphere of radius 1.35 A be-
tween Si(1) planes and a second one of radius 0.78 A be-
tween Si(2) planes. The smaller size of the second sphere
is due to the presence of Ca atoms beyond the Si(2) lay-
ers, just on the top of the void sites. In this way we are
able to obtain the good packing shown in Table I. The
radii of the Si(f), Si(2), and Ca spheres are 1.32, 1.30, and
2.14 A, respectively.

The LMTO ASA band-structure calculation presented
here uses the "frozen-core" approximation, i.e., the
inner-electron wave functions are taken from the self-
consistent atomic calculations, and only the valence
states are adjusted during the self-consistent cycles. The
self-consistent crystal potential computed in this way is a
very good approximation to the crystal potential, since
the core-state charge densities, unlike the core-state ener-
gies, do not vary appreciably on moving from the atomic
to the solid-state configuration. By using this approxima-
tion the basis set is limited to Ca and Si valence s, p, and
d wave functions, with a strong simplification of the com-
putational procedures. The LMTO ASA frozen-core po-
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tential is an all-electron potential and it is possible to
compute from it core-level energies. This calculation has
already been performed for Ni compounds and the com-
puted core energies are in excellent agreement with the
experimental data. ' A similar calculation of Ca and
Si core energies, starting from our potentials, is in pro-
gress. These results will be used to interpret the very in-
teresting measured behavior of Ca and Si core energies in
a planned forthcoming paper.

Exchange and correlation contributions to both atomic
and crystalline potential have been included through the
Hohenberg-Kohn density-functional description in the
Kohn-Sham local-density approximation.

The k-integrated functions have been evaluated by the
Jepsen-Andersen linear tetrahedron method on a grid of
140 (Ca2Si) and 147 (CaSi, CaSi2) k points in an irreduc-
ible part of the Brillouin zone (BZ). In the tetrahedron
method the k-point grid where eigenvalues are computed
defines a set of tetrahedral microzones. The contribution
of each microcell to the density of states is computed
from a linear interpolation based on the energies at the
corners of the microzone, for each band.

IV. EXPERIMENTAL PROCEDURE

The photoemission measurements were taken at the
so-called "Old Grasshopper" beamline (beamline I-l) at
the Stanford Synchrotron Radiation Laboratory (SSRL);
the monochromator allowed to work between 65 and
-600 eV. The angle-integrated photoemission spectra
were measured with a double-pass cylindrical mirror
analyzer; the total linewidth of the apparatus was -0.4
eV at 150 eV. The Fermi-level position has been checked
periodically by measuring the valence edge of gold
evaporated in situ.

The palycrystalline samples were prepared by melting
stoichiometric amounts of Ca and Si in tantalum cruci-
bles in inert-gas atmosphere. The structure of the sam-
ples was checked with x-ray diffraction. The extra phases
were below 3% in CazSi and CaSi, and negligible in
CaSiz. The samples were cleaned in situ by scraping with
a diamond file. The nature of the surfaces prepared in
this way was investigated in a separate experiment with a
scanning Auger system (lateral resolution 2000 A) where
samples from the same ingots were cleaned with the same
procedure. The surfaces of CaSi2 became totally clean; in
Ca2Si and CaSi it has been found that some oxygen signal
comes from a tiny fraction of the sample surface. Thus
the measured photoemission spectra contain a superposi-
tion of the spectrum of the clean substance and a minor
contribution from slightly contaminated regions which
give rise, as shown below, to a small feature due to oxy-
gen 2p. It is very important to stress that this oxygen sig- '

nal comes from spatially localized regions and it is not
representative of oxygen dissolved in the sample; this also
ensures that the spectra from Ca2Si and CaSi are fully
representative of the clean substance apart from the weak
oxygen 2p feature.

V. THEORETICAL RESULTS

A. Total energy and related quantities

In our LMTO calculation total energy is a direct out-
put, and therefore the cohesive energy, i.e., the total ener-
gy of the atom minus the total energy of the solid, can be
evaluated. It is well known that the local-density approx-
imation (LDA) yields good results for the cohesive ener-
gies of metals if the same exchange-correlation approxi-
mation in both atomic and solid-state calculations is ap-
plied. Both the Williams-Kuber-Gelatt augmented-
spherical-wave method of Ref. 48 and the LMTO ASA
are quite successful in describing structural properties,
in spite of the peculiar approximations of the methods,
particularly the use of nonoptimized sphere radii. The
ASA approximation works well for close-packed solids,
but some caution is necessary in open structures like
CaSi2. The inclusion of empty spheres allows one to ex-
tend the calculation to open structures. For example, the
computed LMTO ASA cohesive energy of Si is 4.8
eV/atom, compared to the experimental value of 4.66
eV/atom. In the calculation of Ref. 38, the presence of
a second sublattice of empty spheres provides an accept-
able packing fraction, f=0.68, similar to our values of
Table I. From this point of view, the accuracy of our re-
sults is similar to that of Ref. 38; the only substantial
difference between the two calculations is our neglect of
the combined-correction term, ' which corrects for the
finite number of terms in the angular-momentum expan-
sion and for the nonspherical shapes of the cells. In order
to quantify the effect of this difference, we observe that in
the case of palladium two total-energy calculations, with
and without the combined-correction term, have been
performed. The result is that the total-energy
minimum computed with (without) the combined-
correction term is located at a lattice constant almost
equal to (0.06 A lower than) the measured value. The
effect of the inclusion of the combined-correction term in
Pd is to lower the total energy at the experimental lattice
constant of -0.15 eV/atom. Since our calculations are
performed at the experimental lattice constants, this en-
ergy difference may also estimate the order of magnitude
of the uncertainty in our calculation with respect to that
of Ref. 38.

The computed total energies of the valence electrons
are shown in Table III. Their values are given in
eV/atom, i.e., the total energy of the cell has been divided
by its number of atoms. These units are proportional to
kilocaleries per mole through a factor of 23.06n, where n
is the number of atoms per molecule. The total valence
energies for Ca and Si isolated atoms are also shown.
Since the cohesive energy is calculated within the frozen-
core approximation, as in Ref. 38, core energies cancel
when subtracting atomic from crystal energies.

By comparing the Ca-silicides cohesive energies with
the experimental values of pure Ca and Si crystals, ' we
find that the silicide values are intermediate between the
pure constituents. In order to see if compound formation
may take place from the energetic point of view, the heat
of formation must be evaluated. Since heats of formation
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TABLE III. Computed total energies, cohesive energies, and heats of formation of Ca silicides. All
the data are normalized to units of eV/atom.

Solid: total valence energy
Free atom: total valence energy
Solid: cohesive energy
Solid: computed heat of formation
Solid: measured heat of formation

'Experimental values (Ref. 51).

—19.305
1.83'

Si

—105.298
4.66'

—51.341

3.372
—0.599
—0.723

—66.183

3.882
—0.637
—0.781

Energy (eV/atom)
CazSi CaSi CaSiz

—80.491

3.857
—0.140
—0.520

are 1 order of magnitude smaller than the cohesive ener-
gies, their evaluation is much more critical. Our very
crude estimate of the heat of formation is obtained by
subtracting the (computed) cohesive energy of the silicide
phase from the (experimental) cohesive energy of Si and
Ca, in the correct stoichiometric ratio. If the heat of for-
mation is negative, compound formation takes place.
Table III lists the computed heats of formation and the
experimental values, determined at room temperature.
The comparison shown in Table III is very encouraging,
since not only the magnitude, but even the trend on vary-
ing the Si content, is well described.

B. Electronic structure and the chemical bond

TOTAL DOS

Ca~Si

I

t

)

I

I

I

I

tween the occupied and empty states is always present,
except in a few k points where the empty states lie below
the Fermi level. From this originates the almost zero
density-of-states result of Table IV, characteristic of sem-

The analysis of the microscopic properties of Ca sili-
cides and the main features of the chemical bond in these
compounds may be primarily obtained from the total
density of states (DOS) shown in Fig. 1. Since the curves
are normalized to units of states/eVatom, they may be
directly compared, in spite of the difFerent number of
atoms per unit cell.

The presented DOS's are considerably difFerent from
those calculated for model structures, ' showing that the
real crystal structure must be fully taken into account.

Starting from the Ca~Si case, we see that the filled por-
tion of the DOS consists of two bands separated by a gap
of 3.5 eV. The higher-binding-energy (BE) feature is lo-
cated around —7 eV, while the wider and more struc-
tured filled band lies between —3 eV and EF. At the Fer-
mi level the density of states shows a sharp minimum (see
Table IV). The analysis of the band structure of this
compound shows that a —1-eV direct energy gap be-

v 0.5—

0.0

M
Q

M p 5
0

0.0
Q

I I I I I I I

CaSi

I I I I

CaS4

TABLE IV. Electronic configuration and density of states at
FI; for Ca silicides.

Ca s electrons
Ca p electrons
Ca d electrons
Si s electrons
Si p electrons
Si d electrons

Ca,Si

0.54
0.74
0.72
1.69
2.29
0.02

CaSi

0.45
0.74
0.81
1.60
2.27
0.12

CaSiz

0.40
0.73
0.87
1.63
2.24
0.13

0.0 I I I I I

p +4
Energy E-EF (e~)

DOS at EI; (states/atomeV) 0.001 0.399 0.304 FIG. 1. Total density of states of Ca silicides.
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imetallic behavior. We regard this result, i.e., a very
small DOS at EF, as independent of the approximations
involved in the calculation. Indeed, the presence of a
—1-eV gap and the shape of the bands around the Fermi

level are expected to depend weakly on the computation-
al procedure and approximations. The major source of
error in the gap is expected to be the LDA, which is
known to reduce the gap size.

Important modifications take place upon increasing the
Si content. The most evident is the widening of the
higher-BE band, whose bottom shifts down in energy,
reaching —12 eV in CaSiz. The top of this band moves
up so that the internal gap is reduced to 1 eV in CaSi and
to -0 in CaSi2. As a consequence of this widening,
which is due to the increased Si-Si interaction, the
higher-BE band becomes more structured with two well-
defined peaks in CaSi, which in CaSi2 give rise to two sets
of bands separated by a small gap.

Even the second structure, nearer to EF, turns out less
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I
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O.Q
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I I I I I I I

0 +4
Energy E-EF (eV) Energy E-EF (eV)

FIG. 2. Density of states of Ca silicides projected on the Si s
orbital.

FIG. 3. Density of states of Ca silicides projected on the Si p
orbital.
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peaked and wider in CaSi and CaSiz. A dramatic change
occurs in the DOS at EF that increases in CaSi and CaSiz
by 2 orders of magnitude. An explanation of this effect,
which is expected to have many consequences in the elec-
trical and thermal properties of the Ca-Si system, can be
obtained by looking at the electron configurations of Ca
atoms shown in Table IV. The significant result is the
presence of nearly one d electron among the occupied
states of Ca silicides. Upon going from CazSi to CaSiz,
the d occupancy increases and the accompanying down-
ward shift of the d band leads to the observed strong vari-
ations of the DOS at EF. %'e will see that this trend is
due to the increasing Ca-Si interaction upon increasing
the Si content.

The nature of the various features present in the DOS
curves of Fig. 1 may be investigated by looking at the
various angular-momentum components of the density of
states projected on the Ca and Si spheres. The projected
densities of states (PDOS) are displayed in Figs. 2—6. The
site projection depends on the partitioning of the space
region associated with a given atom, which in the solid
state is somewhat arbitrary. In the LMTO ASA the par-
titioning is determined by the spheres enlcosing the
different atoms, particularly by their relative ratio. The

site-projected DOS s and their integral up to EF, i.e., the
associated charge, depends on this ratio. While, in prin-
ciple, the sphere radii are fixed by minimizing the total
energy, in practice there exists a range of possible radii
which fulfill the requirements of the LMTO ASA ap-
proach, leading to the same one-electron energies, similar
wave functions, but different charge transfers. Therefore
the data of Figs. 2—6 preserve the basic physical informa-
tion needed in order to investigate the nature of the elec-
tron states, but the charge transfer turns out to be mean-
ingless. Since Ca silicides show very complex structures
and a lattice structure intermediate between close-packed
and open solids, we chose the sphere radii with the cri-
teria of a good packing, with a packing fraction
f =ADIT ~ 0.67. In this way we obtain the values
presented in Sec. III, with a Ca radius larger than the Si
one. This choice obviously yields a large value of charge
within the "Ca sphere, " similar to that found by Nagel
et al. in Ca Al& metallic glasses, which can hardly
be attributed to a physical charge transfer from Si to Ca.
Our analysis of the valence-state properties will show
that a charge-transfer picture can be applied to interpret
some results. Actually, this picture implies that some
charge transfer from Ca to Si takes place, as expected

CagSi
o.5- Ca(2) s

I

I I I

I I I

— CaSi&
0.5- Ca 8

0.0

I I

e — CaqSi" 0.5- ca(l) s

0 Q

— CaSi
Q.5 — CR 8

0
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FICx. 4. Density of states of Ca silicides projected on the Ca s
orbital.

FICx. 5. Density of states of Ca silicides projected on the Ca p
orbital.
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Ca2Si

Si s-state character is predominant in the lower-BE
structure for all compounds. In CazSi we approach the
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FIG. 6. Density of states of Ca silicides projected on the Ca d
orbital.

from the difference in electronegativity. In the following
we will present the results of our calculation for each
compound, deferring the comparison to the experimental
data to Sec. VI.

limit of a pure Si s band, since the Si s band is only weak-
ly coupled with Ca states. In this case the Si
configuration is s p as opposite to the diamond-structure
sp configuration, where the 3s orbitals have an impor-
tant contribution to the bonding. This quasiatomic Si
band is responsible for the strong correlation efFect ( U-3
eV) found in the Si L2 3 VV Auger process involving Si 3s
states in this compound. In this respect the picture of
Ca2Si is similar to that found in many late transition-
metal silicides, ' ' where Si is found nearer to the atom-
ic s p than to the crystal sp configuration. These inves-
tigations interpreted the main features of the chemical
bond in many silicides as being due to the coupling be-
tween transition-metal d states and the dehybridized Si p
orbitals. This interaction leads to the formation of d-p
bonding and antibonding states straddling the main por-
tion of the d states. These states do not participate ap-
preciably in the bond with Si atoms (nonbonding
configuration), but rather form a band mainly due to
metal-d —metal-d interaction, as in the pure transition
metal.

It is not obvious if this simple picture is valid in Ca sili-
cides, where the metal d band is mainly in the unoccupied
part of the spectrum. Figure 6 shows that the Ca d states
form a well-defined structure in the occupied part of the
spectrum. This result is different from what happens in
metallic calcium, where only a tail of the main d band is
occupied ' and is due to the bonding interaction with
silicon. The electron configuration of Ca in Ca2Si is
s p d ' (Table IV), to be compared with the
configuration of metallic calcium, s p d . From
this point of view, Ca silicides are similar to late-
transition-metal silicides. An important difference is the
fact that in the Ca-Si systems the metal d orbitals are no
longer the predominant states involved in the chemical
bond with silicon. Figures 4—6 show that calcium s, p,
and d states contribute equally to the bonding interaction
with silicon. Since the vertical-axis units are the same,
the comparison is direct and gives evidence that both
free-electron-like and localized Ca states are important in
the bond with Si. In conclusion, the picture of the chemi-
cal bond in Ca2Si presents similarities and differences
with the model proposed for late-transition-metal sili-
cides. The atomiclike configuration of Si is also found in
Ca2Si, but the metal states involved in the bond with sil-
icon, between —3 eV and EJ;, are now formed by s-p-d
orbitals. Between the Fermi level and +2 eV we have
the empty counterpart of the filled Ca—Si bonding struc-
ture.

We remark on the diff'erence between the Ca(1) and
Ca(2) PDSO's (Fig. 6). It is evident that Ca(1) has more d
states below EF than Ca(2), while the latter shows a more
peaked PDOS above EI;. This result may be explained by
looking at the different coordinations of the two atoms.
Table II shows that Ca(1) must interact more strongly
than Ca(2) with its Si neighbors because the first shell of
Si atoms is closer. For this reason, the bonding structure
below E~ is stronger in the Ca(1) PDOS. Furthermore,

0
Ca(1) interacts with two Ca neighbors at 3.63 A, not
found in the Ca(2) lattice. Therefore, in Ca(1) we expect
a stronger d—metal-d interaction and a wider and less
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peaked PDOS above EI;.
Another striking feature of Ca2Si is due to the very low

density of states at EF (Table IV). To investigate this as-
pect, we plot the energy bands along the symmetry direc-
tions of the Brillouin zone (Fig. 7). Figures 8 and 9 show
that a direct energy gap of —1 eV is always present along
the BZ, but that the minimum of the "conduction band"
near T and in the X,6 directions overlaps the Fermi ener-

gy, i.e., the energy of the highest occupied state, as in a
semimetal.

The possible semimetal behavior of Ca2Si is quite in-
teresting since it is known that metallic calcium under
pressure undergoes a metal-semimetal transition. The
question that arises is whether the mechanism causing
the transformation of pure Ca under pressure is related to
the semimetallic behavior of Ca2Si at normal pressure. If
the answer is positive, the main efFect of the presence of
Si is to reduce the average atomic volume of the crystal,
simulating the efFect of the pressure. Metallic calcium
crystallizes in a fcc lattice with two valence electrons per
cell. Therefore the metallic character is due to the over-
lap between the first band (nearly filled) and the second
band (nearly empty). The major part of this overlap takes
place in the I, —8 direction, since the first band has an
empty portion near 8', with the 8 2. state of d character
unoccupied, and the second band presents the L, 2 state of
p character below EF. The semimetal behavior of metal-
lic Ca takes place when, upon reducing the interatomic
distances, the d band widens and the 8'2 d state drops
below Ez, while the L, 2 p state rises at EI;. ' When
this happens, the first and the second band have no over-
lap and they only touch at one point along the symmetry
line 1.—8'. The state density at EF drops to zero and cal-
cium turns into a semimetal. This transition is actually
found in the experiments when the volume V is reduced
to V=+ Vo, where Vo is the normal-pressure atomic
volume and u varies from 0.66 to 0.52. The corre-
sponding computed range for a is 0.78—0.54. In calci-
um, V0=43.54 A /atom, and, therefore, from the experi-
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mental datum, we expect Ca to be a semimetal at atomic
volumes between 28.73 and 22.64 A /atom. Since in
Ca2Si there are two difFerent atoms and the crystal struc-
ture is quite complex, we are far from a simple picture
based on two bands. Nevertheless, strong similarities
may be found. The total number of Ca and Si atoms per
Ca2Si cell is 12. An important simplification is possible if
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C-symmetry lines. The highest occupied and lower unoccupied
states are indicated by solid lines.
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we treat the Si 3s states as core states. The reasons for
this approximation have already been presented in dis-
cussing the data of Fig. 2. In such a simple picture both
calcium and silicon contribute with two electrons per
atom, the 4s and 3p, respectively, to the valence states.
Therefore, we have 12 filled valence bands per cell. By
considering the Si contribution similar to that of Ca, a
drastic approximation that may be justified by the fact
that we are in the Ca-rich silicide and that Si contributes
with two valence electrons, we obtain one filled band per
atom. In the same light, we evaluate an average atomic
volume (volume of the cell divided by the total number of
atoms) that turns out to be V(CazSi)=27. 57 A /atom,
just within the Ca semimetal range. The structure be-
tween —3 eV and E~ in Fig. 1 corresponds to the first
band in metallic Ca, now separated from the empty
second band.

Further evidence of this interpretation comes out from
the fact that the d band in CazSi is wider than that of me-
tallic calcium, in spite of the smaller Ca concentration.
As a matter of fact, the main d band extends up to —+6
eV above EJ; in normal Ca, to —+8 eV in Ca under pres-
sure (a=0.51), and to —+10 eV in Ca&Si (paper II).
This d-band widening is due both to the decrease of the
average atomic volume and to the interaction of Si states
with the Ca d orbitals. According to this interpretation,
the presence of Si is sufficient to reduce the average in-
teratomic distance, but not to remove the metal-
semimetal transition. If the Si content is increased, we
expect to lose this calciumlike behavior. This is what
happens in CaSi, where the average atomic volume is still
within the semimetal range, but the electronic structure
is that of a metal. This analysis therefore provides evi-
dence that the microscopic mechanism responsible for
the metal-semimetal transition in CazSi and in Ca is simi-

lar, the presence of Si in the compound being equivalent
to the effect of pressure in the pure metal.

2. CaSi

In the monoscilicide the lower band is still mainly Si s
in character, but the structure around —6 eV presents a
significant Si p contribution (Figs. 2 and 3). This result
indicates that the Si states evolve towards a single s-p
band. In CaSi, as in CazSi, the Ca states are slightly
mixed with the Si s orbitals, which are now quite far from
a corelike configuration. Even in this compound the Si p
states mainly interact with Ca s-p-d orbitals. The struc-
ture between —4 and —1 eV is due to the bonding part of
this interaction. In CaSi the Ca-Si interaction is stronger
than in CazSi and the bonding structure is lowered in en-
ergy. This effect increases the number of Ca d electrons
to 0.81 electron/atom and is indicative of an increased
covalent interaction between Ca and Si upon increasing
Si content.

The high-energy counterpart of the Ca—Si bonding
structure found in CazSi is still present, but the Si weight
is somewhat reduced. Furthermore, it is lowered in ener-
gy and located between —1 and +2 eV. This effect is re-
sponsible for the strong enhancement of the DOS at Ez
in CaSi.

3. CaSig

In the silicon-rich Ca silicide the Si s states occupy the
lower part of a —12-eV filled band, with a predominant p
character above —4 eV. An important feature consists of
the different spectra of Si(1) and Si(2), due to the different
environment. Figure 2 shows a difference of -2 eV in
the bottom of the Si 3s states. It should be noticed that
the absence of any feature in the Si(1) spectrum below—10 eV must not be taken literally. It is due to our large
size of the Ca spheres and to the fact that the tails of the
Si(2) wave functions are assigned to Ca states.

The analysis of the PDOS of CaSiz, gives evidence of
an extensive interaction between the Si s-p and Ca s-p-d
states. All these states are involved in the chemical bond,
and a single two-band model, like the Si p—metal-d cou-
pling, is no longer appropriate. The bonding interaction
is present at energies between —4 and —1 eV and
reaches a maximum in this compound. The number of
occupied d electrons is 0.87 electron/atom (Table IV).

As already found in Ca&Si and CaSi, the Ca-Si interac-
tion gives rise to structures even above the Fermi level.
The presence of different Si atoms can be related to
different Ca-Si features: the structure at —+2 eV is
mainly due to Ca-Si(2) coupling, while that around +4
eV is due to Ca-Si(1).

The high-energy part of the spectrum, as in CaSi, is
characterized by a broad Ca-Si structure, extending from
+1 to +12 eV (paper II). All Ca and Si orbitals are in-
volved in this structure, where sometimes the features
originate from the interaction of Ca with a single kind of
Si. The main part of the d band ranges between Ez and
+6 eV with a peaked maximum around +5.5 eV. These
results may be compared with the outcomes of a tight-
binding calculation of the CaSiz/Si(111) interface. The
comparison gives evidence of significative differences in
various features in the location of the main peak of the d
band, which, in this semiempirical calculation, is found
around +3 eV. These differences may arise from the
different electron properties of the interface or, more like-
ly, from the approximations of the tight-binding Hamil-
tonian.

The different behavior of the Si(1) and Si(2) PDOS's is
a fingerprint of the presence of an ionic component in the
Ca—Si. Besides the covalent character of the Si—Ca
bond, common to the other Ca silicides and due to the
mixing of Ca and Si orbitals, as discussed up to now, we
find that some ionic component is present in the bond of
this compound. This effect can be recognized by a rigid
shift of -2 eV of the eigenvalues of Si(1) with respect to
Si(2). The V(r) curves of Fig. 10 show a continuous
trend in the potential strength upon varying Si content,
with the exception of Si(1) in CaSiz. In this case the po-
tential is more repulsive by -2 eV with respect to that of
Si(2). This fact is responsible for the well-defined features
of the density of states. The bottom of Si(1) starts at
——10 eV, while that of Si(2) starts at ——12 eV. In the
empty part of the spectrum the Si(2) p states are peaked
around +2 eV, leading to a Si p —Cad structure that has
been observed in bremsstrahlung isochromat spectra
and in inverse photoemission (paper II). It should be no-
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FIG. 10. Self-consistent LMTO ASA crystal potential within
Si spheres in Ca silicides. Energies are in eV, relative to EF.

photoionization cross sections. Thus, a direct compar-
ison between the measured and calculated DOS's is a
reasonable approximation, and more accurate evaluations
of matrix elements are not required in the present discus-
sion. Besides, we do the usual approximation of neglect-
ing the k-selection-rule effect; this is fully reasonable at
these energies in photoemission from polycrystals. Be-
fore proceeding to a comparison with the calculations, we
note that in CazSi and CaSi a weak feature appears at —5

eV; this is due to the small fraction of sample area that is
not perfectly clean, as discussed in Sec. IV, and therefore
has no counterpart in the calculations. We stress again
that the presence of this feature does not prevent a mean-
ingful comparison between theory and experiment.

In order to compare theory with experiment, it is
necessary to take into account the effects of experimental
broadening and of the presence of secondary electrons in
the measurements. The calculated DOS's shown in Fig. 1

have been broadened with a Lorentzian whose width pa-
rameter is equal to [0.1+0.12(EF—E)] eV, where EF E—

ticed that the distribution of the filled Si p states is not
significantly different in the inequivalent Si atoms of
CaSiz. We believe that this is due to the bonding interac-
tion with the calcium s-p-d states that stabilize the Si p
states in the energy range between —4 and —1 eV.

The main difference between Si(1) and Si(2) coordina-
tion is the Ca atom found at a distance of 3.11 A from
Si(1), but missing in the Si(2) lattice. As a consequence,
Si(1) has four Ca neighbors, while Si(2) has only three.
We may explain the difference between the Si(1) and Si(2)
PDOS's by assuming that some charge transfer from Ca
to Si takes place. Since the Ca coordination of Si(1) is
higher, the net amount of charge found on the Si(1) atom
is greater than that on the Si(2) site and the potential of
Si(1) is more repulsive. We note that if the bond would
be covalent only, the greater coordination of Si(1) would
produce a gain in energy for the bonding states found at
the bottom of the valence band, the opposite of the result
shown in Fig. 2. This result may suggest some ionic com-
ponent, even for the bond of the other Ca silicides. Any
attempt to quantify the extent of ionicity depends crucial-
ly on the particular definition adopted (see the discussion
in Sec. V). Our results show that in Ca silicides both co-
valent and ionic features are present and that neither co-
valency nor ionicity alone may characterize the chemical
bond.

VI. EXPERIMENTAL RESULTS
AND COMPARISON WITH THK CALCULATIONS

In this section we present the photoemission measure-
ments on valence electrons and compare the theoretical
results with the experiments.

The main experimental basis is provided by the valence
spectra measured at 150 eV and summarized in the upper
panel of Fig. 11. This photon energy is very convenient
since the photoemission cross sections for s-p and d con-
tributions are roughly of the same order (within a factor
of 2) as far as one can say from the present knowledge of
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toemission spectra in the whole family of Ca silicides; the trends
across the family are pointed out. Upper panel: angle-
integrated spectra measured at 150 eV photon energy. Lower
panel: theoretical spectra calculated as explained in the text
starting from the theoretical density of states.
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is the energy of the hole measured from the Fermi level.
The instrumental broadening has been represented with a
Gaussian having 0.4 eV total width at half-height. This
combination of parameters turned out to be satisfactory;
around these values other combinations can also be used,
but since our discussion is independent of this choice
there is no need to carry out a detailed investigation of
this particular subject. To retain a better evidence of the
computed features, we have used a slightly smaller
broadening than that needed to give a perfect simulation
near the Fermi level, where in the measurements we do
not pick up the weak shoulder seen in the calculations for
CaSi and CaSi2. The presence of secondary electrons can
be taken into account in a simple approximation way by
adding a linear background increasing from EI;.

Theoretical spectra obtained by this procedure are col-
lected in the lower panel of Fig. 11. The comparison be-
tween theory and experiment can be done in the follow-
ing way.

(i) The main features of the theoretical spectra are in
perfect agreement with experiment. In particular, the
spectra are clearly divided into two regions: a peaked re-
gion between —4 eV and EF (identified with 2 in Fig. 11)
containing, as stated above, most of the Ca s-p-d contri-
bution besides the Si mostly p contribution, and a
higher-binding-energy structure, strongly varying with
stoichiometry, where the dominant weight comes from
the Si s states (8 in Fig. 11). Upon passing from CazSi to
CaSi2, the trend, both in the measurements and in calcu-
lations, is a very clear widening of the peak 3, which is
due to the increased Ca-Si interaction when the system
becomes richer in Si. Another important feature of the
theoretical results, clearly seen in Fig. 2, is that only in
Ca2Si are the Si s states split off with respect to the other
states. This is clearly confirmed by the experiments,
since only in this case does one see a clear peak in region
B. In the other silicides the theoretical distribution of
states, due to the formation of a Si s-p band, is much
broader in this region and the details could not be
identified in the measurements due to noise problems.
One can conclude that all the gross features of the mea-
surements are well reproduced by the calculations.

(ii) The quality of the calculations is better investigated
by a direct comparison between theory and experiment in
each silicide. To help this analysis, we compare for each
silicide theory and experiment in Fig. 12. By focusing the
discussion on region 3, it is clear that the agreement be-
tween theory and experiment is excellent in the two ex-
treme compounds of the phase diagram (CazSi and
CaSiz); in particular, the position of peak A, and the
presence of shoulder A2, which becomes a distinct
feature in Ca2Si, are very well reproduced. Region A is
less satisfactory in the calculations for CaSi. Also, in this
case the main features are clearly reproduced by the cal-
culations (Fig. 12), but the computed main peak is -0.9
eV below the experimental value. We note that this
disagreement is not due to neglect of the photoemission
matrix elements that may weight the various orbital con-
tributions difFerently from the total DOS; from the data
shown in Figs. 2—6 it is clear that no combination of par-
tial contributions can produce a good agreement with the

experimental data. Thus, at least, the greatest fraction of
this 0.9-eV difFerence must be regarded a true inadequacy
of the calculated states which, on the other hand, are ful-

ly satisfactory in the other respects.
An error of the order of 1 eV is not surprising because

the expected accuracy of our band-structure calculation
is of this order. This is mainly due to the atomic-sphere
approximation (ASA), which is responsible for uncertain-
ties up to —1 eV in the eigenvalues of the filled states, as
shown in Fig. 6 of Ref. 19. We notice that a similar re-
sult has been obtained by the investigation of transition-
metal silicides, ' where good agreement between x-ray
photoemission measured and computed spectra is found
for a variety of Si-rich silicides, except for the monosili-
cides, where a disagreement of —1 eV was found.

According to our view, the much better agreement
found in Ca2Si and CaSi2 is fortuitous since the accuracy
of our single-particle calculation is within 1 eV. We will
see in paper II that the major discrepancy between mea-
sured and computed spectra is reached in the metal-rich
silicide Ca2Si. In the study of empty states both self-

energy effects (present in all compounds) and approxima-
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tions of the single-particle calculations (ranging from 0 to
less than l eV) are necessary to interpret the spectra, un-
like the case of filled states, where no evidence of a self-
energy effect is found.

(iii) The different nature of the electron states of Ca2Si
with respect to the other two silicides is evident from our
calculations, which show that Ca2Si is a semimetal while
the other two silicides are metallic. The reader is re-
ferred to Table IV and to the discussion concerning Fig. 1

and Figs. 8 and 9. A direct proof of the semimetallic be-
havior of Ca2Si based on transport measurements or on
Fermi-surface analysis is lacking, to the best of our
knowledge. In this respect, valence-band photoemission
cannot be quantitative; nevertheless, very strong qualita-
tive support comes from the present photoemission re-
sults. In effect, the endpoint of the spectra of Ca2Si is
different with respect to the other two silicides, which, on
the other hand, have the same endpoint; this is shown
clearly in Fig. 13, which gives an extrapolated upper edge
of Ca2Si -0.35 eV lower than CaSi and CaSi2. This
value is of the order of the experimental linewidth, as
must be the case in a comparison of a semimetal and of a
metal photoemission spectrum. Moreover, the position
of the extrapolated edge of Ca2Si is coincident with the
Fermi edge positioned experimentally at the half-height T

I

I

I

. . I

-I

Ca~si

of the Fermi step of gold; also, this fact is consistent with
the semimetallic nature of Ca2Si.

(iv) The presence of a covalent component of the chem-
ical bond is shown in the theoretical results by the fact
that the Ca and Si PDOS's give contributions to the total
DOS which are very similar in shape. This point is very
important, and the experimental evidence supporting this
picture is given here. To discuss this point, it is con-
venient to consider the shape of the theoretical Ca and Si
PDOS's in the three silicides after broadening is done as
explained above. This comparison is done for the three
silicides in Fig. 14, where the Ca and Si contributions in
arbitrary units are normalized to the same height in order
to put in evidence the overall shape similarity. Since, as
we already noticed, we do not resolve the shoulder
present in CaSi and in CaSi2 near the Fermi level, we
have to focus our attention on the higher-binding-energy
region, i.e., on the left side of the main peak A. Only in
the CaSi2 case is there an appreciable difference in the
two contributions in the energy interval between ——2.5
and —5 eV. Thus, in a series of measurements in which
the relative weight of the Ca and Si contributions are
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FICx. 14. Calculated contributions from Si and Ca to the total
density of states of the three silicides, calculated from the
theoretical density of states by taking into account the broaden-
ing due to the lifetime and to the instrumental resolution. The
broadening parameters are specified in the text.
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FICx. 15. Comparison between the upper valence photoemis-
sion from the three silicides at 150 eV (small dots) and at 350 eV
just above the L, 2 3 threshold of calcium (large dots). Within the
statistical noise the general shape of the spectra is the same in
Ca2Si and in CaSi, while a clear difference is seen in CaSi2.

modified, no change in the spectra is expected within the
experimental sensitivity for Ca2Si and CaSi, whereas an
effect should be seen in CaSi2. This is exactly what is
found experimentally, thus confirming the above theoreti-
cal picture. This experimental evidence is based on the
resonant valence photoemission at the crossing of the Ca
L2 3 threshold ( —350 eV); in this way the Ca contribu-
tion is strongly enhanced, so that relative [Ca]/[Si]
weight is increased with respect to the spectra at 150 eV
used so far {we have estimated an increase by an order of
magnitude). These resonant photoemission spectra are
very dificult to measure since the energy is above the E
edge of carbon, which is a contaminant of the optical ele-
ments. In spite of this and of the consequent high noise,
the resonant spectra are good enough to confirm the
theoretical picture. In particular, the spectra at the 1.2 3

threshold (Fig. 15) are very similar to those at 150 eV for
Ca2Si and CaSi, whereas a rather distinct effect is seen in
CaSi2, with a narrowing at the resonance in excellent
agreement with that predicted by theory. In the resonant
spectrum of Ca2Si we do not see the feature at 3 eV
{called Az in the preceding figures); this is probably due

to the high noise of the measurements, and this point
cannot be discussed.

As a final point, we observe that our calculations may
be used to investigate some feature of the Ca-Si—interface
photoemission spectra. ' These data show that the inter-
face reaction produces a lowering of the Ca d states just
below EF and a new feature at ——1.4 eV. According to
our analysis, this finding is due to the Ca-Si interaction
which increases the Ca d occupancy. As a net result the
Ca-filled d states do not belong to the tail of the empty
main d band, as in pure Ca, but form a bonding structure
well separated from the main d band. The main peak of
this structure varies with Ca-Si interaction from ——1

eV in Ca2Si to ——2 eV in CaSi2.

VII. CONCLUSIONS

We present a joint theoretical and experimental investi-
gation of the electron properties of Ca2Si, CaSi, and
CaSi2. The densities of states have been evaluated by the
LMTO ASA method, while the experimental spectra are
based on synchrotron-radiation photoemission. The pho-
toemission spectra have been collected in different fre-
quency regimes: at h v=150 eV, where the s-p and d
cross sections are similar, and at h v=350 eV, under reso-
nant photoemission conditions at the Ca L2 3 threshold.

A detailed comparison between theory and experiment
has been performed and many features of the electron
properties and of the chemical bond in these compounds
have been understood. The general result is that
ground-state DOS's provide an excellent tool to investi-
gate the photoemission spectra of these systems. The
overall agreement across the whole silicide family is very
satisfactory and is within 1 eV, while for Ca2Si and CaSi2
it is much better. The same results will be used in paper
II to interpret inverse photoemission spectra on the same
samples. We will show that all the main features present
in the empty-state experimental spectra can be con-
sistently described.

The main conclusions of this investigation are the fol-
lowing.

(i) The chemical interaction between Ca and Si cannot
be interpreted simply in terms of covalent or ionic bonds.
The covalent or ionic character depends critically on
space partitioning which, for such complex compounds,
cannot be defined unambiguously. We have found that
covalent character is present together with some ionic
contribution.

(ii) The orbital origin of the covalent contribution to
the bond depends on the stoichiometry. While in Ca2S1
the Si states involved in the mixing with Ca are mainly
3p, upon increasing the Si content Si 3s orbitals are pro-
moted to form an unique s-p band. All the Ca s-p-d states
strongly interact with Si states. This result is different
from what is found in late transition-metal silicides,
where the metal states involved in the mixing with Si are
mainly the d orbitals.

(iii) The strength of the Si-Ca interaction increases with
Si concentration and is responsible for the increasing
number of filled Ca d states upon going from Ca&Si to
CaSi2. This- effect is responsible for the variations of the
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bonding structure below EI;.
(iv) The complex structure of these compounds, with

nonequivalent Ca atoms in Ca2Si and nonequivalent Si
atoms in CaSi2, has direct consequences on the features of
the density of states. Many structures can be correlated
to interactions localized on a quite distinct Ca-Si pair.

(v) The metal-rich silicide is found to be a semimetal.
This theoretical result, which is suggested to have the
same origin of the semimetal transition of pure Ca under
pressure, is consistent with a careful analysis of the pho-
toemission spectra near the Fermi level.
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