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The Ni and Co monosilicides and disilicides are studied by soft-x-ray-emission spectroscopy. The
Si L2 3 spectra, which provide a measure of the partial densities of states of s and d angular momen-

tum symmetry ([s +d] PDOS) localized on the Si site, are compared with available theoretical cal-

culations, and discussed in terms of the contribution of s electrons to the bonding. The Ni and Co
Mp 3 emission spectra are also obtained, and analyzed to provide information about the d PDOS lo-

calized at the metal site. These spectra are discussed in terms ofp-d bonding in the silicides.

I. INTRODUCTION

The transition-metal (TM) silicides have generated
great interest due to their metallic conductivity and com-
patibility with Si. These features make them of great po-
tential value for device applications ranging from simple
ohmic contacts to Schottky barriers and other multilayer
geometries which require high-quality, stable, rnetal-
semiconductor interfaces.

The bulk electronic properties of TM silicides (T-Si)
have been studied both theoretically and experimentally.
Stable T-Si compounds with a wide range of
stoichiometries may be formed (e.g. , TSi3, TSiz, TSi,
TzSi, T3Si, etc.), most of which have quite complex crys-
tal structures. Bonding in these materials has generally
been discussed in terms of bonding between TM d orbit-
als and Si p orbitals. Pettifor and Podloucky, using a
tight-binding model, discussed the stability of these com-
pounds in terms of p-d bonding, and concluded that p-d
interactions dominate the bonding in the binary TM-
metalloid compounds. ' The importance of p-d bonding
in these compounds has been confirmed by photoemission
studies. More detailed theoretical studies of the disili-
cides have recently been carried out using band-structure
techniques. ' Very recently, and after our own measure-
ments had been completed, two studies of the TM disili-
cides have appeared utilizing soft-x-ray-emission tech-
niques similar to those used in these studies. '

In their discussion of p-d bonding Pettifor and
Podloucky asserted that Si s electrons form a local orbital
with energy well below the TM d bands and do not con-
tribute significantly to the bonding of the compounds.
Several factors suggest, however, that s electrons play a
much more significant role. We recall that hybridized sp
orbitals provide the primary bonding of elemental Si, and
that tetrahedral local symmetry is the signature of such
bonding. In the Si-rich compounds CoSi2 and NiSi2, Si

occupies sites surrounded by four nearest-neighbor TM
atoms in tetrahedral sites, which suggests that hybri-
dized sp orbitals also play an important role in stabiliz-
ing their structure. More recently, band-structure calcu-
lations of CoSi2 and NiSi2 have suggested a significant
role for the s electrons in these compounds.

Photoemission spectroscopy (PES) measurements,
which provide a measure of the total density of states
(TDOS) of a solid, have confirmed the importance of p d-
interactions in the TM silicides. In PES spectra, the TM
d bands, which dominate the spectra, develop charac-
teristic sidebands produced by the p-d interactions. PES
spectra are unable to probe the s-electron density
eff'ectively because d electrons have higher photoioniza-
tion cross sections and completely dominate the mea-
sured spectra.

Soft-x-ray-emission (SXE) spectroscopy provides a use-
ful complementary tool to investigate the valence-band
structure. In SXE spectroscopy, electrons or photons are
used to generate vacancies in the core levels of atoms
within the specimen. Soft x rays are emitted as valence
electrons radiatively recombine with the core-level vacan-
cies. The energy distribution of SXE photons thus pro-
vide electronic-structu. "e information about the material.
Because the spectra are generated in transitions to a lo-
calized core state, the spectroscopy is chemically selective
and provides a local density of states (LDOS) for each
element of complex solids. Because the radiative transi-
tions obey dipole selection rules, the spectra provide a
measure of the angular-momentum-selected partial densi-
ty of states (LPDOS). Finally, for most operating condi-
tions, both excitation and escape distances are sufticiently
great so that SXE spectroscopy is a bulk probe which is
relatively insensitive to surface conditions.

Here we report Si L2 3 and TM Mz 3 emission spectra
of —1000-A films of polycrystalline NiSi, NiSiz, CoSi,
and CoSiz samples grown on Si(111) wafers. Formally,
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the spectra provide [s+d] LPDOS's for the Si and TM
atoms in these materials. For Si, the spectra are dom-
inated by s electrons, but have a significant contribution
from d electrons. For Ni and Co, the spectra measure
primarily the d LPDOS.

Using the Si spectra, we discuss the role of silicon s
electrons in the bonding of the silicides and compare our
spectra with available calculations. We find excellent
agreement between our data and theoretical calculations
for both Co and Ni disilicides, and believe that a
thorough understanding of these two materials has been
obtained. Due to the complexity of the crystal structure
of the monosilicides, there are no detailed theoretical cal-
culations with projected LPDOS s with which to corn-
pare our data. However, certain features of the Si spec-
tra, which we identify as being due to overlap of d elec-
trons from nearest-neighbor TM atoms onto the Si site,
are observed to increase in the monosilicides with its
higher concentration of TM atoms. From the Ni and Co
M spectra, we obtain information about the d LPDOS on
the TM-atom sites, which is compared with both theoret-
ical calculations and the results of PES investigations.

spectra. In these studies, self-absorption effects are be-
lieved to be small and no explicit corrections have been
made for these effects. For the Si 1. spectra we confirmed
this assumption by varying both the excitation energy of
exciting electrons and takeoff angle of emitted x rays and
observing that no significant changes were found in the
measured spectral features. In the M spectra of Ni and
Co metals, self-absorption effects are expected to affect
the upper edge of the spectra due to the overlap of emis-
sion and absorption edges in metals. In the TM silicides,
the d bands narrow and shift to higher binding energies
with respect to the Fermi level. Moreover, in the case of
the disilicides a quasigap opens in the vicinity of the Fer-
rni level. Both of these effects make self-absorption less
of a problem in the silicides than in the pure metal.
Therefore no corrections were made to correct for self-
absorption in the Ni and Co M spectra„ though small
effects may remain at the upper edge of the spectra.

III. RESULTS AND DISCUSSION

A. The Si L2 3 emission spectra of NiSi2 and CoSi2

II. EXPERIMENTAL PROCEDURES

The TM silicide samples were prepared at ATILT Bell
Laboratories as thin-film polycrystalline layers on Si(111)
substrates by the solid-phase reaction of evaporated lay-
ers of either Ni or Co. The composition was determined
by Rutherford backscattering spectroscopy. The disili-
cides NiSiz and CoSiz are lattice matched to Si and thus
grew epitaxially on the Si(111) substrates. The monosili-
cides typically had polycrystalline grain sizes of
600—1000 A as determined by electron microscopy.

SXE measurements were carried out on our high-
efficiency SXE spectrometer installed at the National
Synchrotron Light Source, Upton, NY. The spectrome-
ter is a 5-m Rowland circle design employing inter-
changeable toroidal gratings that focus the spectrum in
the plane of dispersion. A 40-mm-diam position-sensitive
detector made of microchannel plates and a resistive
anode readout plate is used to record spectra. A Macin-
tosh II computer interfaced with a computer automated
measurements and control crate is employed for data ac-
quisition and analysis. Using a 600-line/mm grating and
a 200-pm input slit, instrumental resolution is estimated
to be better than 0.4 eV at photon energies of 90 eV.
Measurements were made in an UHV chamber at a pres-
sure of 1 X 10 Torr. Emission was excited by a 100-pA,
2keV electron beam focused to a 1-rnm spot. The sam-
ples were placed on a holder located 3 or 4 mm away
from the entrance slit of the spectrometer. Electrons
were incident on the sample at an angle of 30' from the
sample normal, and the takeoff angle for x rays was 50.
The spectra were corrected for the nonuniform detector
response and astigmatic deformation in the nondispersion
direction. Complete spectra were assembled from seg-
ments taken at successive positions along the Rowland

0
circle. Each segment covers roughly 15 A in the silicon L,

emission range.
Self-absorption effects sometimes seriously distort SXE

In Fig. 1, the Si 1.2 3 emission spectra of NiSi2 and
CoSi2 are shown and compared with the spectra of crys-
talline and amorphous Si. The spectra of the disilicides
show a strong resemblance to that of amorphous Si. For
each of the spectra, the splitting of the low energy peak
of c-Si is absent and there is a broad peak associated with
a Si s orbital centered at about 90.5 eV with a broad
shoulder extending to the Fermi edge. Other features of
the spectra include a small peak located at about 97.5 eV
(approximately 2 eV below the Fermi edge) in CoSi~ and
a sharp, prominent peak located at about 99.5 eV (0.4 eV
below the Fermi edge) in NiSiz. The nickel disilicide also
has a small peak superimposed on the high-energy shoul-
der at about 96.5 eV that will be discussed further below.
Separate photoemission experiments" established the
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FIG. 1. The Si L, 3 emission spectra of CoSi2, NiSi„and
crystalline and amorphous Si.
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FIG. 2. The [s +d] LPDOS for Si sites in Ni and Co silicides
derived from the Si L» spectra. The zeros of energy scale are
taken to be 99.8 eV for NiSi and CoSi, 99.9 eV for NiSi2, and
99.4 eV for CoSi, .

binding energy of the Si 2p3/z line as 99.9 and 99.4 eV for
the NiSiz and CoSiz, respectively. This small shift ap-
pears to be evident in the high energy threshold of our x-
ray-emission spectra (see Figs. l and 2).

The sharp peak just below the Fermi edge of the NiSiz
spectrum has a well-defined shoulder produced by the
spin-orbit splitting of the 2p»z and 2p3/z core level.
Analysis of the edge indicates a splitting of 0.6 eV and a
ratio of approximately 2:1 for the intensity of the L3 and
Lz spectra, consistent with the known splitting and 2:1
relative degeneracies of the 2p core levels. In many L
spectra of light elemental metals, Lz intensity is reduced
below the expected value by an L-L V Coster-Kronig pro-
cess that fills this level in competition with the radiative
and L-VV Auger processes. The observation of the 2:1
ratio indicates that the Coster-Kronig process is not
significant in this material. We note that the width of the
Fermi edge of this spectrum is determined by core hole,
Fermi edge, and instrumental broadening effects, but not
by lifetime broadening of the valence-band hole in the
final state that significantly broadens the spectra at lower
energies. Very nearly the same broadening parameters
should apply to all of the Si L spectra at the Fermi edge
(or VB maximum in the case of pure Si). Thus the extra
width observed at the Fermi edges of our other spectra
can be associated with added broadening present in the
valence-band density of states or possibly due to the inho-
mogeneous broadening in the polycrystalline monosili-
cides.

Using a one-electron model and neglecting dynamical
effects, the x-ray-emission intensity is proportional to the
partial density of states localized on a particular constitu-
ent of a system, multiplied by the square of transition ma-
trix elements and also multipilied by the cube of the tran-
sition energy. By assuming constant matrix elements and

dividing by the cube of the photon energy, we can obtain
a LPDOS for comparison with theoretical calculations.
The qualitative effect is largely to reduce the intensity of
the high-energy emission in the spectra relative to the
low-energy emission, without significantly shifting spec-
tral features. In the process of obtaining these LPDOS's
we ignored the low-energy tailing of our emission spectra,
which happens in all soft-x-ray-emission spectra. ' This
broadening effect is due to the finite lifetime of the final
states (a hole in the valence or conduction band). Its
magnitude is dependent on the final-state energy. While
vanishing at the Fermi energy, it becomes larger toward
the bottom of the conduction band (or valence band for
semiconductor and insulator), which produces a tailing
extending below the band minimum. This effect will
broaden the low-energy portion of our spectra without
changing the characteristic spectral features which we
are going to discuss below. These measured [s +d]
LPDOS of the cobalt and nickel silicides are plotted in
Fig. 2. The zero of the energy scale for NiSi and CoSi
spectra is taken at 99.8 eV, the crystalline Si 2p3/z bind-
ing energy relative to the conduction band, while the
zeros are taken to be 99.9 and 99.4 eV, respectively, for
NiSiz and CoSiz. The fact that the spectra show no large
"chemical shifts" is evidence that the electronic environ-
ment of the Si atoms is similar for all of the spectra. Cal-
culated s and d LPDOS's are available for the disilicides
which will be compared with the spectra in Figs. 1 and 2
in later paragraphs. Less detailed information is avail-
able for the monosilicides.

The L spectra of elemental silicon (amorphous or crys-
talline) give typical representations of the s PDOS of co-
valently bonded material with local tetrahedral symme-
try. It is well known that the local effects for tetrahedral
covalent bonds can be described by sp orbitals directed
towards the four nearest neighbors of each atom. In
amorphous silicon, the removal of the splitting of the
low-energy peak is related to the loss of long-range order
rather than to any significant change in the local
tetrahedral bonding. This point is explicitly made by sil-
icon cluster calculations' where the s orbital correspond-
ing to the peak is not split in 5-atom clusters, where only
nearest neighbors are present, but appears in 17-atom
clusters when second-nearest-neighbor interactions are
present. Both CoSiz and NiSiz crystallize in the calcium
fluoride structure in which each silicon atom is surround-
ed by four Co or Ni atoms in tetrahedral nearest-
neighbor sites, while more remote neighbors have entirely
different symmetries than in elemental silicon. However,
since one of the two Si sublattices in NiSiz and CoSiz is
identical to one of the Si sublattices in elemental Si, some
of the second neighbors are the same for all three materi-
als. The tetrahedral local symmetry and the similarity of
the spectra of disilicides to that of pure silicon provide
clear qualitative evidence that covalent bonding involving
sp hybrids contribute in a significant fashion to the
bonding in the disilicides.

Calculations of charge density in these disilicides indi-
cate that the charge distribution around the Si atom is
very similar to that in bulk silicon. In addition, By-
lander et al. have calculated s,p and d LPDOS's for both
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Ni and Si in NiSiz, and TersoA and Hamann have pub-
lished somewhat more limited data for CoSi2. Some of
these results that are relevant to the interpretation of our
data are reproduced in Fig. 3.

The measured [s +0] LPDOS of NiSi2 is in excellent
agreement with the calculations of the s and d LPDOS's
in this material. The major peak centered at -9 eV and
the sharp peak at the Fermi edge are associated with
structure in the Si s LPDOS [Fig. 3(a)]. The Fermi-edge
peak is clearly associated with antibonding orbitals lying
above a quasigap in the s-like LPDOS. An analysis of
this structure by TersofT' and Hamann identify these
states as s-d antibonding states. The Si spectrum of
CoSiz is similar to that of NiSi2 except that the sharp
peak at the Fermi edge is absent. This results from a
shift of the Fermi edge downward into the quasigap re-
gion below the s-d antibonding states. To the extent that
the two silicides may be described in terms of a rigid
band model, this shift of the Fermi level may be under-
stood to result from the fact that Co contributes one less

electron than Ni to the filling of the band states. In con-
trast to elemental Si, which has negligible contribution
from states of d symmetry, Si d states [Fig. 3(b)] contrib-
ute significantly to the measured spectrum of Si in nickel
disilicide in the shoulder region between 94 ( —6) and 99
( —1 eV), and are responsible for the small peak feature at
96.5 ( —3.5 eV). Here the numbers in parentheses indi-
cate approximate energy positions in Figs. 2 and 3. A
comparison with the calculated Ni d LPDOS's [Fig. 3(c)]
clearly indicates that the Si d LPDOS results from over-
lap of the Ni d orbitals onto the Si sites. This is an im-
portant observation because this feature of the Si spec-
trum might be expected to persist in other silicides and to
increase in intensity in silicides with increasing Ni or Co
content. In CoSiz, d states are also expected to make a
significant contribution to the measured [s+d] LPDOS
in the region of the high-energy shoulder, with the major
contribution being a few eV below the Fermi edge at the
energy position of the Co d-band states. Tersoff' and
Hamann locate the maximum of the d band in this ma-
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FIG. 3. The projected LPDOS s for NiSi, and CoSi, from published calculations. (a) s LPDOS on Si sites for NiSi, . (b) d LPDOS
on Si sites for NiSi2. (c) d LPDOS on Ni sites for NiSi2. (d) s LPDOS on Si sites for CoSiz. The LPDOS s are in units of tenths of an
electron per unit cell per eV for (a) —(c) from Ref. 5. The LPDOS is in units of electrons per atom per eV for (d) from Ref. 6.
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terial at an energy about 2 eV below the Fermi edge, so
that it coincides with the peak at about 97.5 ( —2 eV) in
the Si spectrum of this material. Comparing the s-like
gap calculated in Figs. 3(aj and 3(d) to the corresponding
data for NiSi2 in Figs. 1 and 2, we see that measured
sharp peak near the Fermi level is somewhat stronger
than the calculated peak, perhaps indicating a slightly
smaller measured s gap than the calculation would indi-
cate. However, the lifetime broadening of the final states
on the lower energy peak at 90 eV may have caused the
peak near the Fermi level to look higher than what it ac-
tually is. In Fig. 4 we align the experimental s and d
PDOS of NiSi2 with the Lorentzian convoluted Si s and d
calculations of Bylander et al. Here we use a Lorentzian
corresponding to the intrinsic width of 2p core level in
elemental Si, which is 200 meV. ' The low energy peak
in the experimental curve is clearly broadened compared
with theoretical calculations.

In the spectral region from 103 to 119 eV, a weak satel-
lite structure with an intensity of about 2%%uo of the pri-
mary peak is observed in the silicides. It is produced by
transitions to 2p core levels with two vacancies. The sa-
tellite is observed when excitation energy exceeds the
threshold energy for removing an electron from the 1s
core state. The double core hole states are produced pri-
marily by a KLL Auger process that fills the is (k) core
hole and removes two electrons from the 2p levels (,LL).
This satellite spectrum thus provides a measure of the
(s +d) LPDOS of a Si atom that retains a core hole in its
final state, and is believed to closely approximate the lo-
cal LPDOS that would be calculated for an "impurity"
atom with a hole in its core. The satellite spectrum for
NiSiz is plotted in Fig. 5. The primary spectrum for
NiSiz is also plotted after being shifted by 17.58 eV to
bring the sharp peaks at the Fermi threshold into align-
ment.

Several features of the satellite spectrum are
significant. Two of these features are consistent with re-
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FIG. 5. The double-core-hole satellite spectrum of Si in

NiSi2. For comparison, the primary spectrum is also shown
shifted to higher energy by 17.58 eV. (Dashed line, satellite
spectrum; solid line, primary spectrum. )

suits obtained in previous studies of double-hole satel-
lites. ' Extrapolation of the low-energy edges of the pri-
mary and satellite peaks to the base line indicates that
both spectra are about 15 eV wide. And the prominant
low energy peak of the satellite spectrum is enhanced and
displaced to the extreme lower edge of the spectrum.
These are features expected for a Z+ 1 impurity atom in
a Z host, for which the bandwidth is set by the band-
width of the host, and the extra core hole is screened by a
localized charge which provides s-like LPDOS near the
bottom of the band. Two other features are more surpris-
ing. The s-like peak at the Fermi threshold is as strongly
enhanced as the low energy peak. And the intensity in
the plateau region below the threshold peak, which we
believe to consist mostly of d-like LPDOS, is strongly
suppressed in relative magnitude. While we do not yet
have a detailed understanding of this behavior, it seems
safe to conclude that the strongly enhanced peaks are as-
sociated with local orbitals that are modified and
strengthened by the accumulation of screening charge.

The satellite spectrum of CoSiz has also been measured
and is found to have the enhanced low energy peak ob-
served in NiSi2, but the prominent peak at the Fermi
edge is absent. This provides additional evidence that the
peak lying about 2 eV below the Fermi edge in the pri-
mary spectrum of cobalt disilicide is associated with a
feature in the d LPDOS rather than with s-like states.

&- Sid,

-I 5 -10 0

binding energy(eV)

-5

FIG. 4. The experimental Si s and d LPDOS with Lorentzian
broadened Si s and d calculations by Bylander et al. The
Lorentzian corresponds to the intrinsic width of 200 meV of ele-
mental Si 2p core level.

B. The Si L& 3 spectra of CoSi and NiSi

The Si L spectra of NiSi and CoSi are displayed in Fig.
6, and in Fig. 2, after the removal of the frequency cubed
factor. The major changes from the spectra of the disili-
cides are that the major peaks associated with the s orbit-
al centered at 90.5 eV in the disilicides are split and that
additional emission intensity is observed in the high-
energy shoulder region between about 92.5 and 98 eV. In
NiSi, the splitting of the low energy peak produces a peak
at 90.5 eV and a shoulder at about 88.5 eV. In CoSi, a
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FIG. 6. The Si L, , spectra of NiSi and CoSi.

double-peaked structure composed of peaks of nearly
equal magnitude centered at about the same two energies
is observed. In CoSi, the additional structure in the
shoulder region has a maximum at 95 eV and a weaker
shoulder at about 97 eV. In NiSi, the additional struc-
ture has three small maxima at about 94, 96, and 97.5 eV.
In addition to the above changes, the prominant peak at
the Fermi edge in NiSi2 has disappeared, and a weak and
broad peak centered at 77 eV is observed in the CoSi
spectrum. We currently have no explanation for the
weak peak at 77 eV, but suspect that it is associated with
some impurity in the system rather than the valence-band
structure of the silicide.

CoSi crystallizes in the B20 cubic structure like FeSi, '

and NiSi in the cubic B31 of MnP. ' For NiSi, one
band-structure calculation employing the Haydock recur-
sion method, which is a relatively simple theoretical tool,
exists with projected partial densities of states. ' Howev-
er, this calculation lacks fine structures as compared to
more rigorious band-structure calculations and its pro-
jected s LPDOS shows little resemblance to our L emis-
sion spectrum of NiSi. To our knowledge, no band-
structure calculations with projected LPDOS's are avail-
able for CoSi, so that our analysis of the monosilicide
structure is necessarily incomplete. A few observations
may be made, however. In both structures, the
tetrahedral symmetry of the TM nearest neighbors to the
Si atom breaks down, which will result in dehybridization
of the sp bonding orbitals. For example, in the nickel
silicides, the four nearest-neighbor (NN) Ni atoms in

0

NiSiz at a distance of 2.34 A are replaced in NiSi by four
0 0

Ni atoms at 2.31 A and two Ni atoms at 2.32 A to give a
formal coordination number of 6. Similarly, in going
from CoSiz (coordination number 4) to CoSi (coordina-
tion number 7), the number of nearest-neighbor Co atoms
increases, and the NN interatomic spacing decreases. In
the absence of calculations to guide our analysis, we
speculate that the splitting of the major low energy peak
results from dehybridization of the sp orbitals and the

reduction in the symmetry of the surroundings of the Si
atoms. We also suggest that the buildup in intensity in
the spectral region between 93 and 98 eV may be associ-
ated primarily with overlap of the TM d orbitals onto the
Si site, which increases as the TM content of the material
increases. In a study of ion implanted Co in Si to be re-
ported elsewhere, we observe that the high-energy shoul-
der of the Si spectrum increases in relative magnitude as
the Co content is increased, and that this evolution of the
Si spectrum may be used to monitor the Co content and
qualtitative features of the bonding in the Co in Si sys-
tem. "

C. Metal M2 3 emission spectra of the silicides

The M2 3 emission spectra for both Ni and Co silicides
are shown in Figs. 7(a) and 7(b). Formally, these spectra
provide a measure of the [s +d] LPDOS of these materi-
als. However, the oscillator strengths of the 3d-3p transi-
tions are known to greatly exceed that of the 4s-3p transi-
tions, so that the observed spectra represent primarily the
transition-metal d bands, with a negligible contribution
for the s states. The measured spectra represent a sum of
radiation produced by transitions to the 3p&&2 and 3p3/2
core levels.

A deconvolution of the M2 and M3 spectra can be
readily achieved if it is assumed that the spectra have the
same shape and if both the spin-orbit splitting of the core
levels and the relative intensities of the spectra are
known. It is known that the Mz to M3 intensity ratio is
not proportional to the 1:2 degeneracy of the core levels
for the transition metals, because the intensity of radia-
tion to the lower Mz level is suppressed by a competing
MMV Coster-Kronig process. For the nickel silicides, we
have used the spin-orbit splitting (1.80 eV) and 0.2 inten-
sity ratio determined from studies of Ni-metal spectra
to decon volute the spectra for the materials. These
values are found to give consistent spectra when the
deconvolutions are performed from either end of the
spectra, while deconvolutions which assume a larger M2
component do not give consistent results. The deconvo-
luted M3 spectra of the nickel silicides are displayed in
Fig. 7(c). To our knowledge, the spin-orbit splitting of
the 3p levels and the relative intensities of the M spectra
are not known for cobalt, so that we have not been able
to deconvolute these spectra.

The Ni and Co M spectra are very weak and are super-
imposed on the low-energy tail of the stronger Si spec-
trum and bremsstrahlung radiation generated by the ex-
citing electrons. This background must be subtracted
from the M spectrum before it is analyzed. In the transi-
tion metals the electron excited M spectrum is also often
distorted by high-energy double-hole satellites associated
with the presence of spectator holes in other d-band
states that may occur in a significant number of atoms.
In the nickel silicides, no high-energy satellites were
resolved, though it is possible that weak satellite emis-
sion, comparable to the background noise, was present
and subtracted with the background. In the cobalt sili-
cide samples, a weak shoulder is observed between about
60 and 62 eV that we tentatively identify as due to
double-hole satellites.
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The observed spectra show no sharp spectral features,
presumably due to lifetime broadening efF'ects, which may
be as large as 2.0 eV in Ni metal. ' Photoemission mea-
surements of the Co 3p level show an intrinsic width of
1.6—1.7 eV. Consequently, we are able to use the spec-
tra only to obtain rough information about the position
of the transition-metal d bands with respect to the Fermi
edge. From Fig. 7(c), we place the maxima of the Ni d
bands at about 2.5 eV below the Fermi edge in NiSi and
slightly deeper at about 2.7 eV in the disilicide. These re-
sults may be compared with photoemission results of
Franciosi et al. , which show d-band-derived features at
1.8 eV below the Fermi level in NiSi and at 3.15 eV below
the Fermi level in NiSiz. We clearly do not see a compa-
rable shift in the location of the d bands in our spectra.
The results may also be compared with the calculations
of Bisi and Calandra, which locate the center of gravity
of the d bands on Ni sites at 3 eV binding energy for both
Ni silicides, as do the calculations of Bylander et al.
given in Fig. 3.

For the Co silicides, if we assume that the high-energy
shoulder represents a satellite structure, the Fermi edge
may be taken at the break in the emission spectrum curve
that occurs at 60.6 eV. The spectral maximum for both
Co silicides is located at about 58.6 eV, which would
place the d-band maximum in these materials at 2.0 eV
below the Fermi level ~

In all of the Ni and Co M spectra, a weak peak appears
in the spectra at an energy of 2.5 —3 eV below the main
peak. In p-d bonding models of the transition metal sili-
cides, the TM d bands are split with a peak due to p-d
bonding states lying at lower energies than the main band
of nonbonding states. We attribute the low-energy shoul-
ders of our spectra to these p-d bonding states. Though
the low energy peaks are not well resolved, the increased
relative intensity in the low-energy shoulders of CoSi and
NiSi may be evidence for stronger p-d bonding in the
more metal-rich compounds.
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FIG. 7. The Co and Ni M, , emission spectra of the Co and
Ni silicides: (a) NiSi and NiSi„(b) CoSi and CoSi, and (c) the d
LPDOS on Ni sites derived from the M3 spectrum after decon-
volution of the M2 3 spectrum.

IV. DISCUSSION AND SUMMARY OF RESULTS

The results presented here make it clear that a p-d
bonding model does not provide a complete or adequate
description of the Ni and Co disilicides. Both the tetra-
valent bonding of the Si atoms and the shape of the Si I.
spectra indicate that sp bonding plays a role in stabiliz-
ing the structure. However, the resemblance of the spec-
tra to that of amorphous Si is somewhat misleading, since
in the disilicides, a d-like LPDOS makes a substantial
contribution to the spectrum in the high-energy shoulder
above the main s band. A major feature of the p-d-
bonding model is the generation of a quasigap with main-
ly filled bonding and mainly empty antibonding states
split about the TM d- band. Though a quasigap does ex-
ist in the disilicides, the states immediately above the gap
are found to be s-like in nature and to be associated with
s-d-antibonding states rather than p-d-antibonding states
as the p-d-bonding model requires. This result implies
that s-d hybridization must be included in any realistic
description of the stability of these materials.

We also note that the appearance of the sharp peak at
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the Fermi edge in going from CoSi2 to NiSi2 may be qual-
itatively understood in terms of a rigid band model in
which the Fermi level falls in the gap for the Co com-
pound and moves into the antibonding states above the
gap when the extra electron of Ni is added to the system.
Recent calculations have shown that the structures of p-
d-bonded TM compounds are destabilized when the Fer-
mi level moves out of the quasigap into the antibonding
states above the gap. This result suggests that the Ni
compound should be less stable than the Co compound,
and that CuSi2 may not be stable in this structure as have
been observed.

For the disilicides, the Si (s+d) LPDOS's derived
from the Si L spectra and the TM d LPDOS's derived
from the TM M spectra are all in excellent agreement
with the calculated LPDOS's, and serve to confirm those
calculations as accurate theoretical representations of
these systems. In every case our measurements confirm
the energy positions of major features of the calculated
LPDOS's which are derived from states of s and d sym-
metry.

In the absence of band calculations, we are unable to
provide a detailed analysis of the spectra of CoSi and
NiSi. We have, however, been able to draw conclusions
from several features of the spectra. First, the prominent
peak at about 90 eV in the Si L spectra of both com-
pounds is split to lower energies, which we tentatively as-

sociate with dehybridization of the sp orbitals as the
tetrahedral symmetry of the bonding of the Si atoms is
lost. Second, the Si L spectra are strongly enhanced in
the spectral region between 93 and 98 eV, which we ten-
tatively identify with increasing overlap of TM d orbitals
onto the Si site. And third, the TM M spectra indicate
that the energy position of the TM d bands shifts very lit-
tle in going from the monosilicides to the disilicides, in
agreement with calculations, but not with some published
photoemission results.
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