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We report a synchrotron-radiation investigation of the satellite structures of the Ni L,M4 5M4 5

Auger spectrum in the Ni compounds Ni&Si and NiSi2. The line shape of the satellites is extracted and
analyzed for both compounds and compared to the corresponding structures in Ni metal as reported in

the literature for a set of increasing photon energies; the procedure used to analyze the Auger data is de-

scribed. The spectra analysis allows us to study the evolution in the line shape and in the energy position
of the satellite structures in connection with the different chemical environment. The physical origin of
these structures is discussed.

I. INTRODUCTION

The satellite structures of L3M4 5M4 ~ Auger spectra
of metals such as Cu, Zn, Ni, and related compounds
have been the subject of extensive investigation in the last
three decades. ' " In particular, the dependence of such
satellite structures on the chemical environment of the
atom that undergoes the Auger transition has been stud-
ied for some systems. " A consideration of the physi-
ca1 processes involved in the generation of these satellites
suggests that the composition of the material containing
the atom undergoing the Auger transition may have a
major influence on the spectrum. It has been shown that
the satellite intensity arises from L3M4 5M4 5 Auger tran-
sition taking place in the presence of a spectator M45
hole, ' which lowers the kinetic energy of the Auger elec-

trons by a few eV's. Among the processes that have been
shown to be important in the formation of an M4 5 vacan-

cy for metals such as Cu, Zn, and Ni, the most relevant
to our discussion is the LzL3M45 Coster-Kronig (CK)
transition which, when energetically allowed, may pre-
cede the L3M4 5M4 ~ Auger process, leaving a hole in the

53d states. As shown, for example, by McGuire, the ex-
pression for the transition rate of the CK process con-
tains the dependence on the characteristics of the elec-
tronic states and configurations involved and on the eject-
ed electron energy. This last quantity is usually between
0 and 10 eV, i.e., the process is energetically allowed only
in a few cases. Therefore, the transition rate of CK pro-
cesses is expected to vary rapidly with the wavelength of
the outgoing electrons, which is related to their kinetic
energy (assuming for the CK electron wave function a
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plane-wave expression g=exp(ikr), with k =1/)(, ). ' As
a consequence, the transition rate is expected to change
dramatically with chemistry because of the change both
in the energy of the atomic levels involved in the transi-
tion and in the shape of the wave functions. One thus ex-
pects to see changes in the shape and intensity of the sa-
tellite spectrum with respect to the main Auger line on
going from a pure element to its compounds. In the case
of zinc, for example, ' it has been shown that the CK
probability and, therefore, the satellite intensity is greatly
reduced in the oxide with respect to the case of the pure
metal and that in the vapor phase the satellite structures
were not observed at all. '

In this paper we report a study of the satellite struc-
tures of the Ni L3M4 5M4 5 Auger spectrum in Ni sili-

cides, namely Ni2Si and NiSi2. The study of Ni silicides
is particularly interesting both in this respect and because
these materials are of fundamental and technological in-
terest in connection with the issue of Si/transition-metal
interfaces. In particular, it has been shown that nearly
stoichiometric compounds appear beginning at the early
stage of the room temperature formation of various Si/Ni
interfaces' ' and in this context it has been found that
NiSiz can be easily grown epitaxially on the (111)face of
silicon by thermally promoted interdiffusion. ' More-
over, Ni silicides have been the subject of a large theoreti-
cal and experimental investigation of their electronic and
structural properties.

Synchrotron radiation (SR) was used as a source of ex-
citation of the L3 core hole from which the Auger transi-
tion originates. The tunability of SR allowed us to ac-
quire a "satellite-free" spectrum by choosing a value of
the energy of the photon beam just above the ionization
potential of the L3 electron. This also made it possible to
scan through the Lz threshold and acquire the L3VV
spectra for increasing values of the photon energy. By
taking the differences between the spectra collected for
higher values of the photon energy and the satellite-free
spectrum, it was possible to identify the satellite contribu-
tion to the line shape and to follow its growth (see Sarma
et al. for the case of Ni metal). The first attempt to ex-
plain the origin of this satellite spectrum was that of
Roberts, Weightman, and Johnson, ' who attributed it to
the presence, during the L3M4 5M4 5 Auger process, of a
spectator M4 5 hole generated by a preceding L2L3M4 5

CK transition. Support for this suggestion has been given
in the case of Cu by Auger-photoelectron coincidence
measurements' and by experiments performed using
A1K, MgK, and CuK x-rays, ' the latter showing a
dependence of the satellite intensity relative to the main
Auger line on the photon energy. Recently, this view has
been disputed by the authors of Ref. 7, who performed a
synchrotron-radiation investigation of Cu and Zn; they
have attributed the satellite structures of the
L2 3M4 5M4 5 spectra mainly to Auger final-state shakeup
effects generating a three-hole configuration. Moreover,
they have interpreted the observed increase in the intensi-
ty of the satellite features with increasing photon energy
up to far above the thresholds (=200 eV) as due to a
breakdown of the sudden approximation. These con-
clusions have been questioned by Wassdahl et al. , who

showed that the strong satellites in the Cu and Zn L$3
x-ray emission and Auger spectra are due to M-shell va-
cancies produced before the decay, via CK and also by
shakeup and shakeoff processes. A subsequent review of
the data of Sarma et al. by Fuggle and Sawatzky ' has
underlined their consistency with the original ideas, al-
though this reinterpretation has been contested by Sarma
et al. In the case of the Ni L3M4 5M4 5 Auger transi-
tion, two different contributions to the satellite line have
been identified, one related to a preceding CK L2L3M4 5

process and the other to a final-state shakeup effect. In
this paper we will analyze the satellite behavior as a func-
tion of the chemical environment of the Ni atom that
ejects the Auger electron in two different Ni silicides, in
an effort to obtain insight into the mechanisms that lie at
the basis of the satellite behavior.

The paper is organized as follows: in Sec. II a survey
of the experimental apparatus is given; details of the data
handling and the results obtained are the subjects of Sec.
III, along with the discussion and conclusions.

II. EXPERIMENT

The experiments were performed on station 1.1 of the
Synchroton Radiation Source of Daresbury (U.K.). A
slitless entrance monochromator, based on a non-
Rowland spherical grating (1800 lines/mm), was connect-
ed, without a window, to the UHV chamber. The stan-
dard deviation of the photon-energy resolution at the en-
ergies employed was cr =1.6 eV; this means that a non-
negligible part of the photon Aux lies between E+2o. and
E+3o, where 3o =4.8 eV. The contribution from the
second-order light in the beam line is negligible (less than
5%) at the energies in use in our experiments and there-
fore did not affect our results. Well-prepared bulk Ni sili-
cides were cleaned in situ by scraping with a diamond-
covered file. The cleanliness of the specimens was regu-
larly checked by x-ray photoemission spectroscopy (XPS)
which revealed no detectable features attributable to car-
bon, oxygen, or other contaminants. The Auger spectra
were collected using an HA150 hemispherical analyzer
manufactured by Vacuum Science Workshop, in the
constant-pass energy mode with a resolution of 0.6 eV.
The base pressure during the experiments was in the low
10 ' mbar range.

III. RESULTS AND DISCUSSION

In Figs. 1 and 2 the L3M4 5M4 5 Auger spectra of
NizSi and NiSiz are shown, respectively; spectra (a) are
taken with a photon-energy value below the ionization
potential of the L2 level and spectra (b) are taken with a
photon energy value well above this threshold.

A large increase in intensity on the low-kinetic-energy
side of the line shape occurs on going from spectrum (a)
to spectrum (b), for both materials. For a nearly corre-
sponding photon energy, the spectra of the two com-
pounds look remarkably similar to each other and resem-
ble the L3M4 5M4 5 spectra reported in the literature for
pure Ni, in spite of the very different chemical environ-
ment of the Ni atom in the three cases. This resemblance
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has been observed in a previous electron-excited study;"
we note that for both silicides the spectra acquired with
h v=1010 eV [curve (b)] are very similar to the electron-
excited data of Ref. 11, which are shown after a back-
ground subtraction. For both materials, by acquiring the
spectra with a photon energy above the L3 and well
below the Lz threshold ionization energy, one should ob-
tain a satellite-free line shape. The ionization energies,
as determined by x-ray-absorption spectroscopy, are
853 eV for the L3 and 870.5 eV for the Lz threshold in

NizSi, while for NiSiz they are found to be 2.1 eV higher
in each case. In order to minimize the inAuence of any
additional excitations accompanying the creation of a Ni
L 3 hole state by photoionization, spectrum (a) in Fig. 2
was collected with a low photon energy, 852 eV, which is
actually below the L3 threshold (855 eV). This was
achieved by taking advantage of the reduced resolution of
the monochromator at this energy (0 =1.6 eV). The
spectrum thus corresponds to initial states excited almost
exactly at threshold. We note here that the intensity of
the valence-band photoelectronic signal overlapping the
Auger spectrum collected with hv=852 eV is negligible
with respect to the intensity of the main line.

Curves (a) of Figs. 1 and 2 are featureless on the low-
kinetic-energy side, i.e., there are no detectable satellite
structures on these line shapes. We have therefore used
these spectra as a reference, to follow the growth of the
satellite with increasing photon energies. In particular,
we have isolated the contribution of the satellite to the
main Auger line by extracting the difference spectrum of

the data obtained with increasing photon energy and the
reference. In order to generate the difference spectra,
each curve was normalized by aligning the high-kinetic-
energy side with its respective reference spectrum, as
shown in Figs. 1 and 2. This particular choice stems
from the impossibility of aligning the two spectra to the
64 main Auger peak, a satellite contribution being

present in the same energy region of this peak; further-
more, it has been observed that the high-kinetic-energy
side of the Auger line does not change on varying the
photon energy. In Figs. 3(a) and 3(b) the difFerence
curves obtained using the above-mentioned procedure in
the case of NizSi and NiSiz, respectively, are displayed,
for a set of photon energies ranging from a few eV's
above the energy used to acquire the reference spectrum
to approximately 160 eV above the L3 threshold. In Fig.
4 the ratio between the satellite intensity and the main-
line intensity is plotted versus the photon energy for the
case of NiSi~. The satellite intensity was deduced for
each difference spectrum as the area under the curve be-
tween the kinetic energies of 832 and 853.5 eV. The same
procedure and energy range were used to calculate the
corresponding main-line intensity in the spectra collected
at photon energies below the L~ threshold. The observed
intensity of the satellite is very low for h v=854. 5 eV and
it increases slightly for h v=859. 5 eV. A pronounced in-
crease in the intensity occurs for values of the excitation
energy between approximately 867 and 876 eV; for
reasons that will be clear below, we refer to this part of
the curve as the CK ramp. At higher photon energies the

I
I

I
I

I

0
0

0
00

0 ~0
Op

~
0

0
gP ~
0

0 ~
0

I
I

I

CI5

V)

Q)

0 ~
0 ~
0

0
0 0
0

O

P

P
P
P

I
I

I
I

I
I

I
I

I
I

I

0 00
0 0

0 g0
0

~0

832
I I I I I I I I I I

836 840 844 848 852 856
I I I I I I I I I I I

832 836 840 844 848 852 856

Kinetic Energy (eV)

FIG. 1. Ni L3M4, M4, Auger spectra in Ni, Si taken at two
different photon energies: (a) hv=859. 5 eV (open circles) and
(b) hv=1010 eV (filled circles). The difference spectrum is also
shown (see text).
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FIG. 2. Ni L3M4, M4, Auger spectra in NiSiz taken at two
different photon energies: (a) h v=852. 5 eV (open circles) and
(b) h v=1010 eV (filled circles). The difference spectrum is also
shown (see text).
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growth becomes slower and tends asymptotically to a sat-
uration value. It should be noted that a very similar
trend in the growth is observed in the case of Ni2Si, as
shown in Fig. 4. The observed shape of the satellite is
very similar in the two compounds for corresponding
(h v-L3 ) energy differences in spite of the different
stoichiometry.

We suggest that the pronounced increase in the intensi-

ty of the satellite observed in the case of NiSi2 for values
of the excitation energy around 867 eV and for Ni2Si
around 865 eV is mainly a consequence of the excitation
of the L2 threshold, which opens the possibility of
L2L3M4 5 CK decay, leading to a two-hole L3M4
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Photon Energy (eV)

FIG. 4. Intensity of the satellite structures relative to the
main L,M&,M4 5 Auger line as a function of h v in Ni2Si (filled

circles) and in NiSi& (open circles).
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configuration in the initial state of the Auger process.
The intensity observed before this pronounced increase
could be due to shakeup processes in the photoemission
of the L3 electron leading, again, to the two-hole L3M4 5

Auger initial state.
This latter state will decay via an L3M4 5-M4 5M4 5

M4 ~ transition, giving rise to the satellite structure locat-
ed at a lower kinetic energy with respect to the main line.
This interpretation is consistent energetically if we con-
sider the aforementioned arguments concerning our ex-
perimental resolution. In fact, our data show the steep
increase in the satellite intensity for a value of the photon
energy which is approximately 5 eV below the ionization
energy of the L2 threshold, which is consistent with our
previous observations regarding the excitation of the L3
threshold.

We now discuss the high and low kinetic-energy re-
gions of the Auger spectrum separately.

A. High-kinetic-energy region
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FIG. 3. (a) Evolution of the satellite line shape vs the photon
energy for NizSi. (b) Same as (a) but for NiSiz.

The underlying multiplet structure of the d states
created by L3M4 5M4 5 processes, which appear at high
kinetic energy in the spectra reported here, is known to
be composed of 'So, 'G4, 'Dz, P, and F components.
Bisi et al. " have noted that the U value of the least-
bound F component, which corresponds to the high-
kinetic-energy edge of the Auger spectrum, is very small
and, consequently, in light of the Cini-Sawatzky theory,
we expect this region of the spectrum to have some con-
tribution from the self-convolution of the local density of
states of the valence band. In Ni alloys this region of the
spectrum is sensitive to the changes in the local electronic
structure induced by alloying. ' Alloying with the nar-
row band metal La causes the spectrum to sharpen and
suggests the presence of a quasiatomic F component,
whereas alloying with Al causes a reduction in intensity
in this region. Figure 5 shows the high-kinetic-energy re-
gion of the spectrum in detail for Ni metal and its two sil-
icides and it is notable that the spectra are almost identi-
cal. Given the large differences in the valence-band den-
sity of states between metallic Ni and its silicides, we
would expect that any bandlike contribution would be
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energy relative to the 'G main peak (eV)

in partial agreement with that proposed by Sarma et a1."

An expression for the kinetic energy of the CK elec-
tron is given by the Shirley's formula, which is, in the
case of the L2L3M4 ~ transition,

Ek(L2L3M4 5 ) =Eb(L2 ) Eb—(L3 ) E—b(M4 5 )

V(L3M4 5 )+A(L3M4 5 )

where V(L3M4 5) is the Coulomb energy of the L3 M4 5-

hole pair and %(L3M4 5) is the relaxation total energy,
which is the relaxation energy of the two-hole system
that must be added to the relaxation energy of the single-
hole system already contained in the XPS-derived
binding-energy terms Eb.

By writing

bE =Eb(L2) El, (L—3) Et, (M—4 5)

FIG. 5. Comparison of the high-kinetic-energy part of the
L3344 53f4 5 Auger spectra of Ni metal (dotted curve), Ni2Si
(solid line), and NiSi2 (crosses) after alignment of the G4 peaks.

and

W' = P(L3M„5 ) JP(L3M—4 5 ),

different in the spectrum obtained from each material.
Consequently, the identical spectral profiles of Fig. 5 im-

ply that the total bandlike contribution to the spectrum is
small. The dominant contribution to the spectrum arises
from the more bound '64 component, identified with the
main peak in the spectrum, which is expected to be large-
ly atomiclike. The relative intensity of bandlike and
atomiclike contributions to the valence-band Auger spec-
tra change very rapidly with the ratio U/Wand the line
shape arising from the atomic components is expected to
be independent of the shape of the local valence-band
density of states. We conclude that, with the possible ex-
ception of the F component, the d final states created
by the L3M4 5M4 5 transitions in all the three materials
are predominantly atomiclike. The Auger profiles of
these materials suggest that the changes in the local elec-
tronic structure on a Ni site that arise from forming Ni
silicides are, in some sense, intermediate between those
produced by alloying with La, which causes a sharpening
of the F component, and those resulting from alloying
with Al, which reduces its intensity. This is an interest-
ing result in light of a recent comparison of the electronic
structures of NiSi and NiA1, which concluded that the
simple d-p bonding scheme usually used to explain the
electronic structure of silicides needs revision.

B. Satellite region

First of all, on increasing the photon energy the total
area of the three-hole satellite line in terms of its ratio to
the main line area appears to grow with nearly the same
rate for all the stoichiometries analyzed (silicides and Ni
metal as reported in Ref. 8). This seems to suggest that
the Auger satellite structures in the two silicides originate
from the same physical processes that give rise to the
homologous structures in the pure Ni: the L2L3M4 5 CK
decay of the initially created L2 hole seems to be the pro-
cess leading to the most striking effects in the satellite
line-shape evolution vs photon energy, and this would be

we can conclude that the CK decay is energetically al-
lowed when AE & 8'* and its probability grows upon in-
creasing this energy difference. This is why Antonides
and Sawatzky' noted that on going from Zn metal to
ZnO the LzL3M4, intensity decreases. In the case of Ni
metals, Matthew, Nuttal, and Gallon found that
AE ))8", that is, the L2L3M4 5 is highly allowed. Fur-
thermore, in metals the CK probability increases slowly
with the electron energy above the Fermi level, due to the
efficient core-hole screening given by the conduction elec-
trons. In the case of NizSi and NiSiz, the L2-L3 spin-
orbit splitting remains the same as in pure Ni and a good
core-hole screening is granted by Silicon sp electrons; this
allows us to expect that hE)& 8'* for these compounds
as well.

The final [2p3&23d] hole states for the CK transitions
consist of several multiplet-structure components, with
different values of the L, S, and J quantum numbers,
spread over -7 eV. The CK transition rate to each of
these two-hole multiplet components is expected to be
very sensitive to the details of the wave functions and to
the precise energy of the transitions. One might expect
the difference in chemica1 environment between the Ni
silicides and the Ni metal to result in an LSJ dependence
of the transition rate which gives rise to a different popu-
lation of components of the multiplet structure in the
metal and in the silicides. This would then give rise to
the differences in the L3M4 5 (LSJ) M4 5M4 5M4, -

profile. The difference in core-hole screening in the two
environments, which is expected to involve local metal
d-like states in Ni and less localized Si sp states in the sili-

cides, may also inhuence the LSJ dependence of the
L2L3M4 5 CK rate. In support of this view, we note that
small changes in chemistry are known to significantly
change the transition rate of L2L3M4 5 CK processes in

this region of the periodic table. ' '
A comparison of the satellite lines of the two silicides

taken at similar photon energy (at the same hv L2 energy-
difference) just above the end of the steep intensity ramp
characteristic of the intensity evolution curves [see Figs.
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FIG. 6. Comparison of the Auger satellite structures of Ni, Si (open squares) and NiSi& (filled squares) collected at nearly the same

photon energy (872 eV for Ni2Si and 873.5 eV for NiSi2) taken just above the steep CK-intensity ramp. Both spectra have been nor-
malized to have the same maximum height; the energy is referred to the respective G4 positions.

3(a) and 3(b)], is reported in Fig. 6; it shows that even the
relative intensities of each multiplet term of the d final-
state configuration are almost the same, within the accu-
racy of the measurements and data handling, between the
two silicides. In particular, the influence of the final-
state-term splitting and the position of the centroid of the
satellite structures are remarkably similar in the two
compounds. The width of the spectrum which is largely
determined by the multiplet splittings appears to be com-
parable to the results of McGuire's calculations for Cu
metal and to the measurements of Roberts, Weightman,
and Johnson' for Cu.

Comparisons of the satellite line shapes performed at
several photon energies allow us to conclude that, despite
the different atomic coordination of the Ni atoms in the
two silicides and the difference in the valence-band struc-
tures, the Auger satellite lines (and the main lines, as
well) evolve exactly in the same way for Ni2Si and NiSi2.
This suggests that the final-state d configuration is atom-
iclike in the Auger process, in the sense that the three lo-
calized d holes in the final state break the translational
symmetry in the Ni-site neighborhood. We also remark
that the site-projecting character of the Auger matrix ele-
ment selects mainly the Ni d charge that is localized onto
a Ni site and is not directly involved in the bonding with
the Si atoms.

Figure 7 contains a comparison between the satellite
line of Ni2Si and that of Ni metal at comparable h v taken
above the CK growth ramp. In this comparison the ener-
gy difference between hv and the L2 threshold is nearly
the same for each material. The first observation regards
the satellite centroid position referred to the '64 peak of
the Auger main line; this energy position represents the
Fo Slater integral which already contains all the screen-
ing and relaxation effects: on going from Ni metal to the
Ni silicides, the centroid distance from the 64 peak

remains the same. Moreover, it can be seen that the line
shapes are similar, although the relative intensities of the
multiplet terms change a little.

We conclude that the different Ni-Ni coordination and
the different core-hole screening character between Ni
and Ni silicides does not affect the position of the overall
satellite contribution. However, it can be concluded that
the satellite behavior is mainly atomiclike for both the sil-
icide stoichiometries and for the pure Ni.

The most notable difference between Ni and Ni sili-
cides satellite line shapes involves the region between 5
and 10 eV away from the '64 peak, which typically con-
tains the contribution coming from the presence of the
spectator M45 holes created in the L3 photoemission
final-state shakeup and shakeoff. Our results suggest that
either the rate of production of M4 5 holes by this process
is different for Ni metal and the Ni silicides, or that the
d-electrons reservoir for hole excitation changes with the
chemistry; the first conclusion seems the more appropri-
ate, since the d occupancy is almost unchanged on going
from pure Ni to Ni2Si and to NiSi2.

It is more diScult to compare the Auger satellite of Ni
and its silicides at photon energies falling in the CK-ramp
region, due to the strong dependence of the line shapes on
h v. We tentatively suggest that the different
stoichiometry reflects a different distribution of intensity
among the d multiplet terms as a consequence of the
different initial L3M45 population and CK matrix ele-
ment effects even at the same hv. However, we have
found that also in this case the AFO value between pure
Ni and Ni silicides is about zero, which seems to suggest
that this quantity is not affected by the CK transition
rate.

In conclusion, we suggest that the Auger satellite for-
rnation involves only localized d charge even in the d
final-state configuration and, moreover, the correspond-
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FIG. 7. Comparison of the Auger satellite structure of Ni2Si (large open squares) and that of Ni metal (small open squares) as tak-
en from Ref. 8; the photon energy employed is the same for both spectra and falls into the asymptotic flat region of the intensity
growth curves (h v= 879.5 eV for Ni&Si and h v= 879 eV for Ni metal). The energy is referred to the respective 'G4 peaks.

ing spectrum is mostly atomiclike both in Ni metal and in
the silicides. The difference in the screening behavior at
different Ni-Ni coordination is not strongly evidenced in
our measurements and the change in the satellite line
shape with the chemical environment of Ni atoms is not
as striking as expected on the basis of atomic CK transi-
tion rates intuitive predictions, thus confirming previous-
ly reported results. '"

IV. CONCLUSIONS

In summary, the vacancy satellite structures of the Ni
L3M45M4 5 Auger spectrum in Ni2Si and NiSi2 have
been investigated employing tunable synchrotron radia-
tion as the source of excitation of the initial-state core
hole. A remarkable similarity in the line shape of the two
series of satellite spectra is found in spite of the different
stoichiometry, that is, Ni-Ni coordination and chemical
bonding. The measured satellite-intensity dependence on
photon energy is found to be almost the same in the Ni
compounds, and it strongly resembles previous observa-

tions concerning Ni metal: this suggests a common ori-
gin for these spectral features.

The common position of the centroids of the satellite
double-hole structures of pure Ni and Ni silicides sug-
gests that the global effect of relaxation and screening of
the L3M45 double-ionized atom is almost the same for
all the involved stoichiometries. Our measurements lead
directly to the conclusion that both the d final state of
the L 3 VV transition and the d final state of the
L2 3M4 5 M4 5M4 5M4 5 Auger decay are mainly atomic-
like.
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