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Combined (x-ray, ultraviolet) photoelectron, electron- and bremsstrahlung-excited Auger-electron,
and electron-energy-loss (EELS) spectroscopic investigations yield insight into the bonding state of
silicon (i) as segregated onto Fe(100) forming a ¢(2X2) superstructure at equilibrium, and (ii) on
Fe;Si(100), FeSi(100), and FeSiy(poly) surfaces. The slight binding-energy shifts of the Si2s, Si2p,
and Fe 3p core levels as compared with the pure elements (a-iron and silicon) indicate a small charge
transfer from iron to silicon atoms in the silicides. For silicon in the segregated state, the bonding
exhibits a predominantly homopolar character. The iron silicide valence bands show an invariable
nonbonding Fe 3d —derived feature and bonding iron states about 2 eV below Er. Independent of
the Si bulk content, the density of states near Er is always high, reflecting the intermetallic charac-
ter of the iron-silicon compounds. The Si- and Fe-induced valence states and interatomic features
in the Si(L,3VV') Auger transitions are evidence of the prevailing iron-silicon interaction in Fe;Si
and localized silicon bonding in the monosilicide and disilicide. Segregated Si on Fe(100) at surface
saturation interacts for the most part laterally, but generates some slight modification in the iron
electronic structure in this configuration. The EELS spectra essentially reflect the increasing degree
of valence-electron delocalization and the diminishing number of oscillating electrons in going from
Fe-Si(6 at. %) to FeSi,. The results are discussed in comparison with other transition-metal silicides
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and with related iron compounds as well as on the basis of crystallographic data.

I. INTRODUCTION

A combination of surface spectroscopy techniques has
been applied to investigate the main aspects of the chemi-
cal bond at interfaces. A special application is segregation
studies of interstitial and substitutional “sp” impurities on
free surfaces of a-iron in order to elucidate the elemental
composition of the surface region and the bonding state of
the segregated species. The interest in this topic is on one
hand due to the strong correlation between grain-
boundary segregation' and such phenomena as temper em-
brittlement?® and creep embrittlement.’~!! On the other
hand, segregated nonmetallic impurities on free-tran-
sition-metal surfaces can play an important role in phe-
nomena such as chemisorption,'>~'* corrosion,>~’
adhesion,'® and catalytic processes.'* 2!

For the segregation system Fe-P (Ref. 22) we have re-
cently published an electron spectroscopic study wherein
we demonstrated the usefulness of comparing samples
with metalloids dissolved in the bulk to bulk compounds
formed by the same elements. This concept can also be
applied to silicon segregation onto a-iron surfaces. Owing
to technological importance in device applications, the
structural and electronic properties of numerous metal sili-
cides®>~?" and metal-silicon interfaces?® have been suc-
cessfully characterized by surface-sensitive methods and
modeled by theoretical calculations. In addition, the lack
of extended experimental and theoretical studies concern-
ing the iron-silicide surfaces, apart from Fe;Si,”> 3 has
stimulated us to investigate in more detail the binding of
silicon and iron atoms on the surfaces of different iron sil-
icides.

II. EXPERIMENTAL

The x-ray photoelectron spectroscopy (XPS), Auger-
electron spectroscopy (AES), and electron-energy-loss
spectroscopy (EELS) experiments were performed in a
Leybold-Heraeus LHS 10 system consisting of a stainless-
steel vacuum chamber with a 180° hemispherical analyzer
and a valveless load-lock system including preparation
chamber. The system is capable of a base pressure below
11078 Pa in the analyzer chamber (ion-getter pumped)
and 1X 1077 Pa in the preparation chamber (turbomolecu-
lar pumped). The specimens of about 10 X 10 mm? size
are mounted on a direct heating sample rod, permitting a
maximum sample temperature of 800°C. The electron
spectra were excited in glancing incidence and recorded in
normal emission with an analyzer pass energy of 50 eV ex-
cept for the Auger spectra which were recorded at con-
stant AE/E. Further details of the experimental setup
have been described previously.”? Energy calibration was
based on the following photoline positions for copper met-
al: Cu 2p;,,=932.610.1 eV, Cu 35s=122.6+0.1 eV, and
Cu 3py/5,3,2=77.2%0.05 and 75.1+0.05 eV. The Fermi
level was determined by frequent analysis of the valence-
band spectra of clean nickel or iron material. The non-
monochromatized Mg Ka radiation (1253.6 eV) gives a
1.1-eV full width at half maximum (FWHM) for Au
4f;,, in the analyzer mode with a 50-eV pass energy. A
deconvolution procedure assuming a Gaussian line profile
of 0.7-eV FWHM for the instrumental resolution and in-
trinsic linewidth results in a 0.8-eV FWHM for Au 4f,.
Supplemental angle-integrated UPS experiments were car-
ried out in a Vacuum Generators ESCALAB 5 equipped
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with a uv discharge lamp.

The samples under investigation, Fe-Si(6 at. %), Fe;Si,
FeSi, and FeSi;, were produced by melting high-purity
iron and silicon material and applying the Bridgeman
method for producing monocrystals. This procedure was
successful with the exception of the FeSi, specimens
which consisted of polycrystalline material. The single
crystals were cut by spark erosion to within +0.5° of the
(100) surface orientation. The silicon enrichment of the
Fe(100) surface was achieved by heating a silicon-doped
iron single crystal (c5;=6 at. %, i.e., within the solubility
range of silicon in a-iron) to 600°C. At equilibrium sa-
turation, a ¢(2X2) superstructure of Si on Fe(100) was
detected by low-energy electron-diffraction (LEED) exper-
iments. This result implies that the silicon enrichment at
saturation corresponds to a surface coverage of half a
monolayer. The mechanically polished surfaces of the
specimens were prepared in situ by short soft-argon or
-neon sputtering at elevated temperatures. Surface cleanli-
ness was checked for all the samples under investigation
by AES (Fig. 1). The elemental surface composition was
analyzed by ion scattering spectroscopy (ISS) experiments
and correlated to AES peak-height ratios in order to make
sure that during sputtering no depletion of iron or silicon
took place.

III. RESULTS

A. Photoelectron spectra

All silicon and iron core levels, Auger transitions, and
valence-band distributions available to Mg Ka radiation
were analyzed for the silicides, pure iron, pure silicon, and
the iron-silicon segregation system. Wide-scan x-ray
photoemission spectra of the iron surface saturated with
silicon at equilibrium and of the silicides are shown in
Fig. 2.
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FIG. 1. Electron-excited Auger spectra of the Fe(100)-
Si[c (2 2)], Fe;Si(100), FeSi(100), FeSiy(poly), and Si(111) sur-
faces. E,=2.5keV and Upoa=2Vpp.
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FIG. 2. Wide-scan x-ray photoemission spectra [Mg Ka,
EN (E) mode] of the Fe(100) surface saturated with segregated

Si (cs; =6 at. %) and of the iron silicide surfaces.
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FIG. 3. Si 2s and Si 2p core-level spectra (Mg K a—excited) of
Si segregated onto the Fe(100) surface (--- enlarged by 10
times) and of Fe;Si, FeSi, and pure Si surfaces—after back-
ground subtraction. Peak heights represent the absolute photo-
emission intensities.
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For information concerning the bonding states of iron
and silicon, the energy positions and the line shapes of
selected core levels and the valence band are taken into ac-
count. In Fig. 3 the Si 2s and Si 2p core levels of Si in the
segregated state, in the silicides, and in pure silicon are
shown. As compared to pure silicon, the Si 2s and Si 2p
core levels in the silicides are shifted to higher binding en-
ergies, whereas the photoemission line of the segregated
species has a lowered binding energy. The Si core levels of
FeSi, (not shown) are within accuracy identical in binding
energy to those of FeSi. Corresponding energy shifts are
also detected for the iron lines. The binding-energy values
for the iron and silicon core levels Fe 2p;,,, Fe 3p, Si 2s,
and Si 2p are summarized in Fig. 4 as a function of the Si
bulk concentration. The variations of the linewidths are
shown in Fig. 5. The FWHM’s of the silicon core levels
are smallest for pure silicon and increase with higher Si
bulk concentration in the samples: for Si 2s from 1.7
(pure Si) to 1.9 eV (FeSi,), and for Si 2p from 1.35 to 1.45
eV. The FWHM changes for Fe 3p are similar, except for
the FeSi, specimen: From 2.55 eV in pure iron there is an
increase up to 2.7 eV in FeSi, and a slight drop to 2.65 eV
for FeSi,. The variations of the Fe 2p;,, linewidths are
more drastic: The Fe 2p3;,, FWHM decreases from 2.15
eV in pure iron to 1.6 eV in FeSi,.

The x-ray photoemission valence-band spectra of Fe,
surface-saturated Fe-Si(6 at. %), Fe;Si, FeSi, and FeSi, are
compared in Fig. 6. The valence bands of the silicides and
the silicon-saturated Fe(100) surface retain the high elec-
tron densities at the Fermi energy Er as in pure Fe, but
some intensity modifications occur in the binding-energy
region between ~1 and ~4 eV below Ep. The 3d
valence-band peak is at the same energy position as that of
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FIG. 4. Binding energies of the Mg K a—excited Fe 3p, Si 2s,
Si 2p, and Fe 2p;,, core levels as a function of silicon bulk con-
centration for pure Fe, the Fe surface saturated with segregated
Si, Fe;Si, FeSi, FeSi,, and pure Si.
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FIG. 5. FWHM of the iron and silicon core levels and of the
Si(KLL) transition as a function of Si bulk concentration in iron.

iron, viz., ~0.7 eV. By subtracting the valence-band spec-
trum of clean iron from the silicide and silicon-saturated
Fe(100) valence-band spectra, the additional features due
to silicon-induced states and/or due to changes in the iron
density of states (DOS) become more pronounced (Fig. 7).
The features between 9.1 and 9.6 eV in the silicide spectra
originate from electron emission out of the Si 3s level.
The nature of the structures at lower binding energies is
more complex. At first sight, the peak at about 2 eV
binding energy can be attributed to a modified Fe 3d
DOS, whereas the lines with energies between 3.3 and 4.4
eV are composed of silicon and iron states. The magni-
tude of the Si 3p contribution to the feature at about 3.5
eV below Ep. is difficult to estimate for the Fe-Si(6 at. %)
and the Fe;Si specimens, because of the very low pho-
toionization cross section at this high photon excitation
energy (Cooper minimum). With increasing silicon con-
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FIG. 6. X-ray photoemission valence-band spectra of FeSi,,
FeSi(100), Fe;Si(100), Fe(100)-Si[c(2X2)], and clean Fe. Spec-
tra are deconvoluted.
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FIG. 7. Valence-band difference spectra: The valence band

of clean iron has been subtracted from those of iron silicides and
Fe(100)-Si[c (2X2)].

tent (FeSi, FeSi,), the Si 3p state seems to become more
dominant accompanied by a shift to higher binding ener-
gies.

The location of the Si 3p photoemission line in this
binding-energy region can be demonstrated by performing
He1 photoemission spectroscopy. In Fig. 8, Hel and Mg
Ka valence-band spectra of the Fe(100)-Si[c(2x2)] sur-
face are compared. In the angle-integrated ultraviolet-
‘photoemission spectrum, two silicon-induced photoemis-
sion states are detected: Si 3p and Si 3s situated at 4.0 and
9.2 eV below Ep, respectively. Recently performed photo-
emission experiments on this Fe(100)-Si[c (2 2)] surface
using sychrotron radiation with photon energies
12 <#iw <120 eV show the outer-shell Si photoemission
lines to be located at the same binding-energy positions in
the valence-band spectra for #iw <28 eV. The Si peak in-
tensities nearly vanish for photon energies greater than or
equal to 30 eV due to the very low photoionization cross
sections. Therefore the Mg Ka—excited valence-band
spectrum (Fig. 8) reflects essentially the modified iron
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FIG. 8. Hel and Mg Ka—excited valence-band spectra of the
Fe(100)-Si[c (2 X 2)] surface.

B. EGERT AND G. PANZNER 29

DOS caused by the interaction of Si surface atoms with
iron atoms on the (100) surface. In the case of Fe;Si (Fig.
7), the shape of the Si 3p photoemission line is still
suppressed by the iron 3d /4s states, while the separation
between Si 3p and the Fe valence levels becomes more dis-
tinct in FeSi and FeSi,.

B. Auger spectra

AES of silicon core-valence and core-core transitions
are investigated with regard to obtaining supplemental in-
formation about Si valence states and Si core levels. Be-
cause of the better signal-to-noise ratio, the Si(L,;VV)
spectra = were excited by electron bombardment
(1.5 < E, <2.5 keV), whereas the Si(KLL) lines were gen-
erated by bremsstrahlung of the Al anode. The L,3VV
Auger line shapes of silicon on iron-silicide surfaces, in
pure silicon and on the Si-saturated Fe(100) surface, are
compared in Fig. 9. The low-energy features in the
Si(LVV) spectrum turned out to be complex, e.g., by
reason of the Fe(M,VV) overlap. Characteristic fine
structures on the high-kinetic-energy side of the
Si(L,3M53M53) Auger line are most readily detectable in
the second-derivative mode (Fig. 10). As can be seen in
Fig. 10 the Auger spectrum of the Fe;Si(100) specimen ex-
hibits a resolved feature 4.3 eV above the main
transition—labeled 4 in Fig. 10. For FeSi a correspond-
ing structure is still discernible and reproducible. This is
indicated in Fig. 10 by the dashed lines marking the al-
teration in slope. The silicon in the segregated state on
the Fe(100) surface is characterized by a broadened tail on
the high-kinetic-energy side of the main transition com-
pared to pure silicon.

With increasing silicon content in the specimens, the
main Si Auger transition L,3M,3M,; shifts to higher ki-
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FIG. 9. Si(LV¥) Auger spectra of clean Si, the iron silicides,
and the Fe(100) surface saturated with segregated Si in the in-
tegral mode.
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FIG. 10. Si(LVV) Auger spectra of clean Si, FeSi, Fe;Si, and
the Fe(100) surface saturated with segregated Si in the second-
derivative mode. A indicates an interatomic transition (see dis-
cussion).

netic energies by 1.6 eV (Fig. 11). The values of kinetic
energy are determined from the EN (E) spectra. Neglect-
ing relaxation and interaction effects in the
Si(L,3M»3M ;) Auger process, the binding energy of the
Si 3p valence-band state can be estimated,

Es;i 3 =0.5(Es; 0p — Esi(L,,M,,0M,,)) 5 (1

where Eg;,, means the core-level binding energy as mea-
sured by XPS (see Sec. II A). From Eq. (1) we obtain the
following binding energies for the Si 3p state: 3.8 eV
(Fe(100)-Si[c (2X2)]), 4.4 eV (Fe;Si), 4.6 €V (FeSi), 4.8 eV
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FIG. 11. Kinetic energies of the Si(L,3M,3M,;) and
Si(KLy3L,3)'D Auger transitions as a function of Si concentra-
tion in the iron bulk.
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(FeSi,), and 4.0 eV [Si(111)]. They are in good agreement
with our UPS and XPS data (see Figs. 7 and 8).

The dependence of the Si(KL,3L,3) kinetic energies on
the Si bulk concentration is shown in the lower part of
Fig. 11. From this and the experimental Si 2p binding en-
ergies the modified Auger parameter a* (Ref. 33) turns
out to be 1716.9 eV (Fe(100)-Si[c(2Xx2)]), 1716.8 eV
(Fe3Si), 1717.3 eV (FeSi), 1717.1 eV (FeSi,), and 1716.2 eV
[Si(111)]. The value for pure silicon is in excellent agree-
ment with the one calculated by Wagner and Taylor,**
whereas no corresponding data exist in literature for iron
silicides [for comparison, PdSip¢ — a*=1717.3 eV (Ref.
34)]. Assuming an overall constant binding energy of the
Si 1s level [1838.9 eV (Ref. 35)], we obtain the following
Auger parameter a defined by Lang and Williams6—
expressing interaction and relaxation energies of the two-
hole final state: 22.5 eV (Fe(100)-Si[c (2 2)],Fe;Si), 21.9
eV (FeSi), 22.0 eV (FeSi,), and 23.3 eV [Si(lll)] The
overall Si(KLL) Auger spectra are compared in Fig. 12.
The escape depth of these electrons is about 30 A. In con-
trast to the extremely surface-sensitive Si(LVV) transi-
tions (escape depth ~5 A) the KLL spectra are mainly
generated by silicon species located in the subsurface re-
gion. The intensity of the volume-plasmon peak—most
pronounced in the Si(111) spectrum—decreases with lower
silicon content in the bulk, whereas the loss energy 7w,
shifts to higher energies (Table I). The Si(KL,3L,;) split-
ting due to final-state effects varies in intensity too. The

intensity ratio I KLyL 3(ID)/I KLy Lyy(1) is lower for Fe;Si
compared to that of monosilicide and disilicide, whose

overall spectra are very similar.
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FIG. 12. X-ray-excited Si(KLL) spectra of pure Si, the iron
silicides, and the Fe(100)-Si[c(2x2)] specimen. Plasmon loss
#iw, of the KL,;L,3('D) Auget line is indicated.



2096

TABLE I. Energy-loss features of Si(KLL) Auger transitions
and of Si core-level spectra (eV+0.2eV). Values in parentheses
are the relative intensities of the loss peaks compared to the
parent peaks.

SI(KL23L23) Si 2s Si 2p
Fe;Si 22.0 (11%) 22.0 (14%) a
FeSi 21.9 (15%) 22.0 (20%) a
FeSi, 21.3 20%) 21.2 (27%) a
Si 17.4 (32%) 17.3 (41%) 17.4 41%)

“Not unambiguously resolvable due to the strong overlap with
the Fe 3s core-level spectrum.

C. Energy-loss spectra

Further insight into the electronic properties can be
achieved studying electronic transitions and collective ex-
citation modes by means of EELS. Figure 13 shows
energy-loss spectra of the clean Fe(100) surface, the
Fe(100)-Si[c (2 X 2)] surface, the iron silicides, and Si(111).
The characteristic energy-loss spectrum of pure silicon is
mainly composed of features due to plasmon excitations.
The identified plasmon loss energies (volume plasmon:
#iw,=17.4 eV, surface plasmon: #iw;=11.0 eV) coincide
in energy position with those found in literature.’” The
energy-loss spectra of disilicide and monosilicide resemble
the pure-Si spectrum in overall shape; however, the
plasmon energy 7w, is shifted to higher values by 3.4
(FeSi;) and 3.7 eV (FeSi). At lower silicon content in the
iron bulk, structures due to interband transitions become
more dominant—with loss energies less than or equal to
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FIG. 13. Electron-energy-loss spectra of clean Si, the iron sil-
icides, the Fe surface saturated with segregated silicon, and
clean Fe [ N (E) mode, E, =200 eV].
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20 eV. The energy-loss spectrum of a clean Fe(100) sur-
face presented here for comparison has been interpreted in
detail elsewhere.*®

In the first-derivative mode (Fig. 14) peaks caused by
one-clectron transitions from silicon-induced valence
states to unoccupied levels above Ey can be resolved. The
silicon enrichment on the Fe(100) surface leads to two ad-
ditional structures in the energy-loss spectrum labeled 1
and 2 in Fig. 14. These features at loss energies of 4.1 and
9.5 eV can be interpreted as resulting from interband tran-
sitions from the silicon resonance levels Si 3p and Si 3s
into empty states above Ep. Appropriate transitions in-
volving the Si 3s states are analyzed for the iron silicides,
whereas the electron transition from the Si 3p level is no
longer detectable because of the overlap with the increas-
ing slope of the elastically scattered electron peak. Com-
pared to pure iron the ionization loss Fe 3p (=M,;) un-
dergoes alterations in line shape that may be due to
changed final states near Ep.

IV. DISCUSSION

Compared to the standards of clean Fe(100) and clean
Si(111), the photoemission lines in the core-level spectra
Fe 3p, Si 2s, and Si 2p shift to higher binding energies in
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FIG. 14. Electron-energy-loss spectra in the first-derivative
mode, corresponding to Fig. 13 (E,=200 eV). One-electron
transitions from Si-derived valence states into unoccupied levels
above Er are labeled 1 and 2 (see text).
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going from Fe;Si to FeSi, (Fig. 4). For segregated silicon
on the saturated Fe(100) surface, however, the Si 2s and Si
2p levels are somewhat lower in binding energy (approxi-
mately equal to —0.1 eV) referred to the values of pure
silicon. In a zeroth-order approximation, the core-level
shifts suggest a small charge transfer between iron and sil-
icon atoms, but predominantly a homopolar bonding char-
acter.

Core-level investigations performed on Ni and Pd sili-
cides yield similar Si 2p line shifts.?>?* But some differ-
ences can be seen in comparing the Ni 3p behavior in
Ni,Si, NiSi, and NiSi, with the Fe 3p shift in iron sili-
cides. As reported by Franciosi et al.,?* a shift to higher
binding energies was observed only for the nickel disili-
cide, whereas for lower Si concentrations the Ni 3p level is
below the value of pure nickel. The reason for these
differences between Ni and Fe silicides, in regard to
dependence on Si bulk concentration, may be caused by
different configuration changes due to different crystal
structures.

For the Si species in the c(2X2) segregation structure
on Fe(100), a laterally attractive Si-Si interaction may ac-
count for the relatively low binding energy. Recently per-
formed angle-resolved UPS measurements show disper-
sion effects for the Si c(2X2) overlayer on Fe(100) of
about 0.8 €V,* indicating silicon-silicon interaction. The
0.2-eV binding-energy shift of the Fe 3p core level in this
state can be interpreted as being due to the slightly modi-
fied charge distribution around the Fe surface atoms in-
fluenced by the Si overlayer.

From Fig. 5 the changes in linewidths of the Si and Fe
core levels, as a function of silicon bulk content, are most
pronounced for the Fe 2p; , photoemission line. The de-
crease of the Fe 2p;,, FWHM with increasing Si concen-
tration can be interpreted by taking crystallographic data
of the iron silicides into account (cf. Appendix). The
linewidth of pure iron is established by solid-state effects,
i.e., the metallic bonding within the iron bce lattice. In
going from Fe;Si to FeSi,, the interaction of adjacent Fe
atoms becomes less because the coordination number of
the Fe nearest neighbors decreases and in addition their
mutual distance grows. The Fe 2p;,, line shape of the
higher silicides shows a more atomiclike character despite
an increase of the spatial density of Si atoms. This sug-
gests that the Fe-Si interaction is relatively weak, but sig-
nificant localized silicon—silicon bonding occurs for FeSi
and FeSi,. Joyner et al.** report on comparable mecha-
nisms for the iron-boron system in the crystalline Fe,B
and FeB phases.

From the XPS core-level data there is no indication of a
second state of segregated silicon in the near-surface re-
gion, in contrast to recently performed studies of the
iron-phosphorus segregation system.?> The phosphorus
occurs in two states as characterized by P 2s and P 2p
core-level spectra: a chemisorbed state on top of the sur-
face and a second state in the subsurface. For segregated
silicon, a line-shape analysis of Si 2s and Si 2p photoemis-
sion lines reveals only one bonding state and did not show
any remarkable changes for Si as bonded in the silicides.
In order to fit the experimental Si 2s line shape to analyti-
cal curves, an additive composition of Gaussian and

2097

Doniach-éunjié line (asymmetry parameter 0.15) yields a
good fit as demonstrated in Fig. 15. The low-binding-
energy part turned out to be a 30% Gaussian with 1.8 eV
FWHM.

The experimental valence-band spectra (Figs. 6—8) yield
some complementary information on the chemical bond-
ing between iron and silicon. For Si in the segregated
states on Fe(100), the ultraviolet photoemission spectrum
(Fig. 8) shows two silicon-derived features and a modified
Fe 3d valence band (emission maxima: 0.4 and 0.8 eV)
compared to results of clean iron. While the Si 3s level is
more or less isolated from the iron valence states, the
Si 3p—induced structure at 4.0 eV below Er is superim-
posed on the majority bands of Fe, indicating some hy-
bridization effects. Because of the very low photoioniza-
tion cross section of the Si 3p level for x-ray excitation,
the x-ray photoemission valence-band spectrum (Fig. 8)
reflects only Fe 3d /4s energy-distribution curves (EDC’s)
where the spin-up band becomes more intense accom-
panied by a shift from 2.5 eV (clean Fe) to ~3.2 eV below
Er. Asillustrated in Figs. 6 and 7, the valence-band emis-
sion of Fe;Si shows pronounced features at 0.7, 1.8, and
3.7 eV. Whereas the first two peaks in the EDC’s are due
to Fe 3d states, the structure at 3.7 eV is caused by an
overlap of the Si 3p and the Fe 3d/4s emission. The
separated Si 3s photoemission line appears 9.4 eV below
Ep. From the Fe;Si valence-band data and from the re-
sults on the core levels, we suggest that the metallic bond-
ing character between the iron atoms of elemental iron is
retained in Fe;Si accompanied by a slight charge transfer
from Fe to Si. Such bonding was theoretically demon-
strated for Ni,Si by Bisi and Calandra.?’

The valence-band spectra of FeSi and FeSi, are charac-
terized by a high DOS 0.7 eV below Er and a greater
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FIG. 15. Mg Ka—excited Si 2s core level of the Fe(100)-
Si[c(2X2)] specimen (cg;=6 at. %): (a) Comparison of the ex-
perimental data (solid line) with a synthetic line (dotted line)
which is additively composed of a 30% Gaussian and 70%
Doniach-Sunji¢ line (asymmmetry parameter 0.15); (b) Symme-
trical synthetic line (dashed-dotted) as received from mirroring
the low-binding-energy part at the intensity maximum of the
asymmetrical synthetic line.
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separation of the Si 3p valence level from the Fe 3d /4s
states (Fig. 6). This behavior coincides with increasing
Fe-Si distances and the increasing atomic density of Si in
the crystal structures of the silicides (cf. Appendix). In
FeSi and especially in FeSi, the silicon-silicon interaction
becomes considerably greater and causes covalent Si—Si
bonding, very similar to the bonding of boron in the iron
borides.** The mutual silicon interaction results in
changes in the electron configuration of the Fe atoms.

Band-structure calculations for the higher iron silicides
are not available to our knowledge, but for the intermetal-
lic compound MnSi, which crystallizes in the same B-20
structure type as FeSi, a high DOS at the Fermi level was
calculated by a self-consistent augmented-plane-wave
(APW) method.?® Photoemission experiments recently
performed on fractured nickel silicide surfaces at lower
photon energies®* differ qualitatively from our valance-
band results because of the very low DOS near Er. The
Ni 3d bands shift with increasing Si bulk concentration
from 1.3 eV for Ni,Si to 3.2 eV below Ef for NiSi,. This
different behavior of Ni and Fe silicides may be establish-
ed by the different crystal structures of the corresponding
silicides: for the Ni silicides we note the following: (a)
The Ni nearest-neighbor (NN) distance is only slightly
larger in Ni,Si and NiSi than in Ni metal, while in NiSi,
the NN distance is increased by 53% compared to Ni; (b)
the Ni coordination number for Ni,Si and NiSi decreases
substantially relative to Ni metal, and in NiSi, the Ni
atoms occupy an fcc metal sublattice as in fcc Ni.* This
suggests that the Ni d character becomes more atomiclike
as the Si concentration increases. For the Fe silicides,
however, (a) the Fe NN distance is slightly smaller in
Fe;Si than in Fe metal, but the NN distance is largest in
FeSi with an increase of 10% compared to Fe and is in-
creased about 8% in FeSi, relative to elemental Fe; (b) the
Fe coordination number in the silicide compounds attains
values between 4 and 6 (and 8 for the Fep atoms in Fe;Si)
(cf. Appendix). Therefore the atomiclike character is not
so distinct in the iron-silicon compounds, which is obvi-
ously reflected in the d-derived valence bands. On the
other hand, the silicon-silicon interaction in the iron
monosilicide and disilicide seems to play a more impor-
tant role compared to the nickel silicides. As mentioned
above, valence-band investigations of iron borides** and
theoretical studies of MnSi (Ref. 26) are more similar to
our appropriate valence-band shapes of iron silicides than
are the Ni silicide valence-band spectra.

A different behavior has also been reported for iron and
nickel disulfides FeS, and NiS,,*""*? both of which have
the pyrite structure. From photoemission spectra excited
by synchrotron radiation the Fe 3d level has been found
0.8 eV below Ep, whereas the Ni 3d levels are situated be-
tween 2.2 and 3.0 eV below Ep. According to Li et al.?
for the pyrites, this difference is due to the two additional
3d electrons in the Ni cation (compared with Fe) which go
into broad antibonding e, levels.

Auger spectra were analyzed to provide additional in-
formation on chemical bonding in iron silicides and in the
iron-silicon segregation system. The fact that the
Fe(LMM) transitions appear within +0.2 eV of the same
energies in Fe, Fe-Si(6 at. %), and the silicides sustains the
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conclusions from x-ray photoemission core-level and
valence-band spectra. Similar behavior of the Fe(LMM)
transition is observed for iron borides.*® The kinetic-
energy position of intra-atomic core-valence transitions
Si(Ly3M»3M,3) directly reflects the shifts in Si 2p and Si
3p binding energies for the different silicides and the
segregated silicon on Fe(100).

The characteristic alterations in the Si(LMM) line
shape are assumed to be due to changes in Si valence orbi-
tal composition caused by metal-Si interaction*’ The
weak features at the high-energy side of the main
Si(L,3M»3M,3) Auger transition, which are only clearly
visible for Fe;Si in the second-derivative spectrum (Fig.
10), can be discussed alternatively. For comparison in the
case of Pd;Si (Ref. 24) and Pd,Si (Ref. 44) a correspond-
ing structure is observed about 4—5 eV above the central
Si(LMM) peak. Based on partial-state-density calcula-
tions,* for the Pd-Si compounds the Si 3p states form two
well-defined groups straddling the d band with locations
near Er (Ep=0 eV) and at 5 eV below Ep, i.e., bonding
and antibonding states are formed by hybridization of the
Si 3p and Pd 4d electrons. Conclusively for Pd,Si the
feature at the high-energy side of the main Si(LMM)
Auger peak is due to transitions involving two occupied
antibonding Si 3p states. For Fe;Si, however, electronic
energy-band calculations have shown that states corre-
sponding to the antibonding combination of the Si 3p and
Fe 3d orbitals are located above Ey.>? Therefore Auger
processes in which the antibonding Si 3p level is involved
are assumed to be negligible for the iron silicides.

Alternatively an interpretation referring to a model pro-
posed by Salmerén et al.*® seems to be more appropriate
for the iron-silicon system. In this model features at the
high-energy side of the main L,;M,3M,; peak are caused
by interatomic transitions involving the iron 3d electrons
in the Auger process. This interpretation was successfully
applied by the authors to the iron-phosphorus segregation
system.?? In the case of silicon in iron the structures on
the high-energy side of the main Si(L,3M,3M>;) Auger
transition are very weak, indicating only a small intera-
tomic transition probability. Taking into account the
crystal structure and valence-band data of the silicides, the
interatomic Auger process should be strongest for Fe;Si
because of the high spatial iron density around the isolat-
ed Si atoms, and the iron valence states are most strongly
modified compared to pure iron. Assuming the structure
(4) at 96.3 eV in Fig. 10 to be caused by a transition in-
volving double participation of the Fe 3d state results in a
calculated iron 3d level located 1.6 eV below Ep. This
coincides excellently with a strong x-ray photoemission
valence-band feature detected at 1.7 eV below E for Fe;Si
(Fig. 6).

Owing to the growing silicon-silicon interaction with
increasing silicon content between Fe;Si and FeSi,, the in-
teratomic transitions involving the Fe 3d level become
smaller in intensity, thus expressing the diminishing in-
teraction of iron and silicon atoms. Consequently the
Si(LVV) spectrum of pure silicon should not show any ap-
propriate fine structure. This is clearly verified in Fig. 10.
From the line shape of segregated silicon on Fe(100) at
saturation—which mostly resembles that of pure
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TABLE II. Crystallographic data and electrical resistivity of iron and the iron silicides. For FeSi
and FeSi, the lattice dimensions depend on the Si content in the bulk within a small range of
stoichiometric composition: iron-rich (higher value) or silicon-rich (smaller value). Electrical resistivity

is given for room temperature.

Structure Space Lattice Electrical resistivity
type® group® dimensions (A)° (10~¢ Qcm)?
a-Fe bee Im3m a =2.8662° 9.8¢
Fe;Si DO;® Fm3m a =2.8277 55
FeSi B-20 P23 a =4.488—4.483 240
FeSi, tetragonal P4/mmm a =2.698—2.683 350

c=5.141-5.127

2Reference 50, unless stated otherwise.

YP. Eckerlin and H. Kandler, in Landolt-Bornstein, Group III, edited by K.-H. Hellwege and A. M.

Hellwege (Springer, Berlin, 1971), Vol. 6, p. 581.
°Reference 49, unless stated otherwise.

9C. Kittel, Introduction to Solid State Physics (Wiley, New York, 1976).

“Reference 29.

silicon—we propose that for segregated silicon the lateral-
ly attractive silicon-silicon interaction plays a significant
role compared to the bonding strength of silicon to iron
surface atoms. This is suggested by our photoemission
data too.

In going from FesSi to Si(111), the corresponding
Si(KLL) Awuger spectra exhibit electron-energy-loss
features which increase in intensity and simultaneously
shift to lower loss energies (Fig. 12 and Table I). In com-
parison to the well-known Auger spectrum of pure sil-
icon,*’ the loss structures in the spectra of the iron sili-
cides are mainly due to bulk-plasmon excitations.
Plasmon peaks with similar loss energies are also detected
in the Si 2s and Si 2p core-level spectra (Table I) and in
the electron-stimulated energy-loss spectra (Fig. 13). As
the silicon content is increased between Fe-Si(6 at. %) and
FeSi,, the characteristic loss features in the energy-loss
spectra are mainly caused by collective excitations—those
dominating over one-electron transitions. Since the

plasmon energy is directly related to the number of oscil-
lating electrons,*® the decreasing loss energy #w, as a
function of the silicon concentration in the bulk indicates
that the quantity of itinerant electrons decreases. At the
same time the degree of electron delocalization is
enhanced in going to the higher silicides because the inten-
sity of the #iw, peak increases relative to the intensity of
the one-electron transitions. The effect of increasing
plasmon intensity in going from Fe;Si to FeSi, is more ob-
vious in the Si(KLL) and the Si 2s spectrum (see Table I).
In the first-derivative mode of the energy-loss spectra,
one-electron transitions can be analyzed in addition to the
plasmon peaks (Fig. 14). The iron-induced structures in
the energy-loss spectra of the clean iron surface have been
discussed in detail elsewhere.’® Extra features due to elec-
tronic transitions from occupied Si valence-band states to
unfilled levels above Er are marked by 1 and 2 in Fig. 14.
In the case of surface-enriched silicon on Fe(100)-
Si[c(2X2)], the 4.1- and 9.5-eV loss peaks originate from

TABLE III. Atomic distances d in iron and the iron silicides. Number of neighboring atoms is given
in parentheses. Unless stated otherwise the values have been computed from the data given in Ref. 49.

Environment of Fe atoms

Environment of Si atoms

dpere (A) dresi (A) ds.si (A) dsire (A)
a-Fe 2.49 (8)
2.87 (6)
Fe;Si:Fe, 2.45 (4) 2.45 (4) 4.00 (12) 2.45 (8)
2.83 (6)
Fe;Si:Fep 2.45 (8) 2.83 (6) 4.00 (12) 2.83 (6)
FeSi? 2.75 (6) 2.29 (1) 2.78 (6) 2.29 (1)
2.34 (3) 2.34 (3)
2.52 (3) 2.52 (3)
FeSi, 2.68 (4) 2.35 (8) 2.36 (1) 2.35 (4)
3.79 (4) 4.20 (8) 2.68 (4) 4.20 (4)
5.13 (2) 2.77 (1) 4.46 (8)

2Reference 51.
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electron transitions from Si 3p (4.0 eV below Er) and Si 3s
(9.2 eV below Ef) to Fe 3d (just above Er). These inter-
band transitions become weak in the energy-loss spectra of
the silicides because the collective character is now more
predominant.

V. CONCLUSIONS

Slight shifts of the silicon and iron core levels to higher
binding energies in going from Fe;Si to FeSi, indicate a
small charge transfer from iron to silicon atoms. The
high DOS of the nonbonding 3d level 0.7 eV below Ef is
consistent with the intermetallic properties of the iron sili-
cides. In contrast to Fe;Si where the iron—silicon bonding
is predominant, the silicon-silicon interaction is prevailing
in the monosilicide and disilicide. The interatomic transi-
tions in the Si(LMM) Auger spectra involving bonding Fe
3d valence states (~1.7 eV below Ey) sustain this result.

In the case of segregated silicon on Fe(100) at surface
saturation the x-ray photoemission valence-band spectra
reveal changes in the d-electron band’s substructure.
Photoemission experiments at photon energies less than or
equal to 30 eV show the Si 3p and Si 3s level at 4.0 and
9.2 eV below Ep, respectively. Because of dispersion ef-
fects (approximately equal to 0.8 eV) for the silicon p-
derived bands in angle-resolved UPS experiments* and
the lower binding energy of the Si core levels with regard
to pure silicon, we propose a relatively strong lateral in-
teraction of the segregated Si surface atoms, compared to
the bonding strength between silicon and iron atoms at the
surface. The bonding is prevailingly homopolar.

From the discrete energy-loss features in the Si(KLL),
the Si core level, and the energy-loss spectra, it was con-
cluded that the itinerant character of the valence electrons
increases when going from Fe-Si(6 at. %) to FeSiy,
whereas simultaneously the number of oscillating elec-
trons decreases. Overall analysis of the energy-loss spec-
tra indicates a more free-electron-like behavior for the
electronic properties of the monosilicide and disilicide.
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APPENDIX: SOME PROPERTIES OF THE IRON
SILICIDES

The bulk crystal structures of Fe;Si, FeSi, and FeSi, are
shown in Fig. 16. Tables II and III give some additional
data. The DO;-type lattice of Fe;Si evolves from the Fe
bee structure by the continual substitution of Fe and Si
atoms, alternately, for the body-centered sites, which is ac-
companied by a shrinkage of the unit cell.** Nearly one-
third of the iron atoms in a-iron can be replaced by sil-
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FIG. 16. Bulk crystal structures of the iron silicides. Full cir-
cles: iron atoms. Open circles: silicon atoms. (In Fe;Si, Fe,
and Fep are two different iron-atom sites.)

icon. For Si concentrations of 25 at. %, the structure is
completely ordered as shown in Fig. 16, whereas for lower
and higher Si content the structure becomes disordered.
There exist two different metal-atom sites in Fe;Si, labeled
Fe, and Fep in Fig. 16. The Si atoms are completely iso-
lated and are only surrounded by Fe atoms. Other
representatives of the DOj-type lattice are Fe;Al and
Mn3Si.29

In FeSi the Si atoms are still isolated and bonded to
metal atoms only.”® The arrangement of atoms has been
studied in detail by Pauling and Soldate.’! FeSi is a
narrow-gap semiconductor (gap width of 0.05 eV).?6 Oth-
er representatives of the B-20 structure of FeSi are CoSi
and MnSi. Within the FeSi, lattice there is a structure of
uniplanar iron-iron layers with Si forming adjacent pairs,
i.e., the bonding of Si atoms is characterized by short Si-Si
contacts.*>0
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