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Si E, Si L, and Cr E x-ray valence-band studies of bonding in chromium silicides:
Experiment and theory
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We present Si K, Si L, and Cr K x-ray emission bands of Cr3Si, CrSi, and CrSi2 together with Si E and
Si L emisison bands of Cr5Si3. The measured spectra are compared with ab initio pseudopotential calcu-
lations of the emission bands of Cr3Si, CrSi, and CrSi&. The Si L spectra were separated into contribu-
tions of Si s-like and Si d-like states. Good agreement between theory and experiment is found. The
trends in development of spectral features with sample composition can be qualitatively understood by
the bonding behavior of Cr and Si atoms.

I. INTRODUCTION

Stimulated by their potential applicability in mi-
croelectronic devices, the electronic structure of chromi-
um silicides has been the subject of intensive experimen-
tal and theoretical investigations and the underlying prin-
ciples of the chemical bonding were thoroughly discussed
in Refs. 1 —4. The purpose of this paper is (i) to present
measured and calculated Si X, Si L, and Cr EC x-ray
valence-band spectra of a series of chromium silicides-
Cr3Si, Cr5Si3, CrSi, and CrSi2 —in which the ratio of
chromium to silicon atoms varies in a wide range and (ii)
to relate the shapes of the spectra to changes in bonding.
Since the nearest-neighbor atoms and also the local
geometry in these crystals are quite different we expect
different bonding behavior of these silicides. In the Qrst
compound of the series, Cr3Si, there are bonding dis-
tances between Cr-Cr and Cr-Si atoms, but not between
Si-Si atoms. In Cr5Si3 and CrSi there are Cr-Cr, Cr-Si,
and Si-Si bonding distances, while in CrSi2 no Cr-Cr
bonding distances exist.

X-ray emission spectroscopy provides very detailed in-
formation about the valence electron states of a com-
pound or alloy because of its site and symmetry selectivi-
ty. The measured Si K, Si L„and Cr K emission bands of
the chromium silicides presented in this paper reAect the
behavior of the silicon p- and s-like valence electrons and
the creation of silicon d and chromium -p-like electron
states by the bonds (note, Si d and Cr p states are not oc-
cupied in free atoms). The analysis of the experimental
results is based on ab initio calculations of the electronic
structure and of x-ray emission bands. We applied the
pseudopotential method using a plane-wave basis that im-
poses no shape approximations on either the charge den-
sity or the potential. We will show that these calcula-
tions in most cases provide spectra that are in excellent
agreement with the experimental results. The contribu-
tions of Si s- and Si d-like states to Si L bands have been

calculated separately and it becomes evident how impor-
tant Si d-like states are for the interpretation of Si L
emission bands. Finally it will be shown that the
significant discrepancies noted by Weijs et al. between
partial density of states (DOS) and measured Si K and Si
L bands do not necessarily have to be attributed to self-
energy effects.

The paper is organized as follows. In Sec. II experi-
mental and in Sec. III computational details are given. In
Sec. IV the experimental and theoretical results are
presented, and they are discussed in Sec. V. All results
are brie6y summarized in Sec. VI.

II. EXPERIMENT

For the measurement of the Si E, Si L, and Cr E emis-
sion bands three different spectrometers were used. The
samples were prepared by crushing the very hard pieces
of the silicides with a steel pestle and mortar, and then
rubbing the powder on a substrate of copper (Si IC,
24X25 mm; Si L) or pressing it on an aluminum holder
(Cr E, 30 X 14 mm ). For CrSiz we observed some
differences between the calculated and measured Si L
emission bands. Therefore we checked the homogeneity
of the crystal phase and contamination by impurity
atoms. The x-ray diffraction test with the DRON2
powder diffractometer showed that the CrSi2 sample con-
sists of a single hexagonal phase. According to the elec-
tron beam excited microanaiysis using the JEOL Super-
probe 733 electron microscope, CrSiz contains less than 3
at. % impurity atoms.

A. Si K emission bsnds

The Si K emission bands were measured with a high-
vacuum Johann-type spectrometer (pressure -5X 10
hPa). The x-ray tube was operated at 5.98 kV and about
180 mA. The x-ray radiation of a tungsten anode was
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used for the excitation of the samples (fluorescence exci-
tation). The comparatively low voltage was applied to
avoid excitation of chromium K radiation and to reduce
the background. The dispersing element was a quartz
crystal (50X25X0.3 mm ) cut parallel to the 1010 plane
and bent to a radius of 109 cm. The detector was a
position-sensitive proportional counter with a backgam-
mon cathode. The acquisition time for 8000—10000
counts at the peak position of the spectra varied from
about 100 to 180 h depending on the silicon content of
the samples and the peak/background ratio was about
2.7. The energy resolution of the spectra was about 0.7
eV.

B. Si L emission bands

The Si I. emission bands were measured with a 2-m
grazing incidence concave grating spectrometer using
electron bombardment (3.0 kV, 1.0 mA, size of focal spot—3X9 mm; pressure -2X10 hPa). The grating was
gold coated with 600 lines/mm and a blaze angle of 1'31'.
The detector was a parallel-plate photoelectron multi-
plier. The spectra were measured repeatedly in the
step-scanning mode. The total measuring tixne for the Si
I emission bands varied from 50 h for CrSi2 to about 100
h for Cr3Si. The corresponding peak/background ratios
varied from 13:1 to 4:1. The energy resolution of the
spectrometer was -0.7 eV at a photon energy of 95 eV.

C. Cr K emission bands

band maximum the shape of the background can change
due to self-absorption and anomalous dispersion of the
primary radiation in the sample. However, there was no
substantial change of the shapes of all emission bands
after subtracting the background, which indicates that no
artificial structures were created.

III. COMPUTATIQNS

The standard ab initio pseudopotential method was
used to calculate the single-particle energy levels within
the local density approximation (LDA). Exchange and
correlation e8'ects were included via the Hedin and
Lundqvist formula.

The Si and Cr pseudopotentials were generated by the
phase-shift technique proposed by Vackar" and
Sim5nek. ' In the case of Cr, we used the configuration
[Ar] 3d, 4s, 4p ' to generate the s, p, and d semilocal
potentials. These potentials were used for all calculations
of the electronic structure and the x-ray emission bands
presented in this paper. The potential permitted a tract-
able computation with a cutoff in kinetic energy of 36 Ry.
The calculations for metallic chromium and the chromi-
um silicides were carried out using the real crystal struc-
tures, i.e., Cr bcc, Cr3Si A15, CrSi 820, and CrSi2 C40."
No calculations were performed for Cr5Si3 because of the
size of the unit cell that contains 32 atoms.

For the calculation of the x-ray transition matrix ele-
ments the core functions %,(r) and the valence functions
%„(r,k) are written in the following form:

The Cr K emission bands were measured using a two-
crystal spectrometer and fluorescence excitation. The
analyzing crystals were Si(220) and Ge(111) in the (m, n)
position. The width of the spectral window, which gives
the resolution of the spectrometer, can be calculated; it
resulted in 0.8 eV. The measurements were performed in
the step-scanning mode. Each measured point of the Cr
E emission bands represents the average of repeated mea-
surements. The statistical error of each point is less than
3%, the intensity was monitored by the Cr E13, 3 core
line (Mz 3 +E). For the c—alibration of the photon energy
the Cr ICP, 3 core line of Cr203 was used. A linear back-
ground was subtracted from the measured spectra. This
procedure is not fully correct because near the valence-

I

and

4 (r k)=pa (k)e'"+
G

where 1 is the angular momentum of the core state, G are
reciprocal vectors, and the aG(k) are eigenvectors of the
Hamiltonian. Using the expression

00 +I
e'"'=4m g i 'j (kIr) g Y& (r) Y*(k),

l=0 m= —l

the dipole transition matrix element splits in its radial
and angular parts

(4,'(r)~e. r~%„(r,k) }=4mgaG(k) g i' (R& ~r~ jr (~k+G~ ) }„d
G l'=0

x z (Y, Yl ~,„Yl* ~ k+ Cx

where e is the polarization vector.
In the matrix element the angular momenta are I =0

and l =1 for the K and I. emission bands, respectively;
for the valence states of the X and I. emission bands the
dipole selection rules yield the momenta I'=1 and l'=0
or 2, respectively. Since the spherical harmonics
Y,' .(k+G) can be expressed by the components of

I

@+0, the angular part of the transition matrix element
was calculated using the plane-wave basis set mentioned
above. On the other hand, in the radial part (R& ~rj~I }„d
the Bessel functions jl describe nodeless behavior of pseu-
do valence wave functions 4„ in the core region of atoms
and therefore this radial term cannot be used for calcula-
tions of the x-ray transitions. In fact the radial part of
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the matrix element is given by integration only in the
close vicinity of the atomic nucleus since the radial func-
tions RI of the core states Cr 1s, Si 1s, and Si 2p are well
localized in the cores of atoms. In view of the frozen core
approximation forming the basis of the pseudopotential
approach the wave functions of valence electrons have a
frozen atomic character in the core region, i.e., behavior
of the valence wave functions in the core region is nearly
atomiclike. Therefore the radial part of the matrix ele-
ment can be approximated by using atomic wave func-
tions.

In this work we used atomic wave functions for calcu-
lations of the radial part of the matrix element taking
into account the new s-p-d electron configuration of the
valence electrons of atoms created by the Cr-Si bond.
The nodal structure of silicon valence wave functions was
studied earlier for several configurations and ionicities of
the silicon atom in crystal and also compared with the
nodal structure calculated directly from pseudopotential
quantities. ' It was found that the results of the various
approximations for the radial part of the matrix elements
in the case of silicon di6'er less than 10%.

In the case of chromium the core region of the Cr 1s
state is even smaller than in silicon, and therefore the no-
dal structure of the valence functions in the core region
of the atoms in the crystal is practically identical with
that in the free atom.

In order to compare the theoretical results with the
measured spectra, the calculated spectra were convoluted
with a Lorentzian whose FWHM w (E) varies according
to

w (E)=w, + (E/w& ) wl, ,

where E is the energy measured from the top of the
valence band, the width of which is w&,

' w, is the natural
width of the core level. ' The parameter w& takes into
account the lifetime of holes in the valence band. For wI,
the value 1 eV was used. In addition, all calculated spec-
tra were convoluted with a 0.5-eV FWHM Gaussian to
take into consideration instrumental e6ects.

The computational techniques described above were
used for the calculations of the Si X and Si L, emission
bands of silicon and the Cr E emission band of chromi-
um. In Fig. 1 the results of the atp initio calculations are
compared with the measured spectra. There is very good
agreement between theory and experiment indicating the
plausibility of the approximations used.

IV. KXPERIMKNTAL RESULTS

In Figs. 2, 3, and 4 the experimental results of the Si EC,

Si I., and Cr E emission bands are presented, respective-
ly. The intensity of all emission bands is normalized to
the same height. In the following the spectra and their
main characteristics will be described briefly. The posi-
tions of the maxima of the emission bands are listed in
Table I.

A. Si K emission bands

The Si E emission band of Cr3Si (Fig. 2) is compara-
tively narrow with a sharp peak. At about 1832 eV the
intensity changes abruptly: the rapid decrease of intensi-
ty is followed by a gentle decrease towards lower photon
energy. On the high-energy side there is also a bend in
intensity drop at about 1837 eV, leading to a clearly visi-
ble shoulder (from 1837 to 1839 eV).

With increasing silicon content, i.e., in going from
Cr3Si over Cr5Si3 to CrSi the abrupt change of intensity
at 1832 eV is maintained as well as the sharp peak. Its
maximum is slightly shifted towards higher photon ener-

gy (Table I) and also the width (FWHM) of the spectra
increases towards higher energy. This gradual develop-
ment does not continue to CrSiz (Fig. 1). In the Si K
emission band of CrSi2 only the abrupt change of intensi-
ty ( —1832 eV) is maintained; the intensity at lower ener-

gy, however, is higher than in the other spectra. The
width of the band has further increased. The position of
the maxima is shifted to higher photon energy, thus lead-

CrK

xp

cl 1c

TABLE I. Photon energies of the main maxima of Si E, Si L,
and Cr E emission (eV).
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FICx. 1. Measured and calculated Si L and Si E emission
bands of silicon and Cr K emission band of metallic chromium
on a common binding energy scale.

Material

Cr
Cr3Si
Cr5Si3
CrSi
CrSi&
Si

Si E

1835.3
1835.5
1835.7
1837.2
1835.9

Si L

89.7
89.9
90.3
91.5
91.9

6535.2
6534.3

6534.0
6533.9
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FIG. 2. Si X emission bands of Cr3Si, Cr5Si3, CrSi, CrSi&, and
Si; original measurements with a linear background subtracted;
photon energy scale.

FIG. 3. Si L emission bands of Cr3Si, Cr, Si3, CrSi, CrSi2, and
Si; original measurexnents with a linear background subtracted;
photon energy scale.

ing to a steeper high-energy edge of the spectrum. More-
over the xnaximum is followed by a shoulder on the low-
energy side at 1835 eV.

At the bottom of Fig. 2 the Si K emission band of pure
silicon is shown for comparison.

B. Si L emission bands

The Si L, emission bands of Cr3Si, CrsSi3, and CrSi
(Fig. 2) are similar in shape. All spectra exhibit a pro-
nounced peak and a plateau towards higher photon ener-
gy. With increasing silicon content this peak becomes
broader, the maximuxn is shifted to higher photon energy
(Table I), and the intensity of the plateau increases. In all
spectra the plateau contains some features.

Going from CrSi to CrSi2 the shape of the spectrum
changes significantly. The main peak has become even
broader and split in two features. Compared to CrSi the
maximum is shifted by —1.2 eV to higher photon energy.
Within the area of the plateau a broad peak (-96.5 eV)
has developed, and a small shoulder at about 98.5 eV. On
the whole the intensity between 93 and -98 eV is consid-
erably higher than for the spectra of CrSi, Cr~Si3, and
Cr3Si. At the bottoxn of Fig. 3 the Si I. emission band of
silicon is shown for comparison. It has two distinct
peaks at 89.4 and 92.0 eV. The plateau at 95 eV is very
short followed by a gradual decrease in intensity towards
higher energy.

C. Cr X emission bands

Compared to the Cr X exnission band of metallic
chromium the maxima of Cr3Si, CrSi, and CrSi2 (Fig. 4)
are shifted to lower photon energy by 0.90, 1.20, and 1.30
eV, respectively (Table I), and in addition the spectra of
the silicides extend to lower photon energy. Particularly
Cr3Si and CrSi form a broad shoulder below —4 eV. The
Cr K band of metallic chromium has a FWHM of only
4.85 eV. The largest FWHM is for Cr3Si (5.75 eV) and it
decreases with decreasing Cr content in the samples
(CrSi: 5.55 eV; CrSiz. 5.45 eV). We had not enough ma-
terial to measure also the Cr X emission band of Cr5Si3,
the measurements using a two-crystal spectrometer re-
quire more material for sample preparation than using
the other two spectrometers mentioned.

The Cr X emission band of CrSi2 di6'ers from the other
spectra in that it has a narrow peak and shows a clearly
visible shoulder at -6532 eV. The intensity of the "tail"
below -6530 eV is comparable to that of CrSi and
higher than in Cr3Si.

V. DISCUSSION

To understand the similarity of the shapes of the emis-
sion bands of Cr3Si, Cr5Si3, and CrSi we should realize
that in all these crystals there are Cr-Cr bonding dis-
tances contrary to CrSi2. In Cr3Si and Cr5Si3 the shortest
distances between Cr atoms are 2.28 and 2.32 A, respec-
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First, the Cr-Cr bonds create core-level shifts that
difFer from those core-level shifts induced by Cr-Si bonds.
We have measured the Cr XP& 3 line corresponding to the
core-level transition Cr3p~Crls, and we have found
that the energies E of the Cr XP, 3 line are related by
E(Cr met) —0. 1 eV=E(Cr3Si)=E(CrSi) =E(CrSi2)+0.25
eV, i.e., the highest photon energy corresponds to metal-
lic chromium, the lowest to CrSi2.

Second, the nearest neighbors of Cr atoms in CrSiz are
only Si atoms, there are no Cr-Cr bonds as in the other
compounds. As a consequence the Cr atoms induce more
silicon d-like states on Si atoms than in the other silicides,
and this efFect increases intensity of the Si L emission
band of CrSiz at the top of the valence band.

After this more general discussion based on interatom-
ic distances and bond strengths we will discuss the single
compounds in more detail and compare measured spectra
with calculated emission bands. In Figs. 5—7 we present
the Si L, Si EC, and Cr K emission bands of Cr3Si, CrSi,
and CrSi2 on a common energy scale. In each figure the
dashed line in the calculated Si L band indicates the con-
tribution of Si d states to the spectrum. Additionally, at
the bottom of the figures the total density of states
(TDOS) is presented.

photon energy [eV]
FIG. 4. Cr K emission bands of metallic Cr, Cr3Si, CrSi, and

CrSi2, original measurements with a linear background sub-
tracted; photon energy scale.

tively. These distances are even shorter than in metallic
chromium (2.49 A). In Cr3Si the bonding distance be-

0
tween Cr and Si atoms is 2.55 A. CrsSi3 has a much more
complicated structure and the Cr-Si distances range from
2.43 to 2.66 A. The various strengths of Cr-Si bonds and
the additional contribution of Si-Si bonds broaden the
spectral features of all emission bands of Cr5Si3 compared
to those of Cr3Si (Figs. 2—4).

In the case of CrSi the Cr-Si distances range between
2.32 and 2.58 A, 2.32 A being the shortest Cr-Si distance
of all samples studied here. The Cr-Cr and Cr-Si dis-
tances are quite large: 2.83 and 2.85 A, respectively. As
a consequence of the various strengths of the Cr-Si bonds
in CrSi we observe further broadening of the Si K emis-
sion band (Fig. 2) and a nearly structureless plateau in the
Si L emission band (Fig. 3). On the other hand, the main
peak of the Cr K emission band of CrSi is narrower than
those of Cr3Si and Cr~Si3 (Fig. 4), thus reflecting the
larger distance between the Cr atoms (2.83 A).

As already mentioned in Sec. IV the similarity and the
gradual development of spectral features observable in
the emission bands of Cr3Si, Cr~Si3, and CrSi does not
continue to CrSi2. The main reason for this is that the
Cr-Cr distance (3.06 A) is quite large and therefore does
not play a significant role in bonding, while the Cr-Si and
Si-Si bonds (bond lengths 2.47 and 2.55 A for both bonds)
are decisive for the electronic structure of CrSi2. The vir-
tual absence of Cr-Cr bonds and the dominance of Cr-Si
and Si-Si bonds lead to two effects observable in the spec-
tra.

A. Cr3Si

In Fig. 5 are shown the measured and calculated Si L„
Si K, and Cr E emission bands of Cr3Si together with the

I I 5
i

I I I I
f

I I I I
)

I I I I
I

I I I I

Cr&S&

Si L

exp

ale

~ . L II, t~

Si K
(0

xp

alc

~xp

alc

TDOS

I I S 5
i

I I I I
i

I I I I
)

I I I I
j

I I I I

-20 -15 -10 -5 0 5

energy [eV]
FIG. 5. Measured and calculated Si L, Si K, and Cr K emis-

sion bands and TDOS of Cr3Si; the dashed curve in the Si L
spectrum represents the contribution of Si d-like electrons.
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total density of states. The upper part of the valence
states arises from the bonding combinations of Si p and
Cr d electrons and additionally created Si d and Cr p
states observable in the Si L and Cr X emission bands, re-
spectively. The lower part of the valence band is derived
from Si s electrons; their hybrids create a small amount of
Cr p-like states rejected at about —10 eV in the Cr K
emission band. All spectral features of the experimental
results are reproduced by the calculations, and there is
also very good quantitative agreement between theory
and experiment.

The electronic structure of Cr3Si was studied earlier by
Franciosi et al. applying self-consistent augmented-
spherical-wave calculations to Cr3Si with Cu3Au struc-
ture (which is simpler than the real Cr3Si structure), and
also by Franciosi et a/. who applied semiempirical
extended-Hiickel-theory calculation to the actual Cr3Si
structure. Both calculations exhibit a narrow inner
valence band at —8 eV (width —1 eV), which is also
present in our calculation ( ——9 eV). The agreement be-
tween the upper part of our TDOS curve ( —7 eV to
EF =0; Fig. 5) and the results of Ref. 3 is good, contrary
to the TDOS curve of Ref. 4.

B. CrSi

significant features in the measured spectra are well
reproduced by the calculations in the case of the Cr K
and Si K emission bands. There is also good quantitative
agreement between the measured and calculated Si L
band, except for the higher intensity between —3 and —4
eV in the calculated spectrum.

Si d-like states play an essential role in the upper part
of the Si L band. The lack of Si d states in the calcula-
tions of Weijs et al. yields an incorrect intensity in the
corresponding energy range of their results. The lowest
Si s states at —11 eV form a weak shoulder in the Si L
emission band (Fig. 6, top curves) while in the calcula-
tions of Weijs et al. they form a pronounced peak and
also increase the total width of the band, in disagreement
with our calculations and experiment.

The electronic structure of CrSi was already studied by
Franciosi et aI. who used the more simple CuAu struc-
ture and by Franciosi et al. according to real structure
applying the computational techniques mentioned above.
The results of Ref. 3 do not show an inner valence-band
gap in accordance with our results (Fig. 6), contrary to
the results of Ref. 4 (gap at -7—8 eV). On the other
hand, in the upper part of the valence band (

—7 eV to
Ez) our TDOS curve is in better agreement with that of
Ref. 4 than of Ref. 3.

Figure 6 shows the measured and calculated Si L, Si E,
and Cr E emission bands and the TDOS of CrSi. All
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FIG. 6. Measured and calculated Si L, Si E, and Cr K emis-

sion bands and TDOS of CrSi; the dashed curve in the Si L
spectrum represents the contribution of Si d-like electrons.

C. CrSi2

In Fig. 7 we present the Si L, Si K, and Cr K emission
bands of CrSi2 together with the TDOS. On the whole
there is good accordance of calculations with experiment,
except for the intensities at about —12 eV in the calculat-
ed Si L and Cr X emission bands that are too high. With
respect to the shape of emission bands we should keep in
mind that the Auger process, where a core hole or a hole
in the valence band relaxes by emitting an electron, is
competing with the x-ray process. Auger processes limit
the lifetime of core or valence-band vacancies and by that
contribute to a broadening of the observed spectrum. We
included these e6'ects phenomenologically using an
energy-dependent Lorentzian broadening (see end of Sec.
III). The empirical parameter wz =1 eV was applied to
all spectra presented in Fig. 1 and Figs. 5—7. In fact the
parameter w& cannot have the same value for all com-
pounds studied in this work: its value depends on the
valence wave functions and their overlap. Therefore wI,
should be smaller for the more localized Si s-like states in
Cr3Si than for the Si s-like states in silicon or CrSi2.
Indeed we have found that the use of greater values of w&

improves the agreement with experiment in the case of
silicon (Fig. 1): shallower valley at —7.5 eV and more
rounded peak at 9.5 eV in the Si L band and a smoother
tail ( —8 to —12 eV) in the Si E band. An analogous im-
provement of agreement between experiment and calcula-
tion is also obtained for the Si L„SiK, and Cr K emission
bands of CrSiz by using greater values of wz (2—4 eV) for
the Lorentzian broadening.

The electronic structure calculations performed in the
actual CrSi2 structure were presented in Refs. 4, 5, and
14. Our pseudopotential and Mattheiss' linear aug-
mented plane wave one-electron band structure yield
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FIG. 7. Measured and calculated Si L, Si X, and Cr X emis-
sion bands and TDOS of CrSi2,' the dashed curve in the Si L
spectrum represents the contribution of Si d-like electrons.

nearly identical TDOS and a total width of the valence
band in agreement with experiment. The valence band
calculated by Weijs et al. is broader and there is a con-
siderable difference between the convoluted sum of sil-
icon s and d partial densities of states and the measured
Si I. band. Moreover silicon p partial density of states is
broader than the observed Si E band.

The differences between the x-ray bands and the corre-

VI. SUMMARY

In this paper we presented measurements of Si EC, Si I.,
and Cr E emission bands of Cr3Si, CrSi, and CrSi2 to-
gether with ab initio calculations of the electronic struc-
ture and the emission bands of these compounds. In ad-
dition the Si E and Si I. emission bands of Cr5Si3 were
measured. All features in the spectra can be attributed to
Si s, Si p, Si d, and Cr p derived states. The X emission
bands re6ect Si p and Cr p derived states. Because for the
Si L emission bands both the Si s and Si d contributions
were calculated, it became evident that Si d states play an
important role for the interpretation of the Si L, spectra.
Comparison of experimental with theoretical results
shows that ab initio LDA calculations describe the elec-
tron states and the x-ray emission bands of the chromium
silicides under study in good agreement with measured
spectra.
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