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The resonant soft-x-ray emission spectra at the SiL2,3 core exciton have been measured at 18 K by using
synchrotron radiation. As an excitation light source, a very high-resolution monochromator with the undulator
was used. The Raman scattering whose energy shifts in proportion to the excitation energy is found below the
L2,3 absorption edge. The intensity of the Raman scattering increases rapidly as the excitation energy comes
close to theL2,3 core exciton. It is found that the Raman scattering resonates at theL2,3 core exciton which is
made around theX1 conduction minimum. The elementary excitation of the Raman scattering is the valence
exciton that is a transition fromX1 or X4 points in the valence band to theX1 conduction minimum. The
X4 valence exciton has a characteristic excitation-energy dependence, so that it becomes broad and weak as the
resonant Raman process goes to the ordinary Raman process.@S0163-1829~96!02824-X#

I. INTRODUCTION

Soft-x-ray emission spectroscopy~SXES! has been one of
the most important experimental methods to study the elec-
tronic structure of solids. SXES has been carried out for a
long time by using a high-power x-ray tube or electron emis-
sion source. Very recently, SXES has been carried out by
using synchrotron radiation, which is a tunable excitation-
light source.1 These studies provide many insights into the
interaction of matter and light. First, the valence states drawn
out by the electronic transition to the core level are the par-
tial density of states~DOS! that are projected to the same
atomic site where the core hole is produced, since the wave
function of a core hole is quite localized. Also, their symme-
tries are restricted by the selection rule, since its angular
momentum symmetry is well defined due to the dipole tran-
sition. Synchrotron radiation enables us to excite the speci-
fied core level for the specified ion. Thus SXES is a powerful
tool to observe the site-projected and symmetry-restricted
partial DOS curves. Second, inelastic light scattering has
been found in the SXES of diamond,2,3 graphite,4 and Si,5,6

where the electron wave vector~k! conservation model has
been proposed. That is, thek of the produced core hole is the
same as that of the excited electron within the small wave
vector of the photon. Furthermore, SXES is bulk sensitive,
because the mean free path of the soft-x-ray light is much
longer than that of the electron. This site- and symmetry-
selective nature as well as surface insensitivity is quite dis-
tinctive of SXES, and advantageous as compared with the
photoelectron spectroscopy~PES!.

In this study, resonant soft-x-ray emission~SXE! spectra
on Si have been measured in order to clarify the inelastic
light-scattering effect. The very high-resolution monochro-
matized light enables the selective excitation to the conduc-
tion bands, and gives us fruitful information on the reso-
nance state of the SXES. That is, what state is the resonance
state in SXES? There is also the problem of whether the
Raman-scattering effect is found in the soft-x-ray region, and

what is the elementary excitation in this case. Resonant Ra-
man scattering was found in this experiment. The core exci-
ton and valence exciton will play important roles in the
Raman-scattering effect.

II. EXPERIMENT

Soft-x-ray emission measurements were carried out by the
SXES system7 which is installed at the beam line BL-19B at
Photon Factory, KEK. As the excitation light source, the
Revolver Undulator8 was used. A VLM19 monochromator9

with a varied-line spacing plane grating whose average
groove density is 2400 lines/mm was used. By using this
beam line, a strong intensity light was achieved with a high-
energy resolution. The calculation of the ray tracing shows
that the resolution of the monochromator is obtained to be
about 9 meV for the photon energy at 90 eV by using a
10-mm slit width. All the measurements of SXES and total
SXE yield~TY! were measured by using 10-mm slit width of
the VLM19 monochromator in this study. An optically pol-
ished~100! surface of Si crystal was used. The sample was
cooled by a He cryostat. All the measurements were carried
out at 18 K. The base pressure of the experimental system
was about 2310211 torr.

In the SXES system,7 a high-sensitivity position-sensitive
detector and a 5-m concave grating with a groove density of
600 lines/mm were used. The detector was set at Rowland
circle perpendicularly to the tangential plane of the Rowland
circle. The overall resolution of the SXES was about 0.5 eV
at the center of the detector, and about 0.8 eV toward the end
of the detector. The typical signal count was about 30–50
counts per second~cps!, with a background of about 4 cps.
We observed the emitted SXE light at a large glancing angle,
where the excitation light is incident on the sample at a very
small glancing angle to avoid the self-absorption effect. The
TY was measured by collecting all the SXE light. Since the
detector of the SXES has no sensitivity for the visible light,
the TY was measured for the SXE light above 4 eV.

PHYSICAL REVIEW B 15 JUNE 1996-IVOLUME 53, NUMBER 23

530163-1829/96/53~23!/15660~7!/$10.00 15 660 © 1996 The American Physical Society



The calibrations of the VLM19 monochromatic and the
SXES spectrometer are very important, because the SXE and
TY spectra are plotted in the same abscissa in this study,
which will give us important information about the total
DOS for both the filled and empty states. The calibration of
the VLM19 monochromator was carried out by the photo-
emission of the gold which was evaporated on the sample
holder. The SXES spectrometer was calibrated by measuring
the reflection light of gold on the sample holder. The photo-
emission and the SXE can be measured at the same time by
using the same excitation light in this experimental system.7

III. RESULTS AND DISCUSSION

Figure 1~a! shows the TY spectrum of silicon. The ab-
scissa represents the excitation photon energy~hne). The TY
spectrum in expanded scale is shown in Fig. 1~b!. The TY
spectra in Fig. 1 are very similar to those reported by various
authors.10–15 However, the structures in Fig. 1 are much
sharper. In particular, theL2,3 edge structure in Fig. 1 is very
sharp, and its width is about 100 meV. Bianconiet al.11mea-
sured both the surface- and bulk-sensitive electron yield
spectra by utilizing the difference in the surface sensitivity
depending on the kinetic energy of the electron. The bulk-
sensitive spectra obtained by Bianconiet al. become sharp
compared with the ordinary TY spectra. The total SXE yield
spectra are, of course, much more bulk sensitive than any
electron yield spectra. Thus, because of the lack of the
surface-sensitive TY structure, as well as the low-
temperature measurement, the SXE TY is much sharper than

the electron TY. A doublet structure of 100.72 and 101.36
eV is clearly observed, and is attributed to the spin-orbit
splitting (z2p) of silicon. The bands at 102.7 and 103.3 eV
are also spin-orbit splitting structures. The vertical bars in
Figs. 1 indicate the photon energies at which the SXE spectra
were measured. The doublet structure of 100.72 and 101.36
eV has been assigned to beL1 conduction band, and that of
102.7 and 103.3 eV has been assigned to theL4 conduction
band.

TheL2,3 SXE spectra of silicon are shown by dots in Fig.
2, when the core hole is excited to the conduction band in
higher photon energy region than thehne5100.82 eV. The
abscissa represents the SXE photon energy~hnSXE). The or-
dinate is the SXE intensity divided byE3 in order to com-
pare with the DOS curve.16 Spectral features of SXE spectra
are very similar to those of the spectra which were already
measured by several authors.5,6,17–20These structures have
been well elucidated by the total DOS. The two strong struc-
tures at aroundhnSXE590.2 and 92.5 eV have been assigned
to the high DOS aroundL28; andL1 bands. TheL1 SXES
band located at lower-energy side becomes stronger for the
lower excitation energy. The broad and weaker structures
aroundhnSXE596.0 and 97.3 eV have been assigned to be
X4 andL38 valence bands.

Figure 3 shows both the SXE spectrum measured at
hne5145.0 eV~closed circles! and the TY spectrum~open
circles!, in order to compare with the total DOS~solid
line!.21 It has been known that the structures of Si in the total

FIG. 1. Total yield of soft-x-ray emission spectrum of Si mea-
sured at 18 K. The vertical bars show the photon energies where the
SXE spectra were measured.z2p with an arrow shows the spin-orbit
splitting of Si 2p core. The abscissa is the excitation photon energy.
~b! in the lower panel shows the TY spectrum in the expanded
energy scale of abscissa.

FIG. 2. TheL2,3 SXE spectra of Si measured at various photon
energies that correspond to the excitation to the conduction bands.
The abscissa is the SXE photon energy. The ordinate is the SXES
intensity divided by the cube of the photon energy.
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DOS are due to the high density of states which come mainly
from L high-symmetry points, and the SXE spectrum seems
to be consistent with the band calculation. The intensity of
the calculated total DOS athnSXE595;100 eV is much
stronger, and its intensity athnSXE585;95 eV is weaker
than that of the experimental SXE spectrum. It is well known
that the 3s components are dominant in the valence band at
higher binding~lower photon! energy, while the 3p compo-
nents are strong at the lower binding~higher photon! energy.
Since theL2,3 SXES reflectss andd partial components in
the DOS, theL2,3 SXES of silicon shows the different inten-
sity ratio from the structures in the total DOS. On the other
hand, it is known that the photoelectron spectra show a simi-
lar intensity ratio to the structures in the DOS spectra.

The SXES study has the characteristic merit that the SXE
and TY can be plotted on the same abscissa~that is, photon
energy!, so that they are easily compared with the band cal-
culation of both the valence and conduction bands. In fact,
there is a remarkable difference between the TY spectrum
and the conduction-band minimum of the DOS in Fig. 3. The
TY spectrum has a sharp edge. The intensity of the TY is
much stronger, and shifts slightly to lower energy. This dif-
ference has been already discussed, and has been assigned to
be a core-exciton structure at theD-X line around theX1
conduction band.10–14,22,23The quantity of the energy shift is
not clear, though there is some shift. This shift corresponds
to the binding energy of the core exciton.

Rubenssonet al.5 measured the excitation-photon-energy
dependence of SiL2,3 SXE spectra. The intensity ratio of the
two main L1 and L28 bands varies in accord with theL2,3
absorption spectra. Furthermore, Miyanoet al.6 found that
theX4 band becomes strong when the core hole is excited to
the state at theL2,3 absorption edge. On the other hand,
excitation-photon-energy dependence is not found in amor-
phous Si. Thus the excitation-photon-energy dependence is
due to thek conservation rule of the core hole and the ex-
cited electron in the Si crystal.

Figure 4 shows the photon-energy dependence of SXES
in the energy region of the core-exciton state which is
formed near theL2,3 absorption edge. The intensity ratio of
two L1 andL28 bands becomes reversed athne599.99 eV.
At the excitation energy belowhne598.50 eV, which is lo-
cated at just theL2,3 absorption edge, it is found that a struc-
ture athnSXE591.1 eV in SXES increases instead of both
L1 andL28 bands. To our knowledge, this band has not been
found before now. Furthermore, theX4 structure at

hnSXE596.0 eV becomes clear, while theL38 , band be-
comes weak and finally disappears.

In order to know the origin of the band athn SXE591.1
eV, we compare the SXE spectra with the band dispersion
curve. Figure 5 shows SiL2,3 SXE spectra measured at
hne5101.46 and 99.70 eV and the TY spectrum, as well as
the band dispersion curve which was calculated by Che-
likowsky and Cohen.21 The band dispersion curve is adjusted
to the SXE spectra to coincide with the valence-band maxi-
mum. ThreeL28 , L1 , andL38 valence bands are found at
hnSXE590.2, 92.5, and 97.3 eV, respectively, in the SXE
spectrum measured athne5101.46 eV. On the other hand,
two X1 andX4 valence bands are found athnSXE591.1 and
96.0 eV in the SXE spectrum measured athne599.70 eV.
Thus the band at hnSXE591.1 eV is found to be theX1
valence band. Furthermore, the spin-orbit splitting at 100.72
and 101.36 eV in the TY spectrum is assigned to be anL1
conduction band. The spin-orbit splitting at 102.7 and 103.3
eV is assigned to be anL3 conduction band. Of course, the
conduction minimum is assigned to be around theX1 band
along theX-D line. The coincidences of the SXES structures
with theX bands are rather good within 0.1;0.2 eV, while
those with theL bands are not so good. The total bandwidth
of the calculated band dispersion of theL bands is wider by
about 1 eV than the experimental results obtained by both
the SXE and TY spectra. Angle-resolved photoemission
spectra of Si have been measured, but the structures at high
binding energies, such asL1 , X1 , andL28 valence bands,

FIG. 3. The SXE spectrum of silicon measured athne5145.0
eV, and the TY spectrum in comparison with the total DOS curve
~Ref. 21!.

FIG. 4. TheL2,3 SXE spectra of Si measured at various photon
energies in theL2,3 core-exciton-energy region. The abscissa is the
SXE photon energy. The ordinate is the SXES intensity divided by
the cube of the photon energy.
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are not so clear.24,25 Therefore, it is difficult to compare our
SXES results with the angle-resolved PES results.

It is found that the intensity ofX1 andX4 valence bands
becomes strong when the core electron is excited to theX1
conduction-band minimum. When it is excited to the other
bands where theL density is dominant, the intensity of the
L1 andL28 valence bands becomes strong. Thek conserva-
tion model in the SXES process also seems to be consistent
with our experiments. Thus theX1 band is found only by
excitation at theX1 conduction-band minimum.

Figure 6 shows the SXE spectra that are measured in the
photon-energy region below theL2,3 threshold. As shown by
the closed circle in Fig. 8, the SXES intensity drastically
decreases with the decreasing photon energy. However, the
SXES can be found at any excitation photon energy, irre-
spective of the lower excitation energy below theL2,3 edge.
These spectra are nothing but the Raman-scattering spectra
that excite to the virtual state lower than the real state. It is
clear that the mainX1 SXES band aroundhnSXE591.1 eV
shifts to lower energy in proportion to the excitation photon
energy. The line shape of thisX1 band seems to be the same,
but becomes weak as the photon energy becomes low. Con-
versely, the smallX4 structure athnSXE596.0 eV also shifts
to lower energy, but the line shape becomes broad and weak

in accord with the excitation energy.
Figure 7 shows the same figures as those in Fig. 6, where

the abscissa is the Raman shift that is the energy shift from
the excitation photon energy. In Fig. 7, it is clear that the
X1 and X4 bands have the same Raman shift energy. The
X1 band has a Raman shift energy of 8.6 eV, and theX4
band has a Raman shift energy of 3.9 eV. Since the energy
shift does not change by the excitation photon energy, it is
found that all these structures are not in the fluorescence
band but the Raman-scattering band. The open circles repre-
sent the SXE spectrum measured athne598.30 eV that is
factored by 50. The spectrum at 0 eV corresponds to the
Rayleigh scattering peak. It is found that the intensity ratio of
the Raman scattering and the Rayleigh scattering is about
150 in the SXE spectrum measured athne598.30 eV.

Figure 8 shows the photon-energy dependence of the in-
tensity of the Raman~closed circles! and the Rayleigh scat-
tering ~open circles!. These spectra are obtained so that the
sum of both intensities becomes the TY spectrum. The inten-
sity of the Raman scattering is almost zero at lower photon
energy, as opposed to theL2,3 edge, and has no background
intensity. It increases gradually toward a photon energy of
99.60 eV and then drastically increases to 99.90 eV. This
change of the intensity clearly shows the resonant Raman
effect, and the resonant state is theX1 core-exciton state at
the L2,3 edge. It is well known that the resonant Raman-
scattering intensity should increase rapidly by the Kramers-

FIG. 5. The SXE spectrum of silicon measured at
hne5101.46 and 99.70 eV, and the TY spectrum in comparison
with the band dispersion curve~Ref. 21!.

FIG. 6. TheL2,3 SXE spectra of Si measured at various photon
energies that correspond to the excitation to the virtual states below
the L2,3 core exciton. The abscissa is the SXE photon energy. The
ordinate is the SXES intensity divided by the cube of the photon
energy.

53 15 663OBSERVATION OF RESONANT RAMAN SCATTERING AT THE . . .



Heisenberg formula. Conversely, the intensity of the Ray-
leigh scattering is similar to the TY spectrum, and it has a
constant background intensity below theL2,3 edge. The
Rayleigh-scattering intensity decreases and comes close to
the background intensity, as the excitation photon energy
increases far above theL2,3 absorption edge. On the other
hand, the SXES intensity becomes stronger. This fact shows
that the intensity of the fluorescence band becomes stronger
as the excitation photon energy increases far above theL2,3
absorption edge.

On the other hand, the line shape of the Raman scattering
seems to be similar belowhne599.70 eV. The SXE spectra
begin to change at a photon energy abovehne599.70 eV.
Thus it is found that the resonance effect takes place at the
core-exciton structure which is formed at theX1 conduction
minimum. If these spectra are the Raman spectra, what is the
elementary excitation in the Raman process? These Raman
bands have 8.6- and 3.9-eV Raman-shift energies at theX1
andX4 bands, respectively. The final state after the Raman
scattering is an electron at theX1 conduction-band minimum
that forms a core exciton state and a valence hole atX1 or
X4 point. This final state is attributed to the transition from
the valence band to the conduction band between twoX
points. Of course, it forms a valence exciton state at theX
points. Since the electron at theX1 conduction-band mini-
mum changes from the core-exciton state to the valence-
exciton state, the binding energies of the core and valence
excitons become different. However, this difference cannot
be found because of the small energy difference.

Figure 9 shows the schematic energy diagram of the Ra-
man scattering on Si. For resonant Raman scattering, it reso-
nates to the core-exciton state and emits a valence-band ex-
citon as an elementary excitation of the Raman scattering.
On the other hand, the intermediate state of the ordinary
Raman-scattering process is the virtual state below the real
X1 core-exciton state in the resonant Raman scattering. Even
in the case of ordinary Raman scattering, the elementary ex-

FIG. 7. The Raman spectra of Si in the energy region below the
L2,3 core exciton. The ordinate is the Raman intensity divided by
E4. The abscissa is the Raman shift energy that is the energy shift
from the excitation photon energy.

FIG. 8. Open circles show the intensity of the Rayleigh scatter-
ing and the direct recombination light. Closed circles show the in-
tensity of the Raman and fluorescence light.

FIG. 9. Schematic energy diagram of the Raman scattering pro-
cess at the SiL2,3 exciton region. The elementary excitation of the
Raman scattering is theX-point valence-band excitons. The inter-
mediate state of the ordinary Raman process is the virtual state. The
ordinary Raman process converges to the resonant Raman process
continuously, as the photon energy comes close to the core-exciton
state.
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citation is also the valence-band exciton. The ordinary Ra-
man process converges to the resonant Raman process con-
tinuously, as the photon energy comes close to the core-
exciton state.

It is interesting that the valence-band exciton becomes
broad and weak, as the resonant Raman process goes to the
ordinary Raman process. In particular, broadening of the
valence-band exciton located at 3.9 eV of the Raman shift
which corresponds to the exciton from theX4 valence band
to theX1 conduction band is evident. This band finally dis-
appears at the normal Raman scattering. Here one should
remember that the selection rule of the normal Raman scat-
tering has been studied for a long time by ordinary laser
Raman scattering. In this sense, the transition fromX1 to
X1 symmetry is a totally symmetric transition, so that the
X1 band is Raman active. Thus the line shape of theX1 band
does not change drastically. On the other hand, the transition
from the X4 valence band to theX1 conduction band is a
dipole-allowed transition, and is not Raman active when we
consider the group theory. It is known that the dipole transi-
tion and Raman bands have complementary selection rules26

for the ordinary Raman process, when the crystal structure
has a centrosymmetry. Thus it is reasonable that theX4 band
is not observed in normal Raman-scattering process. Further-
more, it is also known that the Raman selection rule often
breaks at the resonant Raman process. Therefore, the dipole-
activeX4 band might have some intensity at the resonance
state because of the breakdown of the selection rule at the
resonant state. Of course, the microscopic mechanism of the
excitation energy dependence of these Raman bands has not
been studied at all. A theoretical study will be needed to
solve it. In particular, the phonon effect may play an impor-
tant effect in the excited state. In this study, one finds even in
the soft-x-ray region that there is the microscopic problem of

the resonant Raman scattering that used to be found in laser
Raman scattering.

If we put the resonant Raman-scattering process at the Si
L2,3 absorption edge into other words, as in Fig. 9, the core-
exciton state in the intermediate state is exchanged with the
valence-band exciton in the final state. This fact shows that
there is an interaction between the core exciton and the va-
lence exciton, and that it plays an important role in the
Raman-scattering process. Although the detailed mechanism
is not known, this effect will raise another problem in soft-
x-ray emission studies.

IV. CONCLUSION

A SXES study at the SiL2,3 absorption edge has been
carried out by using synchrotron radiation with a very high-
resolution energy as an excitation light. The resonant Raman
process has been found at anX1 core exciton. Normal Ra-
man scattering has also been found, and its intensity grows
drastically as the excitation energy comes close to the reso-
nant state. As an elementary excitation, the valence-band ex-
citon that is formed from theX1 or X4 valence states to the
X1 conduction-band minimum is emitted in the Raman pro-
cess. TheX4 valence exciton has a characteristic excitation-
energy dependence, so that it becomes broad and weak as the
resonant Raman process goes to the ordinary Raman process.
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