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A critical-point behavior in angle-resolved photoemission has been studied in single-crystal silicon
for the incident-photon-energy range from 7.1 to 8.6 eV. A sharp and highly dispersive peak is ob-
served in the relatively broad spectrum. In the direct-optical-transition model, this peak is attributed
to photoexcitation of electrons from the highest valence band to a local minimum of the fifth con-
duction band located in the middle of the 'K line. The energy value E of this local minimum rela-

tive to the top of the valence band and the magnitude of its wave vector |k | are determined to be
E=6.610.1 eV and | K| =(5.6+0.1)x 107 cm~, respectively. The experimental results are quanti-
tatively consistent with the band-structure calculation by Nara and Kobayasi.

I. INTRODUCTION

Angle-resolved photoemission from single crystals has
been studied extensively for investigating the electronic
structures of solids. This experimental technique has been
successfully applied to determine the energy-band disper-
sion for a number of metals and semiconductors.! Most
of the investigations, however, have been carried out for
materials having simple conduction-band structures.!—*
In these special cases, the final state of the photoemission
process may be regarded as free-electron-like and the an-
gular or photon-energy dependence of the photoemission
spectrum represents simply the overall dispersion of the
initial state (in valence bands) along certain directions in
the Brillouin zone.

Since the photoemission process involves optical transi-
tion, the spectrum depends primarily on the critical-point
structure of the energy bands. In the direct optical-
transition model Kane® has shown that the structure in the
photoemission spectrum is enhanced for photoexcitation
at critical points in the joint density of states. The struc-
ture is enhanced also at a critical point, if any, in the den-
sity of final states. Such a spectral dependence on the fi-
nal state cannot be found in the case of an ordinary
optical-absorption spectrum for a band-to-band transition.
Accordingly, if the incident-photon energy is tuned to the
value where the optical transition takes place at a critical
point, an abrupt change in the spectrum may take place at
a certain emission angle so as to conserve the component
of the momentum parallel to the sample surface. This ex-
perimental technique, therefore, may be applied to deter-
mine the location and types of critical point in the energy
band.

There have been very few examples of investigation in
angle-resolved photoemission performed from this point
of view. As for the experimental verification, the critical
point study has been carried out only in metals such as
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Cu, Au, and Ag.®~® Because of the simplicity of their
conduction-band structures these materials exhibit
critical-point behaviors corresponding to photoexcitation
only at zone boundaries.®~® For those materials having
more complicated band structures, such as most of
group-IV semiconductors and III-V and II-VI compound
semiconductors, the critical point may be present at any
arbitrary point in the Brillouin zone regardless of its sym-
metry. The analysis of the spectrum can determine the lo-
cation of such general critical points, as well as their
dispersions, which provide specific and essential informa-
tion on the band structure.

In the present investigation the critical-point behavior
in angle-resolved photoemission is studied for a single
crystal of Si in the photon-energy range 7.1—8.6 eV. A
sharp and highly dispersive peak is observed above a rela-
tively broad spectrum previously reported by a number of
authors.!%!! This peak is attributed to photoexcitation of
electrons from the highest valence band to a local
minimum of the fifth conduction band located along the
I'-K line. The analysis yields the value of energy and
wave vector of this local minimum. To the best of our
knowledge this paper is the first report on the use of
angle-resolved-photoemission technique to determine the
position of a higher conduction-band extremum located at
a general point in the Brillouin zone in any crystalline
solid. It is shown that the experimental results are quanti-
tatively consistent with the band-structure calculation of
Si using a nonlocal pseudopotential given by Nara and
Kobayasi.!> 13

II. EXPERIMENTAL ARRANGEMENTS

The experimental setup consists of an ion-pumped
stainless-steel vacuum chamber which is connected
through a sapphire window to a Seya-Namioka-type
monochromator. A hydrogen-discharge lamp combined
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with this monochromator gives usable light in the energy
range 7.1—8.6 eV. The photoelectrons are analyzed by a
127° cylindrical deflection analyzer which is designed to
work at low electron energies. The energy resolution of
this analyzer is less than 30 meV at the electron kinetic
energy of 1 eV. The acceptance angle is 5° for the polar
and 7° for the azimuthal. The sample is cut from a
single-crystal wafer doped with boron to the resistivity
range of 10 Q cm at room temperature for the convenience
of cleaning the sample surface by electrical heating. After
the crystal orientation is determined by x-ray diffraction,
the sample is etched in an acid solution containing one
part of 38 mol % H,O, and three parts of concentrated
H,SO,. Prior to the measurement, the sample is heated to
1200°C repeatedly in the vacuum chamber to obtain a
clean surface.!* The surface contamination is examined
by Auger-electron spectroscopy. For all measurements the
photoelectrons are collected at a right angle to the direc-
tion of incident-photon beam and angular dependence is
measured by rotation of the sample with respect to the
fixed directions of the incident beam and the photoelec-
tron analyzer. One may disregard the dependence of tran-
sition probability on the incident-beam angle, since, for
the present purpose of measurements, it cannot affect the
peak position of the spectrum beyond our spectral resolu-
tion but only the overall intensity. The pressure of vacu-
um chamber is less than 8 X 10~% Pa during the measure-
ments. ‘

III. EXPERIMENTAL RESULTS

Figure 1 shows photoemission spectra for the (111) face
of Si in the photon-energy range hv=7.36—8.30 eV at
room temperature. The energy E of emitted electron is de-
fined as measured with respect to the valence-band max-
imum. In this energy scale the photoemission from the
valence-band edge gives the maximum possible electron
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FIG. 1. Photoemission spectra for the (111) crystal face of Si
in the photon-energy range 7.36—8.30 eV. Polar angle 0 is set to
50° from the surface normal {111) towards the (0T1) direction
which is tangential to the sample surface. N(E) is the number
of electrons emitted with its kinetic energy E.
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energy in the spectrum which is equal to the incident-
photon energy. The valence-band edge is determined by
extrapolating the high-energy edge of the bulk photoelec-
tron spectrum in the manner described in Ref. 15. The
uncertainty in the electron energy determined by this pro-
cedure is estimated to be less than 0.1 eV. This procedure
is adopted for all measurements in order to correct for the
difference in work function and band bending among sam-
ples having different crystal faces. As indicated in the fig-
ure the polar angle 0 of measurement is 50° from surface
normal towards (O11) direction which is oriented tangen-
tial to the surface. A strong peak appears at 7.0 eV for
the spectrum at Av=7.75 eV. This peak is most pro-
nounced at this photon energy and becomes weaker and
more broadened for the spectra towards both sides away
from this photon energy. This peak has not been observed
in the previous measurements'®!! since it becomes pro-
nounced only at a particular value of photon energy and,
as explained in the following, at a particular range of
electron-emission angle. Figure 2 shows the spectra for
the (111) face measured at 6=50° from the normal to-
wards the (112) direction. No pronounced peak appears
in any of the spectra. This result is consistent with the
measured results in Ref. 10. These spectra are measured
in the same geometry as those of Fig. 1 except that the az-
imuth of the sample is rotated by 30°. Figures 1 and 2,
therefore, indicate that the observed peak is strongly
dependent on both photon energy and angle of emission.
Figure 3 shows the angular dependence of the spectrum
for the (111) face measured towards the (011) direction at
hv=7.75 eV. Hereafter the geometry of this measure-
ment, for example, is referred to as “the (111)-(011) mea-
surement.” The spectra show that a pronounced peak be-
gins to appear above 6=30°, exhibits its maximum intensi-
ty at 0=60°, and then decreases with further increase in 6.
It is also noted that the peak position shifts towards lower
energy as 0 increases. Except for this peak the spectra ex-
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FIG. 2. Photoemission spectra for the (111) crystal face of Si
in the photon-energy range 7.36—8.30 eV. Polar angle 6 is set to
50° from the surface normal towards (112).
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FIG. 3. Angle-resolved-photoemission spectra for the (111)
crystal face of Si at Av=7.75 eV. Polar angle 6 is varied from
the surface normal towards the (0T1) direction.

hibit broad structures which are insensitive to the angle 6.
Figure 4 shows the spectra for the (111)-(112) measure-
ment for hv=7.75 eV. The spectra do not show strong
peaks although there is some weak structure which
changes with the angle 6. The rest of the broad structures
are similar to those of Fig. 3.

Table I summarizes our measured results regarding the
intensity of the peak at hv=7.75 eV for major crystal
faces and directions. The strong peak is observed only for
the (111)-(011), (100)-{011), and (100)-{001) measure-
ments which are indicated as ‘“strong.” The spectra for
the latter two measurements are shown in Figs. 5 and 6,
respectively. The spectra in other sets of measurements,
indicated by ‘“weak,” show only the broad structures simi-
lar to those shown in Fig. 4.

IV. DISCUSSION

A. Energy-band dispersion and critical-point
behavior

In the present photon-energy range the photoemission
process may be described in terms of the direct optical
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FIG. 4. Angle-resolved-photoemission spectra for the (111)
crystal face of Si at hv=7.75 eV. Polar angle 6 is varied from
the surface normal towards the {112 direction.

transition in the bulk followed by transport to and escape
through the surface.!®

The experimental results described in Sec. III show that
the peak in the photoemission spectra is enhanced only at
a particular value of photon energy and particular direc-
tions of crystal face and photoemission. The strong peak
is observed only for the (111)-{011), (100)-{011), and
(100)-(001) measurements. This fact indicates that the
optical transition takes place mainly at a limited region of
the wave vector and energy in the Brillouin zone. If the
electron wave vector component k| parallel to the sample
surface is conserved during the photoemission process, the
electrons contributing to the (111)-(011) measurement
must have their wave vector lying in the plane including
(111) and (011) axes. This plane contains highly sym-
metric directions such as I'-L, 'K, and '—W. Simi-
larly for the (100)-{011) and (100)-{001) measurements,
the electron wave vectors lie in the plane including the
(100) and (011) axes and (100) and {001) axes, respec-
tively. The former plane contains '—K, 'L, '—U, and
I'—X, while the latter contains I'—X, I'—K, and I'—W as
highly symmetric directions. The direction common to
these three planes is I'—K. As listed in Table I the strong

TABLE I. Summary of the experimental result on the features of the peak at Av=7.75 eV. Some of
the results correspond to the peaks in Figs. 3—6. Measurements are carried out for those combinations
of the crystal face and direction which are perpendicular to each other. Other combinations not perpen-

dicular to each other are left as blank.

Crystal Direction (tangential)
face (100) (001) (011) (111) (112)
(100) strong strong
(011) weak weak
(011) weak weak
(111) strong weak
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FIG. 5. Angle-resolved-photoemission spectra for the (100)
crystal face of Si at Av=7.75 eV. Polar angle 0 is varied from
the surface normal towards the {(011) direction.

peak is not observed for the (111)-(112) measurement.
Since the (112) direction is, by symmetry, only 30° off
from the (011) direction (I'—K), the strong photoemis-
sion occurs closely along the I'—K line. Hence the experi-
mental results may be explained without contradiction if
the observed peak is attributed to photoexcitations from a
wave-vector space in the vicinity along I'—K of the Bril-
louin zone.

The above interpretation is further supported in the de-
tailed comparison of the spectra for the (111)-(011) and
(100)-(011) measurements (Figs. 3 and 5). These spectra
show that the peaks having the same energy for the two
measurements appear at about the same angle 6. The ob-
served photoelectrons in these spectra are excited in two
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FIG. 6. Angle-resolved-photoemission spectra for the (100)
crystal face of Si at hv=7.75 eV. Polar angle 6 is varied from
the surface normal towards the {(001) direction.
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different planes in the Brillouin zone but have the same
parallel component of k along the '—K direction. Hence
the two measurements exhibit the same dependence for the
final-state energy of electron E vs 6 if the photoexcitation
takes place along I'—K. From E and 6, the value of k” is
estimated to be about 5 from T to K by the relation

172
= 12E=SI g, (1)

where ¢ is the vacuum level relative to the top of the
valence band. The above experimental observation shows
that the strong peak found in the spectra arises from the
photoelectrons excited near the midpoint along I'—K.
Figure 7 shows the energy-band structure of Si calculat-
ed with the pseudopotential parameters determined by
Nara and Kobayasi.'*!® This energy-band calculation is
adopted in our analysis since the pseudopotential includ-
ing the nonlocal part are determined with a particular em-
phasis in obtaining the detailed structure of high-lying
conduction bands up to 10 eV.!3 The strong peak ob-
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FIG. 7. Brillouin zone and the energy bands of Si along prin-
cipal symmetry lines calculated with the pseudopotential param-
eters given by Nara and Kobayasi (Refs. 12 and 13). The forbid-
den gap, between the fourth band, E,, and the fifth, Es, is indi-
cated by hatched area. Dashed-dotted lines along the I'—K line
represent possible optical transitions between the bands E; and
Eg at hv=7.75¢eV.
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served in the measurement at hv=7.75 eV occurs within
the energy range 6.5—7.5 eV. The transition resulting in
the final state of electrons in this energy range is the exci-
tation from band E, (the highest valence band) to band E,
(the fifth conduction band) at the '—K line as shown by
dashed-dotted lines in Fig. 7. Since this pair of bands
have similar dispersions near the midpoint on the I'—K
line, a high joint density of states may be expected for op-
tical transition at hv=7.75 eV. It is also noted that in this
region along the 'K line, the final-state energy E de-
creases with increase in k. These facts explain qualitative
features of the experimental observation discussed above.

To make detailed comparison with experiment, E vs K
of the final state is calculated for the transition between
bands E, and E,. For the direct optical transition the en-
ergy and momentum conservations define the constant
optical-energy surface in the K space for a given hv (here-
after denoted as optical-energy surface),” while E defines
the constant electron-energy surface of the final state.
The intersection of the two surfaces gives theoretically
predicted values of E and K of electrons contributing to
the photoemission spectrum.

The results of E-vs-k calculations are plotted in Figs.
8(a), 8(b), and 8(c), for the I'-K-W-L, I'-K-L, and I'"-X-W-
K planes, respectively. The solid lines originating from
points a, B, and y represent contours of the constant
optical-energy surface for hv=8.0, 7.75, and 7.5 eV,
respectively, and the dashed lines originating from points
a—d are those of the constant electron-energy surface for
E=17.5,7.3,7.1, and 6.9 eV, respectively. For our particu-
lar case the photon energy of the contour originating from
B3, denoted by “f3 line,” corresponds to the incident-photon
energy used in the measurements of Figs. 3, 5, and 6. As
already inferred from the experimental observations, the
calculation shows that the 3 line is located closely along
the 'K line near its midpoint. The electron-energy con-
tour intersects the 3 line at energies between 7.6 and 6.9
eVv.

From the spectra shown in Figs. 3, 5, and 6, E and k|,
component parallel to the sample surface are determined
experimentally from the peak energy and angle of pho-
toelectrons using Eq. (1) with ¢=5.07 eV relative to the
top of the valence band.!” The results are represented by
solid circles on the straight line at the bottom of each fig-
ure. The experimental points in Fig. 8(a) are deduced
from the (111)-{011) measurement (Fig. 3) and are plot-
ted on the line along the I'—K direction since the electron
emission in the (111)-{011) measurement comes from op-
tical transition within the I'-K-W-L plane and the electron
wave-vector component k) parallel to the sample surface
is in the direction of the I'—K line. Similarly the experi-
mental points in Fig. 8(b) are deduced from the (100)-
(011) measurement (Fig. 5) and are plotted on the line
along I'—K. For Fig. 8(c) the experimental points are de-
duced from the (100)-{001) measurement (Fig. 6) and are
plotted on the line along I'—X.

The agreement between theory and experiment may be
examined by comparing the experimentally determined k)
with the calculated k|| evaluated at the point of intersec-
tion for the B line and the contour of electron energy cor-
responding to the measured peak energy. Thus, in Fig.
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FIG. 8. Contours of constant photon energy (solid lines) for
interband transition E,—E, and constant electron energy
(dashed lines) for the band E, in the planes of (a) I'-K-W-L, (b)
I'-K-L, and (c) I'-X-W-K. For each plane the photon energy hv
is represented by a=38.0 eV, 8=7.75 eV, and y=7.5 eV, while
the electron energy E is denoted by a=7.5 eV, b=7.3 eV, c=7.1
eV, and d=6.9 eV. For comparison the experimental points de-
duced from the spectra of Figs. 3, 5, and 6 are shown by solid
circles on the straight line at the bottom of (a), (b), and (c),
respectively. The numerical number expresses the electron ener-
gy E of the peak and the distance from the I" point to the solid
circle represents the magnitude of k|| evaluated from E and 6 us-

ing Eq. (1).

8(a), the value of k|| =4.7X 107 cm~! for the peak at 7.1
eV is in good agreement with the calculated value of
k| =5.4x10" cm™' at the intersection of the B line
(hv=17.75 eV) and contour ¢ (E=7.1 eV). Similar results
are obtained for Fig. 8(b). For Fig. 8(c) the (100)-{001)
measurement determines k| along the I'—X direction
which is about 45° off from the actual k direction. Hence
t_]ile experimental k|| must be compared with the calculated
k at the intersection which is projected onto I'—X. Ac-
cordingly the experimental points along I'—X appear at
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smaller values of k|| (closer to the I' point) as compared to
the experimental points of Figs. 8(a) and 8(b). Consistent
interpretation is obtained throughout the three kinds of
measurements shown in Fig. 8.

In the (111)-¢011) and (100)-(011) measurements
(Figs. 3 and 5), the peak is observed clearly between 0=30°
(E=7.2 eV) and 80° (E =6.7 eV). The calculation, on the
other hand, predicts that the peak starts appearing at
6=21° (E=7.6 eV) and continues to appear up to 6=62°
(E=6.9 eV). The upper and lower limits in angle come
from the fact that the optical-energy contour 3 intersects
the electron-energy contour at the value of k|, between
2.7X 107 and 6.9 10" cm™"'. These values of k|| together
with the corresponding electron energies give the above
angle limits. It is difficult to determine experimentally at
what angle and energy the peak starts appearing because
the peak in the spectrum is rather broad at low angles of
emission. The spectra do indicate, however, that the peak
starts to appear at a finite value of 6 around 30°. The
broadening of the peak at those low angles may be ex-
plained in part in terms of the present calculation. As
shown in Fig. 8, the optical-energy contour 3 near the in-
tersection of electron contour a of 7.5 eV lies almost per-
pendicular to the I'—K line. As a result the photoelec-
trons having different energies around 7.5 eV have nearly
equal k)| and hence emit in a narrow range of angle from
the sample surface towards the electron analyzer. Because
of a finite slit width of the electron analyzer the peak
width in the spectrum becomes broadened for the energy
around 7.5 eV.

B. Determination of local minimum for band E,

From the quantitative consistency between theory and
experiment, one may attempt to determine the local
minimum of band E4 by extending the measurements to
the lower photon energies. At hv=7.36 eV, as shown in
Fig. 9, the peak appears between E=7.0 (§=30°) and 6.6
eV (0=65°). At lower photon energies, the peak begins to
diminish in the background spectrum, but its energy
remains above 6.6 eV for any 6. Such photoelectron peaks
become undetectable below Av=7.3 eV.

The above experimental observations may be interpreted
in terms of an optical transition schematically shown in
Fig. 9. For hv=17.36 eV, let optical transitions take place
between 4 —A’ through B—B’. From the experiment the
transition 4 —A' corresponds to the peak at £E=6.6 eV
(6=65°) so that, from Eq. (1), k|| =5.6X 10’ cm~! along
I'—K. The transition B— B’ corresponds to E=7.0 eV
(6=30°) with k| =3.5x10" cm~'. For higher photon en-
ergies, such as for the spectrum shown in Fig. 3, 4 —A4’'
moves to the right and B—B’ to the left in accordance
with the increase in the vertical energy separation. On the
other hand, the decrease in hv would shift 4 —>A4’' and
B—B’' towards each other until they merge to C—C’
which represents the minimum vertical energy difference
between E, and Ey. The peak must disappear below the
photon energy corresponding to C—C’. In our measure-
ment this photon energy is equal to Av=7.3+0.1 eV. The
peak at E=6.6 eV (8=65°) observed for the photon energy
at hv=7.36 eV is the lowest in electron energy throughout
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the measurement for hv=7.3—8.3 eV and corresponds, in
this energy-band scheme, to the local minimum of band
E, (point A'). Hence the spectra in Fig. 9 yield E and k of
the local minimum along the I'—X line to be

E=6.6+0.1,
in eV, and

| K| =(5.6+0.1)x 107 ,

in cm™!, while the band-structure calculation (Fig. 7)

gives E=6.88 ¢V and |k | =5.8 107 cm™ .

C. Spectral resolution and intensity
in angle-resolved photoemission

As shown in Fig. 8, E vs K is experimentally deter-
mined for the wave vector lying in three different planes
in the Brillouin zone. In these measurements, while E is
determined in a unique manner, K is measured only for
the component parallel to the sample surface. The wave
vector K is uniquely determined if the components of K
projected along two different crystal faces are measured.
Hence, in principle, one may deduce with the present tech-
nique the position of critical points and their energy
dispersion along any direction about the critical points.
For example, if the experimental results for the (111)-
(011) measurement are combined with the (011)-(111)

hv=7.36eV
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FIG. 9. Photoemission spectra measured at Av=7.36 eV and
a schematic diagram representing the interpretation of the spec-
tra in terms of the optical transition between the bands E, and
E, taking place along the I'—K line. In the diagram the values
of E, 0, and k are deduced from the measurement. For compar-
ison the calculated valus of E and k for Av=7.75 eV are shown
in parentheses.
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measurement, one may know E vs K around the local
minimum of the band Egy in the I'-K-W-L plane [Fig.
8(a)]. In this particular case in Si, however, this type of
analysis cannot be made since the (011)-(111) measure-
ment does not exhibit strong structure in the spectrum as
listed in Table I. As explained in the following para-
graphs there are two reasons which prevent the appear-
ance of the strong structure in the spectrum. One is due
to the particular shape of the optical-energy surface and
the other reason is related to the escape of photoelectrons
to the vacuum.

As can be seen in the calculation of Fig. 8(a), the (011)-
(111) measurements would determine E and k com-
ponents parallel to I'—L. The projection of 3 line onto
I'—L shows that photoelectron peaks between 6.9 and 7.6
eV appear within the range of angle 0<6<5.1°. As a re-
sult, peaks between 6.9 and 7.6 eV are superposed in the
spectrum at 6 < 5° and are observed only as a broad struc-
ture. Hence, E vs k along I'—L cannot be determined
from the (011)-(111) measurement. For the same reason
E vs k along '—X in Fig. 8(b) cannot be determined from
the (011)-(100) measurement (see Table I) which would
provide the E-vs-K information in the I'-K-L plane. For
the T-X-W-K plane in Fig. 8(c), the (011)-(011) measure-
ment combined with the (100)-{001) would determine E
vs k. As listed in Table I, the (011)-{0I1) measurement
also exhibits only a weak structure.

The reason for the lack of strong structure in the (011)-
(011) measurement as well as other measurements in the
(110) plane listed in Table I may be explained as follows:
The final state of electrons inside the crystal is expressed
in terms of a plane-wave expansion

Y(K)=a 5 (K)exp[i(k+G)-F], )
g

where the sum is over the reciprocal-lattice vector G with
ag as the coefficient of each term. If each component is
connected to the plane wave in vacuum with its amplitude
proportional to |aa (k) | % the components having large
la( K) | ¥s contribute dominantly to the photoemission.
The examination of the band-structure calculation
shows that the band Ey at points in k space discussed here
has dominant coefficients for G{200} and G{111}, and
those for G{220} and others have at most 1 order of mag-
nitude smaller values as shown in Table II. Accordingly,
the photoemission is expected to be strong for the mea-
surements in the (100) and (111) surfaces and weak for the

TABLE II. Values of |ay |2 for band E, at the local
minimum along the I'—K direction, k=(0.375,0.375,0).

—

G{hkl) lag |2 G{hkl) lag |2
G{T11} 0.125 G{202} 0.001
G {200} 0.035 G {202} ~ 0.004
G{200} 0.195 others <0.001
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(110) surface in agreement with the experimental observa-
tions.

According to the present discussion, the strong peak in
the spectra is explained in terms of the direct optical-
transition model. The rest of the structure in the spectra
is rather broad and insensitive to the crystal face and the
direction of electron emission. The band-structure calcu-
lation of Fig. 7 shows that there are other pairs of bands
which contribute to the photoemission spectrum at
hv=7.75 eV. A simple inspection of the band structure,
however, indicates that most of the band pairs are expect-
ed to have low joint densities of states compared to the E,
and E, pair. For some of these pairs, electrons are excited
near the zone boundary and are totally reflected back into
solid because their wave vector is too large to conserve
both energy and momentum during the escape across the
surface. Thus these band pairs contribute to photoemis-
sion spectra only as a weak and broad structure. Scatter-
ing by phonons may also broaden the structure, since for
the photon-energy range used in our measurement the ki-
netic energies of photoexcited electrons lie in such a low
range that the electron-phonon scattering is comparable to
the electron-electron scattering.'®

V. CONCLUSION

Angle-resolved-photoemission spectra on a single crys-
tal of Si have been measured in the photon energy range
7.1—8.6 eV. The behavior of the pronounced peak is in-
terpreted in terms of the direct transition model for the
photoexcitation from the band E, to Ey around the criti-
cal point along the T'—K line. The analytical results are
found consistent with the energy-band calculation of Nara
and Kobayasi. This result shows that an arbitrary critical
point structure may be studied in the photoemission spec-
trum by varying both the incident-photon energy and the
detecting angle of photoelectrons. This type of analysis
may be particularly effective for investigating the elec-
tronic structure of materials having complicated high-

“lying conduction bands, such as most of the group-IV

semiconductors and III-V and II-VI compounds. The
crystal potential for these compounds has not been deter-
mined accurate enough to ensure quantitative analysis of
the band structure in the energy range over 20 eV from the
bottom of the valence band. The reason is partly due to
the lack of experimental data for this energy range of
higher conduction bands. In comparison with the analyti-
cal methods published in the past,' the present approach
would provide more realistic and reasonable parameters
for the pseudopotential.
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