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Electroabsorption was measured on selenium single crystals as a function of temperature,

polarization of light, and direction of the modulating electric field.

Interpretation along the

lines of Elliot’s theory of indirect excitonic transitions yields the assignment of the conduc-
tion-band minimum to the point Z=(0, 0, 1)n/c of the Brillouin zone or its close neighborhood.
The assignment of the maximum of the valence band to the point H= (é w/a, 0, w/c) is reinforced

by the reported measurements.

I. INTRODUCTION

Until recently it has been a matter of some con-
troversy whether the band gap of trigonal selenium
is direct or indirect. Some results favored an in-
direct edge's? whereas other measurements pointed
to a direct edge described by the Urbach rule.?
Band-structure calculations gave rather flat energy
bands*® and left the question open, too. Recently
Fischer clarified the problem to a great part by ab-
sorption measurements on thin crystal platelets
grown from the vapor phase.® At low temperature
several steps were found at the absorption edge for
both polarizations of light (Eic and E L¢) which
were interpreted as an indirect excitonic transition
with emission of phonons. With increasing tempera-
ture these steps disappeared rapidly and also the
transition with absorption of phonons could not be
observed. Therefore, a determination of the ener-
gies of the indirect transition and of the involved
phonons was not possible from absorption measure-
ments alone. Fischer derived these values by com-
paring his electroabsorption results measured at
1.8 °K with the luminescence spectrum of trigonal
selenium. Since electroabsorption measurements
are particularly useful for an extended analysis of
indirect transitions, ” in the present paper such in-
vestigations at different temperatures are reported.
Besides the phonon-emission replica of the indirect
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transition, now the peaks due to absorption of pho-
nons are also observed. Therefore, the energies
of the involved phonons can be determined directly
and compared with the values given by neutron scat-
tering.® The energy of the indirect transition, par-
ticularly its temperature dependence, is also ob-
tained and, using results of theoretical band mod-
els, the relevant minimum of the conduction band
can be located in the Brillouin zone.

II. EXPERIMENTAL
A. Experimental Procedure

The measurements were performed on selenium
single crystals grown as thin platelets from the
vapor phase. The surfaces of these crystals were
of good quality so that no further treatment was
necessary. This is very advantageous because
cleaving and polishing of the samples increase the
number of lattice defects in the soft selenium crys-
tals considerably, and thus inhibits the investigation
of fine structure in the optical spectra. The thick-
ness of the platelets varied between 15 and 200 ypm.
The external electric field was applied using two
gold electrodes evaporated on the same crystal face
with a distance of 0.5 mam. This arrangement
easily allows the orientation of the electric field
both parallel and perpendicular to the ¢ axis. The
low conductivity of trigonal selenium and the rela-
tively high frequency of the electric field (1 kHz)
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exclude anomalous results due to modulation of the
temperature within the samples.

The optical system consisted of an iodine-tungsten
lamp, a prism double monochromator, polarizer,
and photomultiplier, with a spectral resolution of
about 1.5 meV. Wavelength, intensity of trans-
mitted light, and its field-induced change were mea-
sured simultaneously and automatically evaluated.
The lock-in amplifier, detecting the change of trans-
mission, was tuned mostly to the double frequency
of the applied sinusoidal electric field because, for
trigonal selenium, a quadratic dependence of elec~
troabsorption on field strength exists.®° The re-
sponse of the electroabsorption at the fundamental
frequency is small and differs strongly for the ori-
entation of electric field ¥ lic and FLc. This is
probably a result of the piezoelectric effect.

The selenium platelets were carefully fixed on
electrically insulating but heat-conducting sapphire
crystals and clamped to the sample holder of a
cryostat having automatic temperature regulation.
The temperature could be maintained constant within
1 °K in the range 4.5-200 °K.

B. Evaluation

No significant influence of the interference of light
reflected from both surfaces of the crystals was ob-
served in the experiments. The evaluation of the
electroabsorption spectra, therefore, starts from
the simple formula for the transmitted intensity J,

J=dJo(1 =R)%e"¢ | (1)

where J, is the intensity of the incident light, R the
reflectivity, « the absorption coefficient, and d the
thickness of the sample.

The external electric field induces alterations of
both reflectivity and absorption coefficient. The
corresponding relative change of the transmitted
intensity is

——A:Ii= %ﬁ%-&dAa. (2)
From electroreflectance measurements with similar
field strength, as used here for electroabsorption,
the relative change of the reflectivity AR/R is
known to be 1076 or less in the investigated spectral
range.'® This effect is negligibly small compared
with the value of AJ/J which is greater than 10~
We obtain, therefore, from (2) the simple expres-
sion

-AJ/J=dAa . (3)

According to this formula, thick crystals are fa-

vored for electroabsorption measurements because
they give a large relative change of transmitted in-
tensity. In the energy region of rapidly increasing
absorption coefficient, however, only thin crystals
are sufficiently transparent to obtain well-resolved
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responses. Therefore, the thickness of samples
was varied between 15 and 200 pm.

III. EXPERIMENTAL RESULTS
A. Survey of the Electroabsorption Spectrum

The general features of the electroabsorption
spectrum and its temperature dependence are shown
in Fig. 1 for light polarized parallel to the ¢ axis
(Enc). The upper part gives the spectrum at low
temperature which is in good accordance with the
results of Fischer® measured at 1.8 °K. Above 1.85
eV three strong and two weak maxima are found
which correspond to the indirect absorption with
emission of five different phonons having the ener-
gies quoted above. (The strongest peak near 1.88
eV is reduced by a factor of 10.) Structures which
are created by phonon absorption are not yet ob-
served. They arise at higher temperature as can
be seen in the spectrum at 38 °K. Here below 1. 85
eV an additional peak appears which is assigned to
the indirect transition assisted by absorption of the
phonon with lowest energy. In this spectrum the
phonon emission part of the spectrum above 1.85 eV
consists only of the three strong maxima. The
small peaks which are well resolved in the upper
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FIG. 1. Electroabsorption spectrum of trigonal selenium

for polarization of light Elc at different temperatures.
Electric field F=1,8 x10% V/cm perpendicular to ¢ axis.
The dashed lines indicate the position of the indirect edge.
The marked peaks are reduced by the given factor.
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curve are now covered by the strong maxima be-
cause these broaden with increasing temperature.
Due to this broadening the amplitudes of the peaks
decrease, a feature which becomes more evident
in the spectrum at 75 °K. In the energy region
below 1,85 eV now also the absorption replica of
the optical phonons appear since the temperature is
high enough to activate these lattice vibrations with
higher energy. The six peaks of the spectrum at
75 °K are symmetrical to the dashed line which,
therefore, gives the energy of the indirect transi-
tion at this temperature. The distance between two
corresponding maxima is twice the energy of the
phonons involved and the so-determined phonon en-
ergies are given above in Fig. 1(a). The energies
of the weakly coupling phonons which appear only in
the emission part at low temperature are derived
from their distance from the dashed line. The 4.3-
and 7.3-meV phonons belong to the acoustical
branches and the three other phonons with 12. 5,
17.7, and 29. 2 meV belong to the optical branches
of the phonon spectrum of trigonal selenium. !

B. Temperature Dependence of the Electroabsorption Spectrum

The coincidence of the electroabsorption peaks
and the steps in the absorption curve reported by
Fischer® supports strongly the interpretation of the
electroabsorption spectrum by an indirect transi-
tion. The considerations in this section indicate

Aa (cm™)

0 T
0 50 100
Temperature (°K)

FIG. 2. Temperature dependence of the amplitudes of
electroabsorption peaks corresponding to emission of an
optical phonon of 29.2 meV (circles) and an acoustical
phonon of 4.3 meV (triangles). F=1.4 x10% V/cm paral-
lel to ¢ axis. The curve for the acoustical phonon is en-
larged by a factor of 5.

that this interpretation also explains the tempera-
ture dependence of electroabsorption observed in
Fig. 1, particularly the different behavior of the
phonon-absorption and -emission parts. The magni-
tude of the phonon-absorption maxima increases
with increasing temperature, in contrast to the
emission peaks which decrease. This decrease is
not uniform for the different emission peaks as is
shown in Fig. 2. The amplitude of the maximum
corresponding to the optical phonon of 29.2 meV
diminishes rapidly whereas the 4. 3-meV acoustical-
phonon peak decreases much more slowly. At high-
er temperature the height of the latter maximum
even begins to increase slightly.

In the discussion of this temperature dependence
we start from the general formula for the absorp-
tion coefficient of indirect transitions,

a=m+3+3)P(w, T), (4)
where
1
n= FomAr _] (5)

P gives the transition probability, including the
transition density of states, and is nearly the same
expression for phonon-absorption and -emission pro-
cesses. It shall be treated in more detail in the
discussion of the band structure in Sec. IV. Besides
its dependence on the frequency of light w, the
transition probability depends on temperature due
to the lifetime broadening. For the following quali-
tative considerations it is not relevant whether we
observe an exciton or an interband transition.

The Bose factor » giving the phonon population
is strongly temperature dependent, rising exponen-
tially at high temperature. The plus sign in Eq.
(4) has to be taken for a transition with emission
of phonons, the minus sign is valid for a phonon-
absorption process.

The external electric field changes only the tran-
sition probability and, therefore, leads to the
change of the absorption coefficient

Aa=m+3+3)AP(w, T) . (8)

At low temperature (27 <7%w,,) the Bose factor is
small compared with 1. Then the temperature de-
pendence of the phonon-emission peaks [Aa=(n+1)
X AP] is dominated by the lifetime broadening of
the field-induced change of the transition probabili-
ty AP. This broadening by increasing temperature
leads to decreasing amplitudes of the field effect!?
and, therefore, to decreasing amplitudes for the
phonon-emission peaks. Only at high temperature
does .the rapidly increasing Bose factor become

of influence and may give an increase of the peak
amplitudes with temperature in spite of the en-
hanced broadening. In our experiment this increase
is only observed for the peak assigned to the emis-
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FIG. 3. Temperature dependence of electroabsorption

peak corresponding to absorption of the 4.3-meV acousti-
cal phonon in comparison with normalized phonon-emission
peak, the temperature shift of the gap being eliminated.
F=1.8x10* V/em perpendicular to ¢ axis.

sion of the acoustical phonon with 4.3 meV (Fig. 2)
for which » is sufficiently high.

The temperature dependence of the phonon-ab-
sorption processes in the electroabsorption spec-
trum is different from that of the phonon-emission
peaks because for phonon absorption the amplitude
of the electroabsorption signal is proportional to
the Bose factor n». The temperature dependence,
therefore, is dominated also at low temperatures
by this factor, and with increasing temperature the
absorption peaks rise according to the strong in-
crease of n. Figure 3 demonstrates this rise for
the 4. 3-meV acoustical phonon in comparison with
the corresponding emission maximum. The ampli-
tude of the emission peak is normalized to 1, and
the temperature shift of the whole spectrum is
eliminated. As expected the amplitude of the pho-
non-absorption peak increases rapidly above 10 °K.
The result that the phonon-absorption peak at
75 °K is higher than the corresponding emission
maximum can be explained by the oscillatory char-
acter of the structures. They consist obviously of
a maximum followed by a negative signal at higher
energy, as can be seen from Fig. 1. Since for the
4. 3-meV phonon the emission maximum overlaps
with the minimum connected with the absorption
branch, the emission peak at high temperature be-
comes lower than the absorption maximum because
with increasing height of the absorption peak the
depth of the minimum increases also.
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For the structures related to optical phonons a
similar comparison of the phonon-emission and
-absorption peaks was not possible. At low tem-
perature the phonon-absorption replica are very
weak and they can only be measured on thick sam-
ples. Here, however, the lower transmittance at
higher temperature prevents a reliable measure-
ment of the phonon-emission peaks. Absorption
and emission of optical phonons, therefore, are
observed on the same sample only in a small tem-
perature range, but measurements with different
crystals give the same result as for the acoustical
phonon. The temperature dependence of the peak
which corresponds to the strongly coupling optical
phonon of 29.2 meV is shown in Fig. 4. The crystal
thickness is about 200 um. Similar to the acous-
tical-phonon-absorption peak in Fig. 3, the response
increases rapidly and broadens with rising tempera-
ture. The increase starts for this optical phonon
at higher temperature because of its larger energy.
Below 100 °K the peak shifts with rising tempera-
ture significantly to higher energy. Above 100 °K,
however, no further shift is observed.

The enhancement of the phonon-absorption peaks
with temperature is plotted in Fig. 5 for the acous-
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FIG. 4. Temperature dependence of electroabsorption

peak corresponding to absorption of an optical phonon of
29.2 meV. F=1,4x10?V/cm parallel to ¢ axis.
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FIG. 5. Temperature dependence of the amplitudes of

electroabsorption peaks related to absorption of the opti-
cal phonon of 29.2 meV (circles) and the acoustical phonon
of 4.3 meV (triangles). The dashed lines represent the
corresponding Bose functions. F=1.4x10% V/cm per-
pendicular to ¢ axis.

tical phonon of 4.3 meV and the optical phonon of
29.2 meV. The dashed curves give the correspond-
ing Bose functions fitted to the experimental values
at the lowest temperature. The growing deviation
of the experimental curves from the Bose functions
at high temperature probably is due to the lifetime
broadening of the peaks, which is not included here
because at high temperature the peaks overlap so
that their half-width cannot be resolved. In spite

of these deviations the assignment of the electro-
absorption spectrum to an indirect transition as-
sisted by several phonons gives a conclusive ex-
planation of the pronounced temperature dependence
of the different structures.

C. Temperature Shift of the Indirect Gap

The sharpness of the peaks of the electroabsorp-
tion spectrum allows an accurate determination of
the temperature shift of the indirect gap. The re-
sult is plotted in Fig. 6. The limit of 180 °K in the
data arises because the rapidly increasing electrical
conductivity leads at high temperature to uncon-
trolled heating of the crystal. The upper curve
gives for comparison the shift of the direct gap.
The energy of the direct transition corresponds to
anexcitationinto an excitonlevel. The binding ener-
gy of this excitonis stillunknown; itis estimated to
be about 100 meV.!® According to Fischer®the indi-
rect transition also does not go into the conduction
band, but creates an exciton, the binding energy of
which probably is similar to that of the direct exci-
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ton. Both curves, therefore, do not give the ener-
gies of the gaps, but rather the transition energies
into exciton states. Since the binding energy of ex-
citons, however, depends only slightly on tempera-
ture the energy shift of these transitions gives the
shift of the band gaps, too.

It is interesting to note that both curves show a
similar behavior. Between 30 and 90 °K the indi-
rect, as well as the direct, gap increases linearly
with temperature, and above 100 °K they are nearly
constant. Since, as shown in the discussion on the
band structure, both transitions start from the same
valence band but lead to different minima of the
conduction band, obviously the temperature shift of
the valence band dominates the temperature depen-
dence of both gaps.

The interesting kink in both curves is probably

related to the influence of different phonons. The
linear part of the temperature shift starts near
20 °K and a comparison with Fig. 5 shows that at
this temperature the strong increase of the popula-
tion of the 4.3-meV phonon sets in. Near 90 °K the
shift becomes small and here the Bose factor of the
strongly coupling optical phonon rises strongly.
We suppose, therefore, that the population of these
two phonons causes the kink in the temperature de-
pendence of the energy gaps. Below 90 °K the shift
is due to the acoustical phonons which correspond

1.97 H

196 - 27x10%eV/°K /" direct edge

Energy (eV)
g
1

186 17x10"eV/°K indirect edge
185 T T T
0 50 100 150
Temperature (°K)
FIG. 6. Temperature shift of the indirect gap of trig-

onal selenium (lower curve) and of its direct gap (upper
curve, taken from Ref. 10).
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FIG. 7. Electroabsorp-
tion spectrum of trigonal
selenium for polarization
of light perpendicular to the
¢ axis (full curve) in com-
parison with spectrum for
parallel polarization (dashed
curve). F=1,8x10% V/cm
perpendicular to ¢ axis. The
marked peaks are enlarged
by the given factors.
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to the motion of almost rigid chains against one
another. Beyond this temperature, however, the
influence of the strongly coupling optical phonon
dominates, which is due to vibrations of the covalent
bonds within the chains.!* The band gap of the
isomorphic tellurium shows a similar behavior, 13
but the influence of the optical phonons dominates
here already at lower temperature because of the
smaller phonon energy of 18 meV.?®

D. Polarization Dependence

All results discussed so far were obtained with
light polarized parallel to the ¢ axis. The different
rise of the absorption coefficient at the edge for
E Lc and E Il ¢ formerly has been interpreted by dif-
ferent absorption mechanisms.? The electroab-
sorption spectra at 7 °K, however, indicate that no
qualitative, but only quantitative, differences for
both polarizations exist (Fig. 7). For the peaks
assigned to the optical phonons the magnitude of
the electroabsorption signal is nearly equal. Both
spectra, therefore, correspond to the same indi-
rect transition assisted by the same phonons. The
peaks created by the acoustical phonons, however,
are for E Lc¢ about 5 to 6 times stronger than for
Ele.

All considerations concerning the temperature
dependence of the electroabsorption spectrum with
Ellc are also valid for the spectrum with E Lc.
The experiments give the same increase of the
phonon-absorption peaks, the same broadening and
decrease of the phonon-emission maxima, and,
finally, also the same temperature shift of the in-
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direct gap is found. The phonon-absorption peak
of the acoustical phonon with lowest energy, how-
ever, shows an interesting deviation. Different
from the measurements with E Il ¢ (Fig. 3), it ap-
pears not symmetrical to the energy of the indirect
transition but lies, as shown in Fig. 8, about 1
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FIG. 8. Temperature dependence of the electroabsorp-

tion peak related to absorption of the 4.3-meV acoustical
phonon in comparison with the normalized phonon-emis-
sion peak for ELC. F=1.8x10* V/cm perpendicular to
¢ axis.
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FIG. 9. Electroabsorption spectrum
of a thin selenium single crystal (d
~15 um) at 6 °K. F=1.8x10%V/cm
parallel to ¢ axis.
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meV displaced to higher energy. All other struc-
tures, however, are symmetrical and their loca-

tion, therefore, is independent of the polarization
of light. The reason for this remarkable behavior
is not yet understood.

E. Influence of the Field Orientation

The simple electrode configuration used here al-
lowed us to study also the influence of the orienta-
tion of the external field ¥. For both polarizations
of light no difference in the field dependence was
observed at any temperature except in the magni-
tude of the response. A quadratic dependence is
found for all peaks in agreement with other mea-
surements.%® However, for the whole spectrum
the electroabsorption response is about three times
larger for Fil ¢ than for Flc. The same ratio was
found in the electroreflectance response of the first
direct transition.!® From the theory of electroab-
sorption for interband transitions***® as well as for
exciton transitions'® !¢ these results indicate an
anisotropy of the reduced effective mass with m,
>m,. The experimentally found equal anisotropy
for the indirect and the first direct transition points
to a similar anisotropy of the reduced effective
masses for both gaps. Since both transitions start
from the same valence-band maximum (Sec. IV)
but lead to different conduction-band minima, the
anisotropy of the reduced effective masses obviously
is dominated by the anisotropy of the mass of the
valence band. This means that the effective mass
of the holes must be considerably smaller than the
effective electron mass, a result which is in agree-
ment with the transport properties of trigonal
selenium.!”

F. Electroabsorption above 1.89 eV

Above 1. 89 eV the absorption coefficient in-

creases rapidly, so that electroabsorption in this
region could only be investigated on thin crystals

at low temperature. In this energy range further
responses are to be expected if the indirect transi-
tion starts from the valence-band maximum at point
H of the Brillouin zone. Namely, this band is split
into three subbands'® and the transitions from the
lower subbands into the conduction band should also
take place. Figure 9 shows the electroabsorption
spectrum for E Il ¢ at 6 °K of a crystal with a thick-
ness of about 15 um. Because of the low tempera-
ture, only the phonon-emission part of the spectrum
is found. The structure below 1.89 eV represents
the emission spectrum related to the indirect tran-
sition at 1.853 eV. (The two weak electroabsorption
maxima are lacking here because they can only be
observed on thick crystals.) Above 1.89 eV now
three further maxima are obtained at 1.902, 1.913,
and 1.938 eV. Moreover, near 1.925 eV a response
is found. This spectrum seems to be a repetition
of the spectrum below 1.89 eV and the question
arises whether it can be explained by indirect tran-
sitions from the lower valence bands. The first
valence band at H splits into three subbands with
distances of 42 and 55 meV from the first to the
second and the first to the third valence band, re-
spectively.® (This is indicated in Fig. 9 by the
two vertical dotted lines.) Then the phonon-emis-
sion replica of an indirect transition starting from
the second H, band should appear at 1.900, 1.912,
and 1.924 eV and the maxima due to the third Hg
band analogously at 1.913, 1.925, and 1.937 eV.

A comparison of these energy values with the ex-
perimental curve in Fig. 9 indicates that indirect
transitions from the lower valence bands are prob-
ably the reason for these responses. For Eic

the corresponding electroabsorption spectrum could
not be measured because the transmitted intensity
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for this polarization was too small due to the strong
absorption in the tail of the allowed direct exciton
transition at 1.948 eV.

A contribution to the large amplitude of the 1.938-
eV peak may also be given by the first direct exciton
for Ellc. In electroreflection the response of this
transition sets in near 1.938 eV for B Lc. For
E c, the polarization used for the results in Fig.
9, this transition is forbidden and no electroreflec-
tion signal is observed. However, electroabsorption
is much more sensitive than electroreflection'? and,
therefore, a certain contribution of the forbidden
direct excitonic transition to the peak at 1.938 eV
cannot be excluded.

At high temperature the phonon-absorption replica
of the indirect transitions starting from the lower
valence bands should also be observed. Most of
these replica fall into the emission spectrum re-
lated to the transition from the upper H; band, e.g.,
the absorption peak which corresponds to the strong
phonon-emission maximum at 1.938 eV, a transi-
tion from the Hg band, should at 6 °K be located at
1.879 eV. At almost the same energy, namely, at
1.877 eV, an absorption maximum should occur
corresponding to the 1.913 eV peak, which is due
to the transition starting from the H, band. With
increasing temperature the energy of these absorp-
tion replicas is shifted to higher values; their rela-
tive location to the neighboring emission peaks at
1.870 and 1.882 eV, however, stays approximately
constant. The result shown in Fig. 1, that the
minimum between these maxima is considerably
lifted with increasing temperature, whereas the
depth of the minimum between the 4.3-and 17.7-
meV phonon-emission peaks remains almost con-
stant, is probably due to these absorption process-
es.

1IV. THEORETICAL

To explain the energies, polarization depen-
dences, and relative intensities of the measured
phonon replica, we go back to the usual form of
the transition probability for indirect transitions
as given by Elliott.® In second-order perturbation
theory one finds for a phonon-assisted transition

pe|m @(R) & -Pli(K))G(K)IK o, pnle(K )
7 E, (K" - E;(K) 7w,

3 (a(K) | Ker,oml j(KNGE)IEple(K )2
s E(R)—E,(R")Fhwy,

X (E,(K') —E,(K) - iw 2wy (K’ -K)) . G}

Here the first sum corresponds to processes where-
by an electron is excited from the top of the valence
band to a conduction-band state of the same % value

and then is scattered to the final state via phonon

[en

He

195 eV

310 eV
I
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FIG. 10. Model of the indirect gap of trigonal selenium.

creation (upper sign in the denominator) or destruc-
tion (lower sign). The sum is to be extended over
all possible conduction bands. The second sum
corresponds to creation of an electron-hole pair at
the K vector corresponding to the minimum of the
conduction band and scattering of the hole to the
final state, i.e., to the top of the valence band.

The sum is to be extended over all valence bands
that can serve as intermediate states. The phonon
population is incorporated into the electron-phonon
coupling operator K, ,, and will not be treated sep-
arately here, since the temperature dependence of
the replica has been fully discussed in Sec. III A.

To obtain more information about P let us proceed
as follows: We assume that the conduction-band
minimum is located at point Z=(0, 0, 7/c) of the
Brillouin zone, the maximum of the valence band
being established at point H= (% 7/4,0, 7/c).'® With
this assumption we try to explain the experimental
results, and in conclusion we show why this as-
sumption seems to be the only possible one. This
procedure is necessary, since up to now neither
band structure nor phonon spectrum of trigonal
selenium are known to an accuracy that would allow
an a priori assignment of the indirect gap, the
respective phonon branches, and energies. The
model band structure shown in Fig. 10 is derived
from calculations®®!® and from experimental data
concerning direct excitons.!® It shows that there
are two channels (labeled A and B) where transitions
can take place creating the final-state exciton H;-Zg,
which is assumed to be the origin of the phonon
replica. From the band model of Sandrock® we con-
clude that the sums over intermediate states can be
restricted to the particular states given in Fig. 10,
since either the energy denominator would be very
large (for the next-higher conduction band in H it
would be about 15 times larger than for the lowest
one) or the dipole-transition matrix element would
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be rather small (which reduces the contribution of
the second valence band in Z still more than the dif-
ference of the corresponding energy denominators
does). Optical selection rules now indicate? that
channel A is allowed only for light polarized per-
pendicular to the ¢ axis. Channel B, however, is
allowed for light polarized parallel to the ¢ axis
only, since Zg, stems from a single group Z; rep-
resentation and Z4, from a Z, representation, and
the selection rules of the spinless case are almost
conserved.® These optical selection rules are
important, since they lead to the conclusion that the
first direct transition belonging to the lowest mini-
mum of the conduction band must be allowed for
parallel polarization in order to explain the strength
of the measured phonon replica for light polarized
parallel to the ¢ axis. That excludes point I

=(0, 0, 0) from the further consideration, where the
first direct transition is forbidden for parallel po-
larization. Selection rules for the electron- (hole-)
phonon coupling yield the following results®:

HsXZg=K3, HgXZ¢=K +Ky+K3,

i.e., the hole can only be scattered by phonons of
wave vector K = (471/3a, 0, 0) which transform ac-
cording to the representation K, (see Fig. 11). K,
corresponds to the E modes of Chen and Zallen, 22
That may serve as an explanation for the result that
the first optical mode K, (corresponding to A,) at
the energy of 12.5 meV is only weakly observed as
compared to the K; mode at 17.7 meV. For the
scattering of the electron, however, there is no
strict group-theoretical selection rule. Neverthe-
less, the K, optical mode is very weak for perpen-
dicular polarization of light, too. The weak cou-
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pling of this phonon is probably connected with the
rather strange behavior of this “chain twisting”
mode. Its macroscopic dipole moment is directed
parallel to the ¢ axis and thus perpendicular to the
corresponding atomic motions. 2 Moreover, since
this dipole moment is caused by interactions be-
tween different chains, it might well be small for
modes with wave vectors at the edge of the Brillouin
zone.

Let us now take actual numbers in order to give
an estimate of the relative magnitude of the phonon
replica. If the energy of the top of the valence band
is set equal to zero, then

E/(Z5=1.835 eV, this work
E(Hg=1.95eV , Ref. 10
E,(Zg=-1.25eV , Ref. 10.

These energy values lead to energy denominators
of about 100 meV for the transition probability

<H5v|leHSc><HScIK91 Dh|Z60> r .
P . b6(energies
LS TE(Zg) - E,(Hg) £ iwy, (eneryies)
(8)
and of about 1. 25 eV for
(HSU’KOI nh'Zs ><ZG IplllZ6c> 2 .
P 2 1% 1 .
e o)~ E\Zg) # o, 5{energies)

(9)
Since optical-dipole matrix elements are indepen-
dent of whether an acoustical or optical phonon is
scattered any variation of the relative strength
P, /P, has to be explained by either the energy de-
nominator or the strength of the phonon coupling.
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FIG. 11, Calculated phonon spectrum
of trigonal selenium (Ref. 11). The bars
on the energy scale at point K give the
phonon energies found by the electroab-
sorption measurements; the circles at
T are obtained from infrared reflection
and Raman results (Ref. 21). (The
vanishing energy of the lowest acoustical-
phonon branch at K results from the crude
model underlying the calculation in Ref.
11.)
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The ratio of the transition probabilities derived
from absorption measurements® is in good agree-
ment with the ratio of the strength of the differen-
tial signals reported here, namely,

P,/P,~5 for the acoustical phonon,
P,/P,~1 for the optical phonons.

From analysis of the energy denominator alone,
which is almost constant for P,, and regarding the
changes from 90 to 70 meV for P, on going from
acoustical to optical phonons, one would expect a
trend in the other direction. As a consequence the
ratio of the optical-phonon coupling to acoustical-
phonon coupling must be larger by a factor of about
8 for coupling with holes than for coupling with elec-
trons, thus favoring channel B for optical-phonon
coupling. That seems plausible if one looks at the
character of the phonon modes in selenium.® Acous-
tical modes are relative motions of almost rigid
chains whereas optical modes strongly affect the
covalent bond within a chain by stretching or twisting
it. That is just another way of saying that the va-
lence electrons couple strongly to optical phonons,
whereas conduction electrons do not.

The structures at energies higher than 1. 89 eV,
which were treated in Sec.III F, lend themselves,
of course, to the same explanation used for the
Hjs-Zg indirect transition. The only difference is to
be seen in the fact that channel A for the transition
from the third valence band Hg is also weakly al-
lowed for light polarized parallel to the ¢ axis. As
a consequence the structure at 1.938 eV is caused
by transitions along channels B and A and is there-
fore particularly strong.

Having established a rather self-consistent ex-
planation of the indirect gap of trigonal selenium
as arising from a H;-Z, transition with an additional

STUKE, WEISER, AND TREUSCH
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K phonon, emitted or absorbed, we now exclude
other possibilities. A conduction-band minimum at
point I has already been excluded, since it does
not allow transitions involving light polarized par -
allel to the ¢ axis. Point K can be excluded for
purely energetic reasons. All band-structure cal-
culations®® assign to the lowest conduction band at
K an energy at least 2 eV above the conduction-band
minimum, i.e., a difference far greater than could
be attributed to numerical uncertainties. Thus, all
of the highly symmetric points are exhausted. If,
however, the minimum of the conduction band would
lie far away from a symmetry point, then the pho-
nons contributing to the indirect absorption process
would also be associated with nonsymmetric points
of the Brillouin zone, and the Coulomb interaction
splitting of the lower optical E mode should be ob-
served. Moreover, the two acoustical-phonon en-
ergies 4.3 and 7.3 meV compare fairly well with
neutron spectroscopic data found for polycrystalline
selenium samples by Axmann and Gissler.® Their
values, which represent averages over all van Hove
singularities of the phonon spectrum along the edges
of the Brillouin zone, are 5.1 and 7.8 meV, re-
spectively. Taking all these exclusive conditions
together we come to the conclusion that the mini-
mum of the conduction band indeed is located at
point Z=(0, 0, 1) 7/c of the Brillouin zone or in its
close neighborhood, where the selection rules still
hold approximately and the dispersion of the acous-
tical-phonon energies is not yet large. As a further
interesting result we note that the experimentally
determined dispersion of the optical branches, in-
dicated by the circles and bars in Fig. 11, is very
small, namely, a few tenths of an meV over the whole
axis I'-K of the Brillouin zone. The latter result

is to be expected from phonon-dispersion calcula-
tions, M and is a direct consequence of the rather
molecular-binding character of trigonal selenium.

*Present address: Institut fiir Physik der Universitit
Dortmund, Germany.
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The validity of electronic band-structure results may be tested by comparing the Fourier

transforms of the electronic charge distribution with x-ray structure factors.
of the latter is difficult and liable to relatively large errors.

Measurement
If more than one pub-

lished set exists it is sometimes difficult to decide which is the most reliable. A

simple model for the electronic charge distribution in cubic crystals is proposed, and hence

a parametrized expression for x-ray form factors is derived. This is fitted to the available
sets of measured form factors by a least-squares technique, giving an indication of the consis~
tency of each set and thus its reliability. Experimental data for Al, diamond, and Si are ex-
amined by this method. Electron distributions are drawn in {100} and {110} planes.

I. INTRODUCTION

A possible method of checking the validity of theo-
retical band-structure calculations is by comparing
the Fourier transforms of the calculated electronic
charge distribution with measured x-ray structure
factors. However, the derivation of structure fac-
tors by experiment is subject to many corrections
and the best precision that can presently be obtained
is of the order of 1%.! Different sets of measure-
ments may show considerable disagreement among
each other and it is sometimes difficult to decide
which set to use for the comparison with band-
structure results.

A simple parametrized theoretical model for the
electronic charge distribution in cubic solids is
proposed here, and hence a theoretical form-factor
expression is derived. The consistency of several
sets of measurements is then tested by means of
a least-squares fitting procedure.

The approach differs from the conventional use
of x-ray diffraction measurements in that the sym-
metry of the crystal is assumed to be known at the
outset.

II. MODEL CHARGE DISTIRBUTION AND FORM FACTORS

The electron distribution in the crystal pc(f) can
be expressed as

p,(F) =2z p,(K) e ®"F (1)
where
5 @)= 1 f po()e® Far ()

and integration is over the volume of the primitive
cell Q. K are reciprocal-lattice vectors. p,(¥) can

also be expressed as a superposition of localized
charge distributions:

-

p.(T) = :/3 PiE - 7;=Ry), (3

where ?, fixes the position in the primitive cell,
ﬁ, is the cell, and where the p’ are designated as
“site distributions.” The superscript j distinguish~
es the different site distributions associated with a
primitive cell containing a basis.

Substituting Eq. (3) into Eq. (2) and making the

-

substitutions T - 7; - R; =T results in

pR)= § T [ ar, @
7

where now integration ranges over the extent of the
site distribution which may extend beyond the cell
boundary. The integral is equivalent to the x-ray
form factor? f;(K) for a charge distirbution p’(¥):
We have

£,&®)= [ piE) e Tar
so that

(5)

)

5, = =X e® i 5,K)= = F(K), (6)
i

Ol

where F(K) is the x-ray structure factor. Equation
(6) demonstrates the relation between the Fourier
transforms of the crystal charge density and the
x-ray structure factors.

It should be noted that x-ray form factors are
completely determined from the electron charge
distribution and do not depend on the detailed wave-
function behavior.

According to Eq. (5), the site charge distribution
is the inverse Fourier transform of the form factor.



