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The permittivity, reflectivity, absorption coefficient, and electron-energy-loss function
of trigonal Se are calculated from O to 25 eV with the use of the self-consistent non-
muffin-tin Hartree-Fock-Slater band-structure results obtained with the orthogonalized-
plane-wave method. The momentum matrix elements for the Ehrenreich-Cohen permit-
tivity tensor are rigorously calculated in the bulk of the first Brillouin zone. The calcu-
lated spectra agree closely with the experimental ones. The interpretation of all the main
peaks and anisotropies in the spectra are given in terms of the transitions between the
band groups. The analysis provides new insight into the origin of the main optical
features of Se above ~5 eV (i.e., above the energy range of the first main peak in the op-
tical spectra). The results are also used to interpret the imaginary part of the permittivity
of amorphous Se. The effect of the local fields on the spectra is estimated to be small.
The difference between the calculated and the experimental spectra of Se at lower ener-
gies is compared with the calculated local-field and continuum-exciton corrections for C,
Si, and TICl. The possible reasons for the differences in the ultraviolet region between
the calculated one-electron spectra and the experimental ones of Se, Te, ZrSe,, Si, Ge,

GaP, GaAs, InAs, InSb, ZnS, and ZnSe are discussed.

I. INTRODUCTION

The optical properties of trigonal Se have been
investigated theoretically in the past with the pseu-
dopotential (PSP) method by calculating the
polarization-dependent Ehrenreich-Cohen!~3 per-
mittivity €="¢,+i¢, and the related optical spec-
tra.*~7 The most comprehensive study of these is
empirical including the analysis of € and the reflec-
tivity up to ~11 eV.%> The second empirical PSP
(EPSP) study examines ‘€, near the fundamental
absorption edge.® The only self-consistent (SC)
PSP study’ presents the reflectivity up to ~7 eV,
i.e., it essentially covers the energy range of the
first main peak in the reflectivity. The PSP calcu-
lations utilize the pseudo-wave-functions which for
Se even in the self-consistent pseudopotential case
differ considerably from the true wave functions.®
The measurement with the synchrotron radiation
reveals sharp structure in the reflectivity up to
~17 €V.? In order to calculate the optical and
electron-energy-loss spectra properly one must
therefore calculate™€ practically in the entire energy
region where the transitions from the valence
bands are important.

In the present study, the polarization-dependent
¢, reflectivity, absorption coefficient, and electron-
energy-loss function are calculated in the energy
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range of 0—25 eV using the SC non-muffin-tin
Hartree-Fock-Slater energy-band results'® and the
momentum matrix elements rigorously evaluated
with the true wave functions in the bulk of the
first Brillouin zone (BZ).

An interesting problem in the case of semicon-
ductors is the effect of the local fields on the opti-
cal and electron-energy-loss spectra.!'~!¢ In the
case of Se contradictory results about the impor-
tance of the local-field effects have been report-
ed.%717=1% Using the results of the present ab ini-
tio study we can test the validity of the model cal-
culations which indicated large local fields'’—2°
and indirectly gain insight into the local-field ef-
fects without actually calculating them. Finally,
we discuss the possible reasons for the differences
between the calculated one-electron spectra and the
experimental ones found for several cubic and
uniaxial semiconductors in the ultraviolet region.

II. METHODS

The SC band-structure results (free from
parametrization) have been obtained with 235
symmetry-adapted orthogonalized plane waves
(OPW) at each of the eight symmetry points in-
cluded in the calculation.!® Slater’s exchange-
correlation potential is used.?' Both the valence
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and core states are included in the SC iteration.
For the Ehrenreich-Cohen ¢, the eigenenergies and
momentum matrix elements associated with the
direct transitions are calculated at 131 symmetry-
independent, regularly spaced k points in BZ using
201 OPW and the general (non-muffin-tin) SC
crystal potential.!® The formulas for the momen-
tum matrix elements are presented in Appendix A.

The transition energies, their gradients, and the
momentum matrix elements are calculated in a
finer mesh (corresponding to 9216 cells in BZ) by
using the quadratic Lagrangian interpolation
scheme. The integration for¢, is performed with
the Gilat-Raubenheimer method.”? A detailed
description of the application of this approach is
given elsewhere.?®

In uniaxial Se the optical and electron-energy-
loss spectra can be presented as parallel (||) and
perpendicular (1) components corresponding to the
direction of the electric vector with respect to the
trigonal ¢ axis. One can calculate € and €;, from
€7 and €, respectively, using the Kramers-Kronig
integral relation. Further, the components of the
reflectivity R|| and R, the absorption coefficient
K| and K|, and the electron-energy-loss function
| ImelTl | and |Ime['| can be calculated using
the standard expressions.?*2’

Thirty bands are taken into account in the calcu-
lation of ¢,, which fully covers the energy range of
0—20 eV. The diminishing of the calculated tran-
sitions above 20 eV has only a minute effect on the
spectra in the analyzed energy range of 0—25 eV
because above 20 eV, ¢, is small. At lower ener-
gies the spectra are energetically too compressed,
possibly due to the locality of Slater’s exchange-
correlation potential, whereas at higher energies the
spectra are energetically too extended, possibly due
to the different convergence rates of the distant
bands.

The calculation was tested by checking the selec-
tion rules at the symmetry points in BZ, by calcu-
lating the momentum matrix elements in the star
of the general k points, and by evaluating the ef-
fective numbers or the electrons from the sum
rules?*~26 involving ¢,, the absorption coefficient,
and the electron-energy-loss function. It was
found that the square of the momentum matrix
element for the forbidden transitions was generally
much smaller than that for the allowed transitions
and typically between 10~% and 10~* in the Har-
tree atomic units. The rotational and time-reversal
symmetry relations between the components of the
momentum matrix elements were fulfilled typically
with at least the relative accuracy of 10~%. The
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FIG. 1. Imaginary part of the permittivity ¢, of Se.
(a) The SCOPW ¢, (thick line) and €, (thin line). (b)
The experimental €, (thick line) and €, (thin line) from
Ref. 9.

calculated effective numbers of the valence elec-
trons per atom #n.g, were 5.5 for € and 5.4

for €, K|, K|, lIme;Tl |, and |Ime'|, which
displays excellent mutual consistency. These
values of n.g are quite near six which is the num-
ber of the outer atomic s and p electrons occupying
the valence states in the crystal. [At high energies
nege should saturate at only slightly above six be-
cause the oscillator strengths coupling the core and
valence states are probably small owing to the large
energy separations of the states (> 40 eV).!%?7]

The calculated n.g for €, and €,, reached four at
11.5 and 13.0 eV, respectively. These energies
agree well with the results of Nielsen et al.?® whose
calculations, based on the empirical ¢, data of Lei-
ga®® and Bammes et al.’ gave nop=4 at 12— 14
ev.

III. RESULTS AND DISCUSSION

The calculated ¢, is presented in Fig. 1(a) and ¢,
derived from the measured reflectivity at 300 K
(Ref. 9) is shown in Fig. 1(b) for comparison. The
calculated ¢, is in good agreement with the experi-
mental ones.>? 73! The extrapolation of the mea-
sured reflectivity below 3 eV may be responsible
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FIG. 2. Triplet decomposition of the SCOPW ¢,
and €, of Se [(a) and (b), respectively]. The solid thick
line corresponds to the total'é,. The solid, dashed, and
dash-dotted thin lines represent the contributions toé,
from the p lone-pair VB3, p bonding VB2, and s bond-
ing VBI, respectively.

for the disappearing of the optical gap in the ex-
perimental ¢, [Fig. 1(b)]. The theoretical ¢, is
higher than the experimental ¢, below ~11 eV and
mainly lower above ~11 eV (Fig. 1). We compare
the calculated peak positions with the experimental
ones” in Table I and find close agreement. The
cusp at 5.3 eV and peak C found in the calculated
€;|| may have been absorbed in the experimental
€)) by a close prominent peak, the former by peak
A and the latter by peak B (the experimental peak
B in Ref. 29 reveals a shoulder at high-energy
flank possibly corresponding to the calculated peak
C).

In Se the nine valence bands and the three
lowest conduction bands are grouped into four en-
ergetically separated triplets.'®3 €| and €,, are
decomposed according to the initial triplets in-
volved in the transitions in Fig. 2. The valence-
band triplets are labeled with VBI1, VB2, and VB3
(placed according to increasing energy) correspond-
ing to the s bonding, p bonding, and p lone-pair
triplets, respectively.®!%32 The lowest p antibond-
ing conduction-band triplet is labeled with CB1.
CB2 denotes the higher conduction bands of which
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FIG. 3. Real part of the permittivity €, of Se. (a)
The SCOPW ¢y, (thick line) and €, (thin line). (b) The
experimental €y (thick line) and €y, (thin line) from Ref.
9.

the lowest ones are mainly of d-s type. In Fig. 2
the gaps in the VB3 contribution (solid thin lines)
at ~7 eV and in the VB2 contribution (dashed
thin lines) at ~9 eV are caused by the gap between
CB1 and CB2. The origin of the peaks is present-
ed in Table I. We see from Fig. 2 and Table I that
the transitions from VB3 dominateé, (€,, in par-
ticular), and that those from VB2 cause large peaks
(B,E) only in €. Transitions VB1—CB2 have
practically no effect on¢,. Transitions VB3—CB2
are the primary cause for the crossing of the calcu-
lated €;) and €;, at 9.5 eV close to that of the ex-
perimental €, and €,; (Ref. 9) at ~9 eV.

Below 4.5, 4.5—8, 8—15, 15—18, and above 18
eV the anisotropy is mainly due to transitions
VB3—CBl, VB2—CBI, VB3 and VB2—CB2,
VB1—CBIl, and VB2—CB2, respectively (Fig. 2
and Table I).

The calculated ¢, is presented in Fig. 3(a) and ¢,
derived from the measured reflectivity at 300 K
(Ref. 9) is shown in Fig. 3(b) for comparison. The
descending slopes associated with the preceding
peaks or shoulders in¢; are labeled according to
the peaks in“¢, (Fig. 1) and their origin can be un-
derstood with the aid of Fig. 2 and Table I. The
theoretical ¢ is in good agreement with the experi-
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TABLE I. The position and origin of the main peaks iné,, the reflectivity, and the absorption coefficient of Se. The
transitions causing an appreciable background are put into parentheses. All numbers are given in eV.

€ Reflectivity Absorption coefficient

Peak Theory* Expt.® Theory® Expt.® Theory? Expt.© Origin
|| 4 3.0 3.5 3.7 3.9 3.6 3.9 VB3—CB1

B 6.8 7.3 7.1 7.5 6.9 7.6 ‘'VB2—CBl1

C 7.8 8.0 VB3—CB2

D 9.0 8.5 10.2 9.1 10.0 9.6 VB3—CB2

E 11.6 12.0 13.2 13.0 11.7 12.2 VB2—CB2, (VB3—CB2)

F 17.6 17.9 16.2 17.6 VB1—-CBl, (VB3 and VB2—CB2)
L a 2.9 35 3.5 39 3.6 3.9 VB3—CB1

b 6.2 7.5 6.9 7.4 6.9 7.5 VB2—CB1

c 8.6 8.9 8.6 8.9 8.7 9.1 VB2—CBl, VB3—CB2

d 10.5 10.6 10.6 10.5 10.7 10.6 VB3 and VB2—CB2

e 11.6 12.3 13.6 13.5 11.7 13.6 VB3—-CB2, (VB2—-CB2)

f 16.5 16.7 16.4 16.5 VB1—CB1, (VB3 and VB2—CB2)

#Present study.
"Peaks 4 and a from Ref. 30, others from Ref. 9.
‘Peaks A and a from Ref. 30, others from Ref. 29.

mental €,.>%3° The calculated peaks 4 and a are
higher than the corresponding experimental peaks
and after peaks 4 and a the calculated €, is mainly
smaller than the experimental €, (this behavior is
particularly distinct for €;)).

In Table II the theoretical optical refractive in-
dex n, l=e}|/|ﬂ (calculated at O eV) is compared
with the experimental ones*3~36 obtained in the
middle or near infrared region. The theoretical re-
fractive index is somewhat larger than the experi-
mental ones. The contribution of the transitions
from the valence-band triplets to n|| and n, is also
shown in Table II. The transitions from VB3 are
the main constituents of the refractive index and

mainly cause its anisotropy (Table II).

€1 and €, cross at 11.7 eV and they cross zero
for the last time at 19.1 and 19.7, respectively [Fig.
3(a)]. In Se the plasma peak appears near the last
zero of ‘¢ (see below).

The theoretical reflectivity is shown in Fig. 4(a)
and the reflectivity measured with the synchrotron
radiation at 300 K (Ref. 9) is presented in Fig. 4(b)
for comparison. The peaks in the reflectivity are
labeled similarly as the peaks in“¢, (Fig. 1) and
their origin as well as their calculated and mea-
sured positions are presented in Table I (see also
Fig. 2). The calculated and the measured reflec-
tivities are in close agreement (Fig. 4 and Table I).

TABLE IL. The optical refractive index n, l=e§ﬁﬁ of Se. The theoretical values are obtained at O eV and the exper-
imental ones in the middle or near infrared region. The last three columns show the SCOPW n); and n, obtained by
taking into account the transitions from one valence-band triplet at a time.

Contributing triplets

Experiments Theory VB1 VB2 VB3
n 3.582 3.24° 3.65° 3.24 3.75¢ 3.5 3.68 1.02 1.58 3.54
n, 2.782 2.60° 2.87° 2.54 3.13¢ 2.6f 2.48 1.01 1.54 2.89

2Reference 33.
"Reference 34.
‘Reference 35.
dReference 36.

“Present study.
fReference 17.
8Reference 19.



26 OPTICAL PROPERTIES OF SELENIUM 4489

rfll[llll]]ll]{lll}]llll]l

0.6

Ryt

bbb bevra banag
0.0 10 20
TTTTTT I T T T I T T[T T T T TTTT T
0.6 .
= L\, (b) ]
[a 4
_ /o ]
0.4 I 7
a
= : .
0.2— b(\dE 3 I
- .
0.0 coa o bevra e s bea il
10 20
E(eV)

FIG. 4. Reflectivity R);, R, of Se. (a) The SCOPW
R (thick line) and R (thin line). (b) The measured R,
(thick line) and R, (thin line) from Ref. 9.

Not only are the experimental salient features well
reproduced in the theoretical reflectivity but also
the peak heights, shapes, and positions are in good
accordance with the measured ones.”!72%:30:37—41
The theoretical peaks D and d agree more closely
with the corresponding experimental ones in Refs.
29 and 41 than with those in Fig. 4(b).” The mea-
sured R, around 12 eV in Refs. 29 and 41 is low
and does not increase as the calculated and mea-
sured’ R, in Fig. 4. Above ~7 eV the calculated
R, is higher than the measured R and similar
difference can be found in R above ~17 eV (Fig.
4). This difference is due to the fact that the cal-
culated ¢, and ¢, are smaller than the experimental
‘€, and ¢,, respectively (see above). It may be possi-
ble that the measured reflectivity has been ob-
scured by surface contamination and/or damage
(see below).

Below 5, 5—8.5, 8.5—15, 15—19, and above 19
eV the anisotropy is mainly due to transitions
VB3—CB1, VB2—CBl, VB3 and VB2—CB2,
VB1—CBIl, and VB2—CB2, respectively (Table I
and Fig. 2). In the energy range of 8.5—15 eV
transitions VB3—CB2 contribute to R)| (peak D)
at lower energies than to R, (peak d-e) causing the
anisotropy at the low-energy flank of the range
whereas transitions VB2—CB2 cause the anisotro-
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FIG. 5. Absorption coefficient K, K, of Se. (a) The
SCOPW K| (thick line) and K, (thin line). (b) The ex-
perimental K| (thick line) and K (thin line) from Ref.
30 (ending at ~5.5 eV) and from Ref. 29 (starting at
~4 eV).

py at the high-energy one.*

The calculated absorption coefficient is presented
in Fig. 5(a) and those derived from the measured
reflectivity at 300 K (Ref. 29) and at 20 K (Ref.
30) are shown in Fig. 5(b) for comparison. We are
not aware of any experimental absorption coeffi-
cient associated with the valence-band transitions
above 14.4 eV. The peaks in the absorption coeffi-
cient are labeled similarly as the peaks in“¢, (Fig.
1) and their origin as well as their calculated and
experimental positions are presented in Table I (see
also Fig. 2). The theoretical absorption coefficient
is in good agreement with the experimental ones
(Fig. 5). The experimental peak B [Fig. 5(b)] ap-
pears distinctly twofold, the high-energy part pos-
sibly corresponding to the calculated peak C [Fig.
5(a)]. The calculated K, around 12 eV is higher
than the experimental K, by a factor of ~ 1.5 (Fig.
5). [At higher energies K; should be higher than
K| because the sum rule requires that the areas
surrounded by K| or K, and the energy axis are
the same®> 26 (the areas for the calculated K | and
K| are the same, see Sec. II).] The anisotropy re-
gions in the absorption coefficient are the same as
those iné, (see above).

We present the calculated and the measured’
electron-energy-loss functions in Figs. 6(a) and 6(b),
respectively. The calculated and the measured
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FIG. 6. Electron-energy-loss function | Imej ,
|Ime; ' | of Se. (a) The SCOPW |Imejj'| (thick line)
and |Ime;'| (thin line). (b) The measured | Imej’ |
(thick line) and | Ime['| (thin line) from Ref. 9 (arbi-
trary units).

electron-energy-loss functions are in good accor-
dance although the salient features appear in the
energy region where¢ is small and sensitive to
inaccuracies. The calculated peak positions [(in
eV) 4.7 (L1), 8.4 (L2), 11.1 (L3), ~16 (L4), ~19.6
(L5), 4.6 (11), 7.3 (12), 11.1 (13), ~16 (I4), and 20.9
(I5)] agree well with those measured by Bammes
et al’ [(in eV) 6 (L1), 9 (L2), 11 (L3), 14.5 (L4)
19.0 (L5), 6 (I1), 11 (I3), 20.3 (I5)]. Coincident
values of 6.9, 12.1, and 19.0 eV (Ref. 43) and —,
10, and 19.9 eV (Ref. 27) were experimentally ob-
tained for the average positions of peaks L1 and /1,
L3 and I3, and L5 and I5, respectively, for crystal-

line films. The transitions below the plasma region

force the calculated and measured single plasma
peaks LS and I5 to appear at somewhat higher en-
ergies than the free-electron plasma frequency of
17.4 eV of the six s and p electrons of the Se
atom.*

The calculated peak positions are in good agree-
ment also with those in the electron-energy-loss
function derived from the measured reflectivity.
However, the calculated electron-energy-loss func-
tion is much higher than the derived ones. The
calculated plasma peaks LS5 and IS5 in particular are

9,29

higher than the derived ones’ by a factor of ~2.5.
We associate this disagreement with the intensity
difference in“¢ and the reflectivity between the cal-
culation and measurement at high energies (see
below).

The anisotropy below 8, 8 —15, 15—18, and
above 18 eV is due to transitions VB2—CB1, VB3
and VB2—CB2, VB1—-CBI, and VB2—CB2,
respectively (cf. Fig. 2).

Of the previous studies of Se the EPSP study by
Sandrock analyzes**¢€ and the reflectivity in terms
of the transitions between the bands. The present
self-consistent orthogonalized-plane-wave
(SCOPW) results contradict the EPSP results in a
few important respects. Peaks B and D in the
SCOPW g, are due to transitions VB2—CBI and
VB3—CB2, respectively, whereas the EPSP ¢, in-
dicates the reverse order for these transitions. In
the SCOPW ¢, transitions VB2—CB1 mainly
contribute below 8.5 eV whereas in the EPSP study
these transitions contribute a large background to
€, up to ~12 eV. According to the SCOPW
study the crossing of €| and €, is mainly due to
transitions VB3—CB2 whereas in the EPSP study
the crossing is mainly due to transitions
VB2—CBl.

In the experimental €, of amorphous Se a broad
peak is found between 3 and 5 eV and between 7
and 9 eV.3"* The decomposition of the SCOPW
“€, of trigonal Se (Fig. 2 and Table I) supports the
interpretation that the first peak of €, of amor-
phous Se may be due to transitions VB3—CB1
and the second peak due to transitions VB2— CB1
and VB3—CB2. The SCOPW interpretation
disagrees partially with those given in Ref. 46
(where it was suggested that the second peak was
fully due to transitions VB2—CB1) and in Ref. 47
(where it was found that transitions VB1 and VB2
and VB3—CB1 contribute to both peaks).

The large increase of the measured reflectivity of
Se under pressure was interpreted to indicate that
the local-field effects are large.!” The calculation of
the refractive index (n)| and n,) of trigonal Se
yielded the same conclusion.'®!° Both investiga-
tions were based on the permittivity models from
which n)| and n, could be calculated. In Table II
the SCOPW n and n, (no local fields) are com-
pared with those of the model calculations'”!* (lo-
cal fields included) and the experiments®3—3¢ for
trigonal Se. It is found that rather good agreement
with the experiments has been theoretically ob-
tained both with and without the local-field effects.
It is not known how well the spectra of the model
calculations!”! would agree with the experiments
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above 0 eV. All the SCOPW spectra agree well
with the experimental ones in the wide energy
range of 0—25 eV, which inevitably supports the
conclusion that the local-field effects in Se should
be much smaller than predicted on the basis of the
model studies.!”!® This conclusion agrees with
those of the recent investigations where it was
found that the increased interchain interactions,
and not the local fields, are the most important
factor causing the pressure-induced increase in the
reflectivity.> "4

It was recently found for C (Ref. 13), Si (Ref.
14), and TICI (Ref. 15) that the local-field and
continuum-exciton corrections improved agreement
with experiments considerably by shifting the opti-
cal spectra to the low-energy side and by increasing
the first (low-energy) peak of €,. It is interesting
to notice that to improve the agreement between
the SCOPW and experimental spectra of Se the
corrections needed should be opposite to those cal-
culated for C (Ref. 13), Si (Ref. 14), and TICL."
The SCOPW %, is larger than the experimental &,
at lower energies and the calculated first peak of ¢,
(4 or a) in particular is higher than the corre-
sponding experimental peak (Fig. 1). The local-
field and continuum-exciton corrections for Si
(Ref. 14) and TICI (Ref. 15) increased the refrac-
tive index improving agreement with experiments
whereas for Se the SCOPW 7| and n, are already
somewhat larger than the experimental ones (Table
II). Our result for Se is similar to those found for
Te (Refs. 49 and 50), ZrS, (Refs. 51 and 52), and
ZrSe,.?

We found above that in the ultraviolet region the
calculated reflectivity and electron-energy-loss
function were higher than the measured reflectivity
and the associated derived electron-energy-loss
function, respectively. Similar differences have
been found by Louie et al.!? in the EPSP study for
Si, Sturm!® in the EPSP study for Si, Ge, GaP,
GaAs, InAs, and InSb, Wang and Klein> in the ab
initio self-consistent linear combination of Gauss-
ian orbitals (SCLCGO) study for Si, Ge, GaP,
GaAs, ZnS, and ZnSe, and Isomaki and von
Boehm in the ab initio SCOPW study for Te (Ref.
50) and ZrSe,.”? An apparent obscurity in the
comparison between the calculations and the exper-
iments is caused by the fact that the measured pri-
mary plasma peaks (obtained directly from the
electron-energy-loss measurements) for Si, Ge (Ref.
54), GaP, GaAs, InAs, and InSb (Ref. 55) are
higher by a factor of ~3 or more than those de-
rived from the measured reflectivities. This
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disagreement between different experiments may be
due to surface contamination and/or damage,
which are known to reduce the intensity (and pos-
sibly also to wipe out salient features) of the mea-
sured reflectivities and the associated derived
electron-energy-loss functions of Si, Ge, GaP,
GaAs, InAs, and InSb.>*~% Therefore, the mea-
sured primary electron-energy-loss data should be
preferred at high energies.?* The heights of the
plasma peaks calculated by Wang and Klein®® in
the ab initio SCLCGO study for Si, Ge, GaP, and
GaAs are already without local-field corrections in
rather close agreement with the primary measured
ones.**** In fact, the calculated large lowering
EPSP local-field corrections for Si (Refs. 12 and
16), Ge, and GaAs (Ref. 16) would considerably
worsen this agreement. (Hanke and Sham'* noted,
however, that the calculated continuum-exciton
corrections would again enhance the plasma peak
of Si.) We found that the calculated electron-
energy-loss function (without local fields) of Se as
well as those of Te (Ref. 50) and ZrSe, (Ref. 52)
agrees closely with the measured primary one.
This agreement seems to indicate that the local-
field effects are small. Hence the difference be-
tween the calculated spectra and the measured re-
flectivity and associated derived spectra in the ul-
traviolet region seems to be mainly due to the sen-
sitivity of the measured reflectivity to surface qual-

1ty.
IV. CONCLUSIONS

In this study the optical and electron-energy-loss
spectra of trigonal Se are calculated using the self-
consistent non-muffin-tin Hartree-Fock-Slater
energy-band results and the momentum matrix ele-
ments which are rigorously evaluated in the bulk
of the first Brillouin zone. The analysis is extend-
ed to the energy range of 0—25 eV where the tran-
sitions from the valence bands are important. The
theoretical results agree closely with the experi-
ments.

The parallel optical spectra are formed of the
four main peaks A4, B, D, and E mainly due to
transitions VB3—CB1, VB2—CBI1, VB3—CB2,
and VB3 and VB2—CB2, respectively. The per-
pendicular optical spectra are formed of the two
main peaks @ and d-e mainly due to transitions
VB3—CBI1 and VB3 and VB2—CB2, respectively.
Transitions VB1—CBI1 cause peaks (F and f) at
high energies. The most significant contribution to
the spectra comes from the transitions from VB3
which dominate the perpendicular spectra in par-
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ticular. The transitions from VB2 yield the con-
spicuous features (peaks B and E) only in the
parallel optical spectra. Transitions VB1—CB2
have an insignificant contribution to the spectra.
Transitions VB3—CB2 are the primary cause for
the crossing of the optical curves with different po-
larizations around 10 eV.

The results for trigonal Se are also used to inter-
pret the origin of the two peaks in €, of amor-
phous Se: the first (lower-energy) peak is found to
be due to transitions VB3—CBl1 and the second
peak due to both transitions VB2—CB1 and
VB3—CB2.

On the basis of the present results it is conclud-
ed that the local-field effects in Se should be much
smaller than those predicted in the recent stud-
ies.!”! We found that to get even closer agree-
ment with the experiments at lower energies the
corrections needed for the calculated ab initio spec-
tra of Se should be opposite to the calculated
local-field and continuum-exciton corrections for C
(Ref. 13), Si (Ref. 14), and TICL!®> The disagree-
ment in the ultraviolet region between the calculat-
ed and measured reflectivity and between the cal-
culated and derived electron-energy-loss function
of Se [and possibly the similar disagreement found
for Te (Ref. 50), ZrSe, (Ref. 52), Si (Refs. 12, 16,
and 53), Ge, GaP, GaAs, (Refs. 16 and 53), InAs,
InSb (Ref. 16), ZnS, and ZnSe (Ref. 53)] may be

. - e s
(Xg,|B|Xg ) =Kidg, g, —(Ki+K)o- Se"
i i ; 2
1672 (8.-8,)7

i ’EEbnzkb;’zk (Efp —

X 2 XY (0% 07,

mainly due to the sensitivity of the measured re-
flectivity to the quality of the crystal surface.

ACKNOWLEDGMENTS

I am grateful to Dr. J. von Boehm for his gui-
dance and advice and Professor T. Tuomi for
several fruitful discussions. I would like to thank
Professor M. A. Ranta and Professor T. Stubb for
their support. This research was supported by the
Academy of Finland.

APPENDIX A: THE MOMENTUM
MATRIX ELEMENTS

The momentum matrix elements used in the PSP
calculation with OPW for the special case of Na
are given in Ref. 65. The formulas for the
SCOPW calculation to be presented in this appen-
dix are fully general. The momentum matrix ele-
ments are calculated between the wave functions
expanded as a linear combination of OPW X ¢

(k = k+G where K is a reduced-wave vector and
G a reciprocal-lattice vector). A lengthy calcula-
tion gives the following result for the momentum
matrix elements between OPW in the Hartree
atomic units:

ST S 0+ UPi(cosBy ) S, bl bl
l ! n !

Ef) [7 RAMRE(r)rdr
)Y,,;:(ij,qiyj)*(l,m |G, | Im') .

(A1)

In Eq. (A1) g labels the atoms in the primitive unit cell, 7, is the position vector of the atom g, { is the
volume of the primitive unit cell, n, I, m, and n’, I', m' are the principal, azimuthal, and magnetic quantum
numbers for the core states, respectively, RY is the radial part of the core function of the atom g, and EJ,
the corresponding eigenenergy, P; is the Legendre polynomial, ﬁ?i?j is the angle between l_{i and Ej, Y,I,, is

the spherical harmonic with the Condon-Shortley phase, 7,6,4 are the spherical polar coordinates, U, is the
unit vector associated with r, and b} is the radial orthogonalization coefficient

big= fow R (r)j)(kr)ridr

(A2)

where j; is the spherical Bessel function. The matrix elements of &, between Y}, {I,m |4, |I';m') can be

calculated exactly and the result is®

(Lm |8, |1 +1,m +1)=—f( +1,m +1)(U, +it,) ,

(Im |4, |l +1,m)=g(I+1,m),,

(A3)
(A4)
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m |4, |[l+1,m —=1)=f(I+1,—(m —1))(U, —i

(Lm |4, |l -1,m +1)=f(,—m)(U,+i4,),
{(Lm |4, |l-1,m)=g(,m),,

(Lm |4, |l —1,m —1)=—f(,m) 4, —it,),

where 1,, U,, and U, are the Cartesian unit vec-
tors and

172
1| +m—1)I+4+m)
fem=3 " —nar+n | » W
(—mi+m) |
—m m
gllm)= 2Dl +1) (A10)

g,), (A5)

(A8)

|
Other (I,m |, |l';m') are zero. The calculation
of the momentum matrix elements [obtained with
the aid of the OPW expansion coefficients and Eq.
(A1)] can be confined to the irreducible wedge of

1

BZ (4; of BZ for Se) using the rotational (and

time-reversal) symmetry relations.
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