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The fundamental reflectivity of NiBr2 and NiC12 has been measured over the energy
range 2—11 eV from 300 to 30 K with the use of synchrotron radiation. The imaginary part
of the dielectric constant e2 has been determined at 30 K by means of the Kramers-Kronig
technique. The structure in the complex optical spectra of nickel halides is interpreted in
terms of charge-transfer transitions, orbital promotions, excitons, and direct allowed inter-
band transitions at the symmetry points I, Z, and F, and along symmetry lines A, 8, and
I -L of the Brillouin zone. The energy gap is assigned to I 3

—+I
&

transitions at the zone
center, 'both in NiBr2 (7.90 eV) and NiCl2 (8.70 eV). Finally, the interpretation of the satel-
lite exciton at 6.S eV in NiBr2 (30 K) is discussed.

I. INTRODUCTION

Transition-metal halides (TMH) are of fundamen-
tal interest in solid-state physics because they belong
to the restricted group of materials for which one-
electron band theory is inadequate to explain the
electronic properties. ' The presence of unfilled lo-
calized 3d shells has a significant influence on their
optical properties, whose understanding is of consid-
erable interest in order to determine their electronic
structure. Previous studies made on the oxides '

and halides of iron-group transition metals have
shown that these compounds have complex optical
spectra, whose inter'pretation has been first attempt-
ed by means of an intermediate picture involving a
mixture of one-electron bands and localized states,
as the one proposed by Adler and Feinleib to order
the states of NiO. More recently, self-consistent
band structures for the nickel halides and Co, Fe,
and Mn chlorides' have been calculated by the
intersecting-spheres model. This model should pro-
vide fairly accurate results for the valence band and
low-lying conduction levels and allow at least a

qualitative interpretation of the optical and x-ray
spectra of TMH. "' In fact, it was found that even
in the exemplary case of MgC12 (Ref. 9) the calculat-
ed forbidden gap, which is unambiguously identi-
fied, is rather underestimated by about 2—3.2 eV,
according to the approximation used for the ex-
change potential. The gap identification is still
more complicated in the case of NiX2 (X=C1,Br)
and the other halides considered by us, ' because of
the simultaneous presence of the empty s and d
states of the metal ion. It was the consciousness of
these difficulties, together with the knowledge of the
oxide tradition, which gave us the confidence to
reconsider the reflectivity of NiX2 in the fundamen-
tal absorption region, in order to sort peaks due to
excitons and those due to Van Hove singularities in
the interband density of states In this . work we
describe the fundamental reflectivity of NiBr2 and
NiC12 in the energy range 2—11 eV down to 30 K,
obtained with the use of synchrotron radiation at the
Laboratoire d'Utilisation du Rayonnement Elec-
tromagnetique (LURE) (University of South Paris).
This is part of a more complete study of the funda-
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FIG. 1. Reflectance spectra of NiBrq crystals at 300 and 30 K. The major structures discussed are designated by capital
letters A through I'. The nonresonant background level is indicated by the dashed line in the region of peaks C and D in

the spectrum at 30 K.

mental optical properties of TMH between 2 and 31
eV which will be reported shortly. ' Of the three
halides studied, NiXz revealed reflectance data rich-
er in structure than either CoX2 or FeX2. For this
reason, and since an understanding of NiX2 may
provide a basis for interpreting the spectra of the
other compounds, we will treat their spectra
separately. In Secs. II and III we present the tech-
niques employed in order to measure near-normal
incidence reflectance data of single-crystal speci-
mens and examine the experimental results. In Sec.
IV we propose an interpretation of the sharp struc-
tures observed in terms of charge transfer and orbi-
tal promotion transitions by means of a mixed-band
localized-state model and of the interband transition
with the aid of the one-electron-band scheme of
NiC12. ' Finally Sec. V contains the conclusions
along with some considerations on the forthcoming
work.

II. EXPERIMENTAL PROCEDURE

Synchrotron radiation from the 0.54-GeV storage
ring anneau de collision d'Orsay (ACO) at the
LURE was used as a light source. The monochro-
mator delivers a continuous spectrum, very stable,
between 2 and 31 eV, with a resolution of about 8 A
and a Aux of 10 photons/Asec at 5 eV. Filters of
LiF and MgF2 were used in the appropriate regions

in order to eliminate the higher orders. The detec-
tion was made by means of a 6256S
EMI photomultiplier provided with a salicylate
phosphor. The advance of the monochromator (4-A
step), as well as the signal recording, was controlled

by system based on a 4051 Tektronix computer. In
practice, the incident radiation intensity and the re-
flected light are registered and compared by the cal-
culator, which gives the reflectivity at the incidence
angle (&20') directly. Single crystals of NiClz and
NiBrz were obtained from the vapor phase by the
dynamical transport method. Because they are hy-

groscopic, sample preparation has been made in an
atmosphere of dry nitrogen with the aid of a glove-
box directly attached to the reflectometer. Ionic
pumps and some flashes of titanium on cold traps
provided an ultimate pressure of the order of
10 ' -mm Hg in the cryostat. A thermoregulated
helium-flow cryostat was employed for measure-
ments at different temperatures down to 30 K. The
temperature was permanently monitored by means
of a platinum resistance thermometer.

III. RESULTS

Figures I and 2 show detailed reflectance spectra
of NiBr2 and NiC12 measured at 300 and 30 K.
These spectra are very similar in many aspects:
There are main groups of peaks, which are located
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FIG. 4. Reflectance spectra of NiC12 taken at fixed temperatures between 293 and 30 K.

in the low-energy region (A~ and Az) and in the
high-energy region (C,D,D', D",E,F ) separated by a
weak and broad band (B), which shows a weak
structure at low temperature. The sharp peak C lo-
cated at 6.50 eV in NiBrz (30 K) and the preceding
weak hump around 5.94 (see Fig. 1) are observed for
the first time in NiC12 (30 K) like faint, but genuine,
oscillations superimposed on the edge of the peak
D& around 7.15 (B) and 7.81 eV (B') (see Fig. 2).
The peak C in NiBr2 and the peaks D in both crys-
tals (the common letter D does not necessarily mean
that both peaks have the same origin) sharpen and
shift in general, but not always, to higher energies
on lowering the temperature. Moreover, they
present in the spectra at 30 K the characteristic
asymmetry and antiresonance typical of excitonic
transitions: i.e., the peaks at 6.50, 7.15, and 7.60 eV
in NiBr2 and 8.28 and 8.92 eV in NiClq are followed
by antiresonance dips around 6.55 and 7.30 eV in
Niar2 and 8.50 and 9.25 eV in NiC12 which go
below the average level of the band continuum.
Further, we observe, always in the region of peaks
D, structures D' which can be easily followed in the
spectra taken at different temperatures (see Figs. 3
and 4) and show up around 7.90 and 8.44 (D') and
8.74 (D") eV in NiBr2 and 8.70 (D', ) and 9.26 (D")
eV in NiC12. The peaks denoted by letters E and I'
do not show such a rapid sharpening as the tempera-
ture is decreased. It is in general found that peaks

in the bromides (and NiBr2) are slightly narrower
than in chlorides (and NiC12). ' This fact can be un-

derstood if one considers that in the NiX2 crystal
structure' (CdC12-type structure; point group D3d)
the halogen atoms are arranged on almost regular
octahedra surrounding the Ni atom, but the "cage"
in which Ni + is contained is larger when the
ligands are bromine ions. This results on the aver-
age in a weaker electron-phonon interaction, which
means narrower bands. The Kramers-Kronig rela-
tions are applied to the spectra observed as far as 31
eV to obtain the dielectric constants which describe
the optical properties. The values of the imaginary
parts e2 are reported in Figs. 5 and 6, together with
the proposed assignments to transitions involving d
states (see Fig. 7) and valence-conduction bands (see
Fig. 8).

IV. DISCUSSION

We present first the main excitation mechanisms
based on a mixed localized-band model, as the one
first used by Adler and Feinleib, together with a
discussion of the role of excitons in these ionic crys-
tals. Then we will attempt to interpret the high-
energy optical absorption in terms of the available
electronic band structure. ' In Fig. 7 the electronic
states of NiBr2 are summarized schematically. The
valence band of NiBr2 (or else of NiC12 in the corre-
sponding scheme, which is not shown) has been
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state of another Ni + ion, creating a (Ni+, Ni +)
pair. For NiO, ' these transitions occur in the ener-

gy range 6—8.5 eV, overlapping the conduction
band. In NiBr2 these transitions are probably in
competition with the much stronger p~s transi-
tions and may be buried under the large absorption
structure which extends between 6 and 10 eV. (iv)
One-electron transitions can occur between p and 4s
bands: These transitions give the value of the for-
bidden gap. All the transitions presented above
should give rise in a crystal to pronounced optical
structure. ' A discussion of our optical spectra in

FIG. 7. Electronic states of NiBr2 as deduced from op-
tical and photemission spectra. One-electron bands are
shown to the left of the vertical line, and localized states
to the right. The states which are filled at T=0 are shad-
ed. On the right edge are shown the excited states which
can be reached by dipole transitions from either the
valence band (charge transfer) or the ground state 'F (or-
bital promotion) of Ni + ion.
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drawn by considering the x-ray photoemission spec-
tra of Ref. 12. X-ray data reported by various au-
thors"' indicate that the Br4p and C12p states lie
below the Ni 3d states and also that the p band is ap-
proximately 5 eV wide, while the 3d states are less
than 1 eV in width. This means that in the forbid-
den gap between the filled p-type (halogen) valence
band and the s-type (metal) conduction band, there
is a set of localized, partially filled 3d states, among
which localized d-excitons (crystal-field transitions)
occur. The following types of transitions are further
expected: (i) An electron can be excited from a lo-
calized 3d state into the 4s band (orbital promotion
transition). For example, in NiO (Ref. 15) the struc-
ture observed in reflectance and electroreflec-
tance' ' around 4 eV was assigned to this type of
transition. This is possible in a crystal, considering
the mixing of the orbitals of the metal ion with
those of the halogen, which can be appreciable, as
well as the hybridization of orbitals within the nick-
el ions. For the same reasons the sharp structure C
in NiBr2 could also be assigned to the transition
3d ~3d 4s' between d levels and the level I of Fig.
7. (ii) An electron can be excited from the p band
into a localized 3d state. (iii) An electron can be
raised from a 3d state of one Ni2+ ion into a 3d
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FIG. 8. Energy bands of NiC12 according to Antoci
and Mihich (Ref. 10) when the Slater approximation for
the exchange potential was used. It should be noted that
the forbidden gap has been purposely increased in order to
agree with the experimental values for interband transi-
tions considered at the zone center and the main symme-
try points.
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terms of these transitions will be proposed below.
The peaks A have been formerly interpreted as aris-
ing from charge-transfer transitions (p~d type) by
various authors ' and more recently by Simonetti
and McClure. ' In Ref. 6 definite reasons were
given for the assignments of the low-energy allowed
transitions (peaks A and B) to charge-transfer transi-
tions in NiX2 instead of orbital promotion (d~s
type) transitions as in NiO, although we must con-
sider they are likely to overlap considerably in this
energy range. Besides, other authors ' emphasize
that charge-transfer transitions are only possible to
eg orbitals: This would cause some difficulty for the
assignments of the broad structure B (which the
present reflectance data and thermoreflectance mea-
surements reveal to be structured at low tempera-
ture), which is not even interpreted by Sakisaka
et al. In fact we must consider that both p 3d and
p53ds4s are possible, nearly degenerate, final config-
urations. This would still permit the interpretation
of peaks 8 to charge-transfer transitions of the kind

p, 3d —+p, 3d84s', in conformity with the assign-
ment given for NiO (Ref. 20) (see Fig. 7). Now we
discuss the excitonic region of the spectra, where the
sharp peaks C and D appear. The peak C in NiBr2
was not assigned by Sakisaka et al. and was then
generally referred to as an exciton (like peaks D) on
the basis of the behavior with temperature in reflec-
tance and thermoreflectance measurements. It is
our wish to try more specific attributions of these
excitonic peaks, after a few preliminary comments.
If it is true that charge-transfer transitions tend to
exhaust around the minima observed between 5.5
and 6.5 eV in NiXz (see Figs. 1 and 2), this means
that new kinds of transitions (partially overlapping
with the foregoing p ~d transitions) can start in this
energy region, beginning to build the strong struc-
tured band extending from 5.5 to 9 eV. It is reason-
able to assign most of this part of the spectrum to
the p —+s interband transitions, although other types
of transitions may participate to the ultraviolet ab-
sorption. In spite of widespread agreement ' '
about the nature of these transitions, the identifica-
tion of the forbidden gap has not yet been given
(also for lack of convincing measurements), though
Antoci and Mihich suggested' for transition-metal
(TM) chlorides a values around 8.5 eV. The likely
appearance of excitons interspersed with interband
effect in TMH can be mainly associated with their
relatively small dielectric constant e,rr=3 —4 (Ref.
13) and relatively large lattice distances. Therefore,
the Coulomb interaction is still very effective and
should have approximately a strength intermediate
between alkali halides and silver halides. ' A con-
venient criterion for TMH ionicity can be the ion
net charge values, which range from 0.90 to 0.70

from MnX2 to NiX2, and must be compared to the
values around 0.90—0.98 for alkali halides. These
figures inform us of the scale of ionicity of the
TMH and about the relative weight of excitonic-
interband effects. Thus we look for exciton reso-
nances well separated from the parent interband
edges and expect also NiX2 exciton resonances to be
degenerate with the continuum of states as occurs in
alkali iodides" and silver halides. In conclusion,
we think that d-electron states in the forbidden gap
introduce new kinds of transitions (unusual for al-
kali halides) but do not affect substantially the inter-
band energy distance, In fact, the only relevant ef-
fect of the presence of d levels on the overall band
structure seems to be a downward shift of high con-
duction bands (I+&,Z+q, L2,F2 ) and an upward
shift of F+, valence levels' (see also Fig. 8).

Coming back to the peaks D in NiBrz (Fig. 1), we
observe that they sharpen more rapidly than the
nearby structures E and F as the temperature is
lowered and are very similar to the parabolic exci-
tons in KBr and NaBr, associated with the lowest
spin-orbit split Mo-type edge at the point I of the
Brillouin zone. The presence of the characteristic
asymmetry and antiresonance of the excitonic peak
and the splitting of 0.55 eV give a way of identifying
the forbidden gap, which in NiBr2 is at 7.9 0.05 eV
(first component of peaks D') and is associated with
the direct transition I q

—+I
~ . A similar situation is

depicted in Fig. 2, where two strong excitonic peaks
D& and D2 are followed by two structures D~ and
D2 at 8.70+0.05 and 9.82+0.05 eV, which can be
associated with the parent interband transitions
I 3 +I ] and Z q

—+Z
&

~ In this case no spin-orbit
splitting is observed ( &0. 1 eV).

As we can see, the excitonic region of the nickel
halides is very similar to that of the isotropic alkali
halides (rocksalt and cubic structures) even though it
might be reasonable that in our layered structures
the exciton could be more localized to individual
layers and present bidimensional effects. Thus it
may be in order to consider briefly the optical spec-
tra in the anisotropic insulator CdI2 (same crystal
structure as TM bromides) in order to look for em-
pirical clues for bidimensional effects, which could
also affect the optical spectra of nickel halides. We
see that the absorption and reflectivity spectra of
CdI2 show evidence of strong interband scattering
and a most remarkable structure around 6 eV, with
peaks X& and X4 (see Ref. 26), which, even at 300 K,
are well separated by a sharp symmetrical antireso-
nance of the form predicted by Fano's theory. The
present interpretation assigns the Xq and X4 exci-
tons to the quasidegenerate transitions np
~np (n+1)s, np (n+1)p split by spin-orbit in-
teraction. Because the exciton structure X& and X4
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has been observed both for ELC and E~ ~C, it is con-
cluded that the excitons in CdI2 are not of bidimen-
sional character. While this example does not ex-
clude entirely this possibility for our materials as
well, nevertheless it gives us one more reason for
comparing the TM halides to the alkali halide fami-
ly.

The peak C in NiBr2 is of difficult interpretation.
We still observe the characteristic excitonic asym-
metry and antiresonance dip into the p~d charge-
transfer background, typical of the I excitons, but
its intensity is lower than that of either I excitons
or charge-transfer bands A, both of which involve

p-type valence states. This would seem to indicate a
different origin for the peak C and justify a different
exciton-phonon coupling. Thus we may assign this
sharp peak (half width 0. 1 eV at 30 K) to an exci-
ton associated with orbital promotion transitions to
the partially hybridized S orbital (level I of Fig.
7). One may wonder about the intensity gain of the
atomically forbidden d ~s transition when it occurs
between Bloch levels. Of course the description of
the excited electronic states of a crystal by band
theory neglects the change in the Coulomb energy
(Hartree-Fock approximation) introduced when an
electron is transferred from the valence to the con-
duction band, but if the Coulomb terms are properly
modified, the energy levels of the crystals are ob-
tained. Thus we can expect some hybridization with
odd-parity states also for the lowest conduction
bands. Furthermore, a second explanation may be
given for the oscillator strength of the d ~s transi-
tion. Because the associated exciton (peak C) is de-

generate with the background of the preceding A

and 8 bands, its line shape gets the typical asym-
metry caused by the interference between the exciton
resonance and the scattering background ' and a
large fraction of the oscillator strength of allowed
charge-transfer transitions can be transferred to the
exciton resonance.

However, the explanation offered for the peak C
in NiBr2 in the framework of the mixed model,
while suggestive, does not explain why the excitation
mechanism is not active in NiC12. For this reason
we prefer the alternative interpretation, which has
also the advantage of being more in keeping with the
experimental data. The bromine doublet D is known

3 1to derive from interband edges excitons ( —,—) and
1 1

272
( —,, —,), where the first members in the parentheses
indicate the total angular momentum j of the hole
and the second specifies j of the electron. Onodera
and Toyozawa ' have shown that a triplet exciton
state of total angular momentum J=2 can exist

3 1
below the exciton state I'( —,, —, ), with /= 1. While
in chlorides the triplet-singlet state separation would
be very small, in bromides this triplet exciton state

would be well separated from the lower energy I ex-
citon so that it should be possible to observe it. In
fact this satellite exciton was observed at low tem-
perature in CoBr2 and FeBr2 as well. ' While we
wish to discuss this point in more detail in a forth-
coming paper, we want to make some more con-
siderations now, in order to clarify the present sug-
gestion. If this interpretation is correct, not only
would the energy of the triplet state be lower than
the singlet state, but also its width would be less, on
account of the longer lifetime of the excited state.
In fact, the transition to the singlet ground state
would be forbidden by the spin-selection rule, which
can be slightly relaxed if spin-orbit coupling is taken
into account. Besides, while the direct process to
triplet state I=2 is forbidden, the indirect transition
assisted by phonons is possible. ' The mechanism
for the intensity gain of the excitonic transition to
the triplet state would still be in accord with Fano's
theory. This would further explain why this peak
is difficult to observe in the case of alkali halides,
where no strong background exists below the exciton
doublet.

In the following we make a joint discussion of
NiBr2 and NiC12 by considering the band structure
calculated by Antoci and Mihich by the
intersecting-spheres model in the Slater approxima-
tion for the exchange potential. ' The positions of
conduction and valence bands have been properly
shifted to put the calculated gap in coincidence with
the measured gap of nickel halides (Fig. 8). In order
to compare the results obtained from the theory of
direct transitions with the experimental results of
NiX2 over 7 eV, we present in Figs. 5 and 6 the
dielectric function e2(E), whose structure is basical-
ly determined by the joint density of states. We also
have indicated the lower-energy attributions based
on the mixed-localized-state model introduced in
Fig. 7. In NiBr2 (Fig. 5) we see that the optical
spectrum is interpreted by transitions from the
highest valence band I,Z,F to the lowest conduc-
tion band. The shoulders and peaks in the density
of states at critical points are clearly present in the
experimental curves (see also Fig. 1). There are
shoulders D' around 7.90 and 8.44 eV corresponding
to the transitions I 3(3/2) I 3(//2) +I ] a weak struc-
ture D" assigned to the transitions A3 ~A

&
along

the symmetry line A and higher-energy peaks (E,I')
attributed to Z3 ~Z~ and F2 ~F~ . Further con-
firmation of our interpretation can be obtained by
the observation of the spin-orbit splitting associated
with the p-like valence-band states in the transitions
at energies below the energy gap and ascribed to I
excitons (peaks D). In NiClz (Fig. 6) the strong
peaks D~ and D2 of Fig. 2, broadened by spin-orbit
interaction, have a halfwidth of about 0.5 eV in
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analogy with alkali chlorides, which have the same
average width but show spin-orbit splitting of -0.1

eV.
We assign these peaks to I and Z excitons associ-

ated with the interband edges I 3-I
&

and Z3-Z& at
8.72 eV and around 9.73 eV, respectively. The
high-energy tail of the peak E around 10.7 eV is as-
cribed to both critical point F2 ~Fi transitions
and B2~B& transitions along the symmetry line B
of the zone. We remark that only the valence and
conduction bands near the energy gap are considered
here, as they are the most reliable in interpreting
most of the scattering structure. Note also that
beyond the energy gap at 8.70 eV the lowest inter-
band energy distance is found at the somewhat
overestimated Z point at 10.20 eV. The shoulder
around 9.30 eV can be then assigned to A3 —+A+&

transitions. If this assignment is correct we obtain
the binding energies B~-0.50 eV and Bz-0.89 eV
for I and Z excitons, which are not far from the
binding energies of I' and L excitons in alkali
chlorides [e.g., for KC1, 8&-0.8 eV and BL -0.85
eV (Ref. 32)].

As a concluding remark, we note that structures
D'2 and D2 are attributed, respectively, to a critical-
point transition at Z and its associated exciton. Ac-

cording to the available band structures for Nic12, it
seems difficult to assign the Dq structure to a
critical-point transition of type Mo for energy
reasons (see Fig. 8). This would allow one to attri-
bute the peak D2 to a metastable (but not extra) ex-
citon in analogy with alkali halides and solid rare
gases. Yet in our crystal the interband critical point
assigned to D2 seems to be either an Mi or M2,
making the Z exciton a hyperbolic exciton in the
sense of Philipps. According to his analysis these
excitons have been identified in NaI, KC1, KBr, KI,
RbC1, RbBr, and RbI. However, the existence of
hyperbolic excitons has caused some controversy
among theorists. In particular, the NiC12 Z ex-
citon does not appear to show the calculated saddle-
point line shape, although its line shape is similar
to that of L excitons in most alkali halides. While
this problem is still rather unsettled, some experi-
mental evidence seems to have been mounting in
favor of saddle-point excitons, for example at the
A3 ~A i transitions of cubic semiconductors. Fi-
nally, in order to summarize the main results, we re-
port in Table I the experimental values of energy
(eV) for the structures of e2(E) and R observed at 30
K. The relevant transitions considered in Figs. 7
and 8 are also indicated.

TABLE I. Energies of the peaks in the imaginary part of the dielectric constant e2 and re-
flectivity R observed at 30 K in layered NiBr2 and NiC12 crystals (CdClq type). Experimental
energies are compared with the theoretical values (from Ref. 10), and symbols for the inter-
band energy differences at or near symmetry points are also reported.

Labeling
of the
peaks

NiBrq
Expt.

R(30 K) e2(30 K)
Theor.

NiC12

Expt.
R(3O K) ~,(30 K)

Theor.

B'
C
D

Ai
A2

Bi
B2
B3
B4

D'

Dll

Dj
Di
D2
D2

3.42
4.05
4.48
4.81
5.15
5.94

6.50
7.15
7.70
7.90

8.44

8.74
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V. CONCLUSIONS

The optical spectra of nickel dihalides have been
divided into charge transfer, interband scattering,
and excitonic structure. The charge-transfer transi-
tions from the p-type valence band to the quasilocal-
ized 3d" states have been interpreted by means of a
mixed-band localized-state model, deduced empiri-
cally by considering valence-band photoemission
and optical spectra. The scattering region of the
layered nickel halides is found to be somewhat simi-
lar to that of the isotropic alkali halides, and does
not show evidence of bidimensional effects. The
presented assignments to valence-to-conduction
transitions for NiC12 agree fairly well with the avail-
able one-electron band calculation, once the band-

gap value has been empirically adjusted. The exci-
ton structure, which contains peaks overlapping the
scattering continuum, is assigned, and the correct
order of magnitude for the binding energy is found.
The exciton line shape is explained by considering
the interference effects between the exciton reso-
nances and the scattering background. Finally, the
interpretation of the satellite exciton at 6.5 eV in
NiBr2 is discussed, and reasonable arguments for its
appearance only in transition-metal bromides are

given. In conclusion, we may say that while most of
the optical spectra seem now to be satisfactorily in-
terpreted on the basis of the available experimental
data and theoretical efforts, we feel nonetheless that
we cannot proceed much further until more experi-
mental data (study of the excitonic and interband re-
gion of TM iodides; angular photoemission spectra
in order to check the uppermost valence band) are
collected and the theoretical picture is better estab-
lished.
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