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The first sharp structures in the NaCl Ha’-zp absorption spectrum were
investigated by means of comstant final etate spectroscopy (CFS). This
method allows for a detailed observation of lattice relaxation and
electronic decay processes. The analysis of the spectra leads to an
tdentification of the first ten structuree in the absorption spectra
ae being bound or quasi bound electron hole states. Five of them over—
lap with the contimuum states above the bottom of the conduction band.
The latter ones are short lived and autoionize through one electron

valence band excitations.

Submitted to Journal of Physics C

1. Introduction

The optical properties of the alkali halides in the vacuum ultraviolet are

the subject of many experimental and theoretical investigations (e.g. Lipari
and Kunz 1971, Brown et al., 1970, Haensel et al. 1968). Figure | shows the

NaCl absorption coefficient (after Haensel et al. 1968) in the region of Nl’-2p
excitations and the density of conduction band states (after Lipari and Kunz,
1971). The Natep transitions set in with a series of several pronounced

sharp structures at 33 eV. Because of the close coincidence between the spin-
orbit split doublet A,B (Fig. 1) at 33.23 and 33.48 with the first allowed
excitations in atomic Na' at 32.9 and 33.3 eV (Moor 1949) these lines are con-
sidered to be core-excitons of the Frenkel type. Attempts were made to describe
the rest of the structure as density of states peaks in terms of a band scheme
(e.g. Lipari and Kunz 1971). Because core levels are flat dispersionless bands
the density of states of the conduction band should be reflected in the absorp-
tion spectrum, neglecting matrix elements. It was also suspected that the struc-
tures following A,B could be influenced or even created by the electron hole
interaction (Haensel et al. 1968, Nakai et al. 1969 and 1971). Especially xberg
and Dehmer (1973) tried to explain these peaks in terms of resonances inside a
potential well at the Naz’-ion which has a potential wall built around it due
to the repulsion of electrons from the neighboring Cl -ions arising from the
Pauli principle (Fig. 2). This led them to a classification of the peaks up to
D (Fig. 1) in terms of inner well states having the correct symmetry determined
by the octahedral arrangement of the Cl -ions. A quantitative treatment of this

model, however, would be possible only if the exact potential was known.

A method providing information on the electron hole binding energy independent
of theoretical models is to combine absorption spectra in the fundamental range
with photoemission measurements. The optical data give the gap energy l-'.B between

the top of the valence band and the bottom of the conduction band, the photo=



vlectren enerpy distribution curves (EDC's) pive the snselute coergy separalicn
between cere levels ard the top ol toe valeoce band 1t the photen energy Is high
elough Lo donize Lhe core wlectrons. Sueh an aralysis ailows to matk the posibticn
ol tae holtom of tiv conduction band in the spectrum Fig, . The same anaiysis
was carried cut by Gudat et al. (1974) for Li¥ und later by Pantelides aund

Brown (1974) and Pauntelides (1973) for a series of alkali halides. Pantelides
(1975) locates the bottom of the vonduction bané oi NaCl at 36.0+0.5 eV taking
XPS values for the separation between the top of the valence band und Lhe

+ .
Na -2p level.

We report here on an inveslLipation o the sharp structures A to G in Fig. | by
means of constant [inal state spectra (CFS) and EDC's making use of synchrotron
radiation frow the 7.5 GeV synchrotron DESY, The details of the techniques are
described in section 2. CFS turn out to be a means to obtain information on the

origin of these peaks. The results are described and discussed in section 3.

2, Experimental details

Synchrotron radialion was monochromatized by a specially designed grazing inci-
dence monochromator with a fixed exit beam and an energy resolution of about

400 (Dietrich and Kunz 1972). The angle of incidence at the sample was 459. The
photoemitted electrons of NaCl were weasured using an electrostatic energy ana-
lyzer of the spherical type and a channcltren multiplier. Thus we had the possi-
bility to measure EDC's (scauning the potential at the sample relative to the
entrance slit of the analyzer while the transmission energy of the analyzer and
the photon energy arc fixed) and CFS's (varying the photon energy continuously
while the potential at the sample and the transmission eneryy of the analyzer are

fixed), The latter technigue is only possible with a continuous and structureless

light source like synchrotrun radiation. The joint resolution of Lhe monochromator
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For all NaCl tilms charging at room temperature was neglegihle, This was
tested by reducing the intensity oi the incident light and extrapolating
to zero intensity. Whiie all results presented in this paper were por—
formed at room temperature we have also performed in this centext measure-

ments at temperaturcs between 80 and 300 K. We note that at 80 K consid-

crable charging occured with the thicker {ilms (lwan and Kooz, 1577).

3. Resulrs and Discussion

As mentioned in the intro&uction a combination of absorption spectra in
the fundamental range with photovemission measurements allows for o deter-—
mination of the positiun of the bottom of the coaduction band relative to
the Na+—2p level. We wade UPS measurements Lo chLain the separation be-
Lween the Lop oi the valence band and the 2p levels. We have obtained
27.3:0.2 eV for this separaticn from EDC's like the ene shown in Fig. 3.
The separation is in agreement with the value of 27.03 eV giver hy
Kowalezyk et al. (1974). Our resull does not depend on photon energy in
the regiun 45 - 100 eV,also not on film thickness, Comhining cur result

with the value for the band gap of 8.6 ¢V as given by Iby ¢ al. (1959)



(a large number of values are collected by Strehlow and Cook, 1973) we
obtain 35.9:0.3 eV for the bottom of the conduction band relative to the
Na+-2p level, This is in good agreemeat with the value of Pantelides (19753)
who gives 36,0:10.5 eV, The theoreLical estimate of ghurg and Dehmer (1973)
wias 35 eV. From this assignhment it follows immediately that the peak C is
also a bound electron-hole state. This peak C is split into three peaks in
our new results (Fig. 4) which is in good agreement with the resull of

Nakai et al, (1971).

Figure 4 shows coustant final state spectra with fimal states clouse to the
bottom of the conduction band. The parameler is the fixed kinetic energy
of the electrons in vacuum. The peaks cbserved at valucs Ef _ b eV oare
equivalent to the Na+-2p lines obtzined in an EDC (Fig. 3). The extrapo-
lation to Ef = 0 allows for a dotermination of the electron aifinity EA
at the hottom of the conduction band yielding Eﬁ 2 0 eV. The marks indicate
the position of the [iual state channel in the spectra as it is determined
by the choice of E.. In the repion Ep < 6 eV, where the lines are distorted,
the position of the marks is cbtained as an extrapolation froem the spectra
for IE.f > b eV,

Wwhen iaspecting the spectra in Fip. 4 It is recognized that the peaks A to
G which oceur in the absorption spectrum (Fig. 1) are also showing up in
most of the CFS8's, 1t was snown hy Gudat and Kunz {1972) Lhal the siLruc-
tures found in absorpLion specira show up again in the total photoelectric
yield spectra, A CFS can be looked upon as a partial photoelectric yield
spectrum and also shows Lhe absorption stru?lnrvs (Eastman 1972). Thervfore
we observe the excitons A,B and other lines. They have been secen already

by Haensel ot al. (1969) in a different type of partial yivld spectra.

- hH -

The occurence of these lincs is due Lo Auger decay of core-hole states and
direct recombination of excitons fullowed by cliectren-clectron scattering
to channels with tow Ef. The most interesting feature in the spectra of
Fig. 4 is a much stronger appearance ob the peaks D=G uot only when the
final stale channel bits a peaX (E( =0 and 1.2 cV (D), Et = 3.5 eV (E),

E. = 4,5 eV (F)) but also when E

\ ¢ I» close to but lower in energy than the

penk. This is to be seen e,g. at E,. = 4.9 ¢V where F' s oL a 1.5 eV higher
enetgy or io Lhe b, = 1.2 eV spectrum with peak E which lies in this case

at a | oV higher energy. Lo the other spectra the same effeect is evident.
Therc may be also contributions due teo dircctly emitted ciectrons on the
sides of these peaks. Further spectra at intermediate values of Ef are given

by Twan (1976).

We now want to discuss this resuit. The onset of electron-electron
scattering cannot be responsible for the behavicur of the spectra

in tig. 4. This means that directly emitted electrons from the Nn+—2p
iritial state into the conduction band can be scattered into chaunels
which have energies belew that of the channel Into which the directly .
emitted clectroans are excited. Electron—electron scattering sets in with
the excitation of the first fundamental exciton peaking at 8.1 eV if we
assume that the results of Creuzhorg (1866) tor high encrgy electrons are
also valid tor clectrons of Jow kinetic coerpies. The unset is at about 7 eV,
thereiore electron-c¢lectron scatteriug is possible only for Ff ©7 eV, Con-
sequently it vannot be respunsible for this process. The pronounced change
in the shape of the Zp~line accurs helween Ef = 5.5 eV and E{ =6 V. We

attribute the states up to h, = 43,5 ¢V (structure G) to ivuer well states

Ay discussea

\
hhmru and Delmer (1973). This picture allows Ior an inter—

proetation o the abserved sehivionr it the tobiowing way! we excile an

electror in this regien Inlo & resenane:=like irmer well state tor wvhich
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there is only a small probahility to decay into an extended band state
(outer well state). During the relative long lifetime of the inner well
state relaxation with the emission of many phonons occurs. When Lhe clec-
tron finally escapes it has lost between 0 and 1.5 eV of its initial exci-
tation encrgy to phonons. We therefore consider the particular behaviour

of the CFS spectra at and below Ef = b eV as a strong evidence for the
occurance of quasi-bound inner-well states. In oLher words: peaks D - G
which correspond to states above the bottom of the conduction band are then
due to quasi-bound electron-hole states.

Peak F' is only a small shoulder while the absorption covefficient shows

a strong increase in this region of photon energy (Fig. 1). This strong
increase can be correlated with an increase in the density of states of

the conduction bands. This interpreLation is deduced from the fact that
there is no reduction of intensity of the directly emitted Na+-2p electrons
although above E, = 7 eV electron-clectron scattering is possible which
will cause a reduction ol intensity. This reduction must be compensated

by an increase in the densily of states, Such an increase is in agreement
with the Hartree Fock calculations of Lipari and Kunz, 1971 (Fig. 1). Be-

cause of the small oscillator strength of structure F' the E_. = 6 eV spec-

f
trum is dominated at e = 41,9 eV by Na+—2p electruns caused by the increas-

ing density of stales while F' dominates the Ef = 5.5 eV spectrum, The large

width of the peak of directly emitted clectrons for E[ > 6 eV, which is
far larger than the instrumental resolution, is due to phonon broadening

as investigated by Iwan and Kunz (1977) in a separate publication.

A new structure {OE) emerges in the spectra with B, = 6 ¢V and E. = 10.5 eV

(Fig. 4). This structure (OE appears to be due to a surface excitation since

it shows up for kinetic encrgics at which electron-electron scattering sels
in. Further investigations by Rehder et ai. 1977) orn NaCl single crysta.s

corroborate this interpretation.

Ancther serics of investigations was concerned with the question which of
the two considervd  decay mechanisms, Auger or direct recowhination (DR);
is mainly respoasible for the appearznce of peaks A Lo E in Pig. & cven

b - 4.0 eV, For this purpose we have measured EDC spectrz at various

if
phuton energies, three of which are displayed in Fig. 5. The selected
photon energies cerrespond to the excitation ol excitons B,D and to an
interband excitation. In all three cases a strong contributlon due to
Auger electrons shows up, which are centered around an encriyy Ek. + E

in gap
¥ 21 eV above Lhe top of the valence band. There is, however, a striking

difference in the shape between the spectrum excited at the exciton B

(hw = 33.48 eV) and those at the higher photon enerpies.

This result is not so surprising, since the Auger decay cof an isclated
care hole and of a bound exciton like B is gquite differeat. We assume

Lhal exciton D is autoionizing before the Auger process takes place, While
the ordinary Auger process involves two electrons [rum the valence band,
the Auger decay of an exciton involves in addition the electron which is
originally bound te the hole. Tn the case of NaCl the additional charge
which is criginally centered on the Na' fon will move to the €1 ions
(valence band) during the Auger process. As a ccnsequence the origipnatly
bound e¢lectron will be expelled into a conduction band state acquiring a
certain amount of kinetic cnergy. The Auger electron distribution is there-
fore smeared towards lower kinetic energies as it is observed in Fig. 5.

A quantitative theory of this problem appears to be very difficult. An



equivalent process in the gas phase,namely Auger decay from excited deep
level resonance states in Xe and Kr was recently investigated by Eber-

hardt et al. (1977).

We have also investigated the direct recombination contribution to the
decay process. For this purpose we have measuted the CFS spectra at very
high values of Ef namely E[ = 18 eV and Ef = 20 eV as shown in Fig. 6.

The highest possible energy for Auger electrons is Ep = 17.6x0.5 eV

(26.2 eV above the top of the valence band) while direct recombination
yields electrons at energies up to the exciton energy above the top of

the valence band {e.g. 36.60 eV for exciton D). The CFS spectrum at Ef =

20 eV (AE = | eV) therefore demonstrates that excitons B to D can underge
direct recombination. Because of the finite resolution AE = 1 eV the other
structures in the E, = 18 eV spectrum might arise from Auger decay. It is

interesting to note that the surface excitation OE also decays by direcct

recombination.

Direct recombination was first discussed for NaCl by Haensel et al. (1969)
and later verified for several potasszium halides by Blechschmidt et al.
(1970). Lapeyre et al. (1974) were the first to use constant initial state
(CIS) spectra to prove the presence of this process in KI. They give a
relative probability of the Auger to the direct recombination channels

as two to one. In order te obtain this result several assumptions on
attenuation lengths due to inelastic scattering processes had to be made
the errors of which are difficult to estimate. We therefore refrain from

a similar evaluation of this ratio.

Conclusions

Dur results lead us to conclude that the peaks A,B,CI,C,C2 in the
spectra (Fig. 1,4) of NaCl are due to excitons of the Frenkel type
below the holtom of the conduction band. Further peaks D - G correspond
to states above the bottom of the conduction hand and are due to quasi-
bound inner-well states according to the considerations given above. We
do not belive that an alternative interpretation of our results which is
founded completely ou the one electron band picture is consistently
possible. An attempt of such an interpretation would involve energy loss
of the excited electron due to electron phonon scattering on its way out
of the crystal. This would in principle explain the reduction of electron
energy as it was observed abave. This model would, however, not explain
a threshold of this process between 5.5 and & eV. The threshold would
rather be expected to occur above Ef = 7 eV. Further the electron-phonon
scattering mean free path as calculated by Llacer and Garwin (1969) in
NaCl is 30 & for Fp= 3 ¢V. The thickness of the film for which we have
discussed our results is only 70 2. It would not allow for a long enough
path of the escaping clectrons to undergo an energy loss of more than

1 eV, In addition, some of our measurements were taken with even thinner
samples (down to 20 R) yielding essentially the same results, This leads
us to a rejecLion of such a mechanism for the interpretation of our

measurements.
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Figure Captions Fig.

Fig. 1

Fig. 2

The upper part shows the absorption coctficient of NaCl
in the region of the Na+-2p excitation (after Hacnsel
et al. 1968).
The lower part shows a calemlated density of conduction
band states (after Lipari and Kunz 197§). The bottom
uof the conduction band is shifted tc the experimental
value,
Fig.
Schematic diagram illustrating inner well states in the
eifective potential around the Na''-ion duc to the repul-
sion of electrons from the Cl =icns. The letters A - G
correspond to the peaks in the spectrum of Fig. | and the
position of these levels anticipates the analysis of the
spectra of Fig. 4.
Energy distribution curve cf a 20 £ Nacl filr, at a photon
energy ol 9] eV. CEL denotes structures due to characteristic
energy losses, EE the Fermi edge. The substrate was a clean
Al film.
Constanl final state spectra trom a d = 70 R tiick NaCl
film. .. is the [inal state energy relative to the bottom

L

of the conduction hand.

Low kirnetic energy region of EDC's at the excilLation encrgies
of the exciton B and D and at B0.03 oV where only #n inter—
tand transition occurs. The spectra are nermalized with re-

spect 1o each ather at .2 eV, The structure be-

E . +E -
kin “gap
tween 20 an 23 oV is generated by Auger decay. The structures

up te 18 eV represent density ol states structures (see

Tapeyre el al. 1974).

CFS's at tinal state eneryies wbhore Lhe auper decay and
dircet recombination (DR) cnarnels are separatod. The ripht

scale is valid for toe upper specirm fonls k. “uth speetra

are norzalized at the boaxgroomd kelure the vnset of

2p transitions,
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