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not. We have verified this experimentally (Ref. 9) in
several samples of pure zinc and it is also consistent
with our theoretical analysis. Dislocations increase
X through "dephasing" oi the electron wave function
[A. B. Pippard, Proc. Roy. Soc., Ser. A 287, 165

(1965)) while Ho only changes with direct scattering.
We thus compare Ho with the change in X due to the
solute.

R. G. Chambers, Proc. Phys. Soc., London. 88, 701
(1966).
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Theoretical calculations have thus far been used to interpret the soft-x-ray spectra. of
several alkali halides in terms of band structures alone, excluding the possibility that
core excitons are formed below the band edge. By independently determining the thresh-
old for band transitions from x-ray photoemission spectroscopy and optical-gap data, we
conclude that these spectra are in fact almost entirely excitonic in nature.

Absorption spectra are well known to contain
valuable information about the excited states of a
crystal. X-ray spectra are particularly conve-
nient for this purpose since electrons are excited
from core states which are flat and thus intro-
duce no structure. By assuming constant transi-
tion matrix elements over the range of interest,
one expects the observed structure to correlate
directly with structure in the density of states
(DOS) of the conduction bands. Because of the
difficulty of computing absolute transition ener-
gies, a common practice has been to freely move
the DOS on the energy axis until a reasonable cor-
respondence between theoretical and experimen-
tal peaks and valleys is obtained. This approach
has led to the interpretation of the soft-x-ray
spectra of various alkali halides' ' in terms of
band structures alone, dismissing the possibility
that excitons are formed below the band edge.
More recent theoretical work" has arrived at
similar conclusions by using calculated transi-
tion energies instead of freely aligning spectra.

Such an interpretation of soft-x-ray spectra
may be tested directly by making use of addition-
al experimental information from x-ray photo-
emission spectroscopy (XPS) and optical-gap data
in order to pin down the position of the conduc-
tion-band edge with respect to the core levels. '
In this Letter we will use this powerful technique
to show that several soft-x-ray spectra must be
reinterpreted in a way that contradicts most of

the previous work on the subject.
We first concentrate on the lithium halides LiF,

LiCl, LiBr, and LiI. Haensel, Kunz, and Sonn-
tag first measured their Li' K spectra (Fig. 1)
and suggested that the prominent peak in each
spectrum at about 60-62 eV is probably an exci-
ton while the remaining structure may be transi-
tions to p-like band states. No band edges were
identified.

The same spectra were measured and inter-
preted shortly thereafter by Brown et al. ' These
authors, and subsequently Kunz and Lipari, ' per-
formed Hartree-Fock band calculations for LiCl
and LiBr and computed the DOS of the conduction
bands. By freely shifting the DOS on the energy
axis, they aligned theoretical and experimental
peaks and valleys and concluded that the observed
spectra are entirely due to transitions to conduc-
tion-band states with no excitons being formed.
By analogy with LiC1 and LiBr, Kunz, Devreese,
and Collins' assumed that the band threshold for
LiF lies at 60.5 eV and proceeded to identify a
two-electron excitation (core-to-band plus a va-
lence excito'n) at about 70 eV. More recently,
band calculations for LiF were reported by Menz-
el et al. ' who used Slater exchange and by Kunz,
Mickish, and Collins' who used nonlocal Fock ex-
change. In both cases, the observed structure
was identified with similar structure in the com-
puted interband spectra. ' Both Refs. 4 and 5 pre-
dicted a long weak tail to the left of the main
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Substance Evc Peak E~

LiF
LiCl
LiBr
LiI

50 8
52.9
54 2
55 5

13 6b 644
9.4 b 62.3
7.6 b 61.8
6.1 61.6

61.9'
60.8
60.4~
59 8c

2.5
1.5
1.4
1.8

'TABLE I. Various energies in the Li halides. E„ is
the top of the valence band relative to the Li+ ls core
level. E„,is the optical band gap. E =E„+E~is the
bottom of the conduction band relative to the Li+ ls
level. "Peak" denotes the position of the dominant
peak in the observed spectrum and Ez is the energy
separation between the peak and E (excitonic binding
energy). All energies are in eV.
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FIG. 1. Li Jj spectra of the lithium halides. Solid
curves are experimental (Ref. 7; low-energy tail of
LiF spectrum from Ref. 10). Dotted curve (from Ref.
4) and dashed curves {from Ref. 5 for LiF, Refs. 1 and
2 for LiCl, LiBr) are theoretical interband spectra po-
sitioned on the energy axis according to interband
thresholds determined here (vertical arrows).

peak, corresponding to the I", band minimum.
Subsequently, Sonntag" detected such a weak tail,
in apparent support of the band-theoretic predic-
tions. He suggested, nevertheless, that this may
not be conclusive evidence for interpreting the
spectrum in terms of a one-electron-band model
alone.

We now wish to show in a simple way that the
prominent peak appearing near the onset of ab-
sorption in the lithium halides is purely excitonic
and not an interband transition. This is done by
combining XPS and optical-gap data. The former
measure the binding energies of electrons in the
valence bands and in the core levels. The rela-
tive difference between a given core level and the
top of the valence band is then accurately deter-
mined. ""By adding this value to the optical
band gap (energy difference between the valence-
band top and the conduction-band bottom), the
position of the conduction-band edge is unambigu-

1

ously established. " Any structure in the ob-
served spectrum appearing below this threshold
can then be conclusively identified as Purely ex-
citonic.

Accurate XPS data exist for LiF" and LiCl. '
By combining these with optical-gap data, the
band thresholds shown in Fig. 1 by vertical ar-
rows are obtained with an accuracy of about 0.5

eV. All the relevant quantities are listed in
Table I. The dominant peak is seen to lie 1.5-
2.5 eV below the arrow in each case, which clear-
ly demonstrates that it is purely excitonic, con-
trary to previous band-theoretic interpreta-
tions. "O' The binding energy relative to the
band edge is not atypical for insulators. How-
ever, in view of the fact that the bottom of the
conduction band is I'„we must exclude the pos-
sibility that the observed exciton derives from
that critical point; in an effective-mass picture.
This is because such an exciton would be s to s
and hence dipole forbidden. Clearly, the ob-
served exciton must derive from higher conduc-
tion-band states which are p-like in character.
In the case of LiF, the computed DOS ' shows
that most states lie 10-13 eV above the band
edge. This indicates an unusually strong elec-
tron-hole interaction which mixes band states
over a range of a rydberg. It is in agreement
with the strength of electron-hole attraction es-
timated by Kunz et al. ' (-10 eV) from free-ion
calculations. The strength of this interaction in
the crystal is not disturbing if we recall that the
valence electrons in these ionic crystals are al-
most entirely on the halogen ions; thus the Cou-
lomb potential of a hole in a core shell of the al-
kali ion is essentially not screened at all and at-
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tracts and binds the electron very strongly. The
observation that the 1s2-1s2p transition in the
free Li' ion is at 61.3 eV, extremely close to the
prominent peaks in the spectra of all the Li ha-
lides, lends support to these arguments.

In Fig. 1 we also show the theoretical interband
spectra positioned according to the present deter, —

mination of band thresholds. We observe that
there is little or no correspondence between the
theoretical interband spectra and experiment.
From the positions of the arrows one may identi-
fy the upturn leading to peaks C as coinciding
with the onset of band transitions. However, such
transitions near the band edge are suppressed by
symmetry and one must allow for a strong exci-
ton contribution. In short, one may conclude that
the observed spectra are almost entirely exeiton-
ic in nature. " The strong electron-hole interac-
tion simply draws the oscillator strength into an
excitonic DOS which accidentally resembles the
DOS of Bloch-type conduction-band states.

XPS data for LiBr and LiI are not available.
Nevertheless, definite patterns among the bind-
ing energies of the Li and Na halides allowed us
to estimate by interpolation the corresponding
quantities in LiBr and LiI as well. " Adding the
corresponding band gaps, " the band thresholds
shown by the arrows in Fig. 1 were obtained.
Considerable uncertainties in these numbers do
exist, but the similarity of the four spectra and
the analogy with the free-Li -ion transition sug-
gests that our conclusions for LiF and LiCl apply
to LiBr and LiI as well.

We have seen how by independently pinning
down the thresholds for band transitions we were
led to revise the interpretation of the soft-x-ray
spectra of the Li halides. We have done the
same for other alkali halides and results will be
published elsewhere. " Here we give one more
illustration to further our conclusions. We con-
sider the Cl I-» spectrum of NaCl reported by
Brown et al. " (Fig. 2, solid line). These authors
suggested an interpretation of the first four ob-
served peaks in terms of transitions to critical
points in the conduction bands arguing that no sig-
nificant exciton effects are expected. They also
suggested that peaks 5, 6, and 7 might be repli-
cas of 1, 2, and 3, caused by two-electron excita-
tions. Lipari and Kunz' subsequently supported
this interpretation. They performed a Hartree-
Fock band calculation and freely aligned the com-
puted interband spectrum so as to match its first
peak with peak. -. l of experiment. This is shown in
Fig. 2 by the dotted curve. We note that such an
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interpretation would imply a threshold for band
transitions below 198 eV. XPS plus optical-gap
data, however, place this threshold more than 5
eV higher, at 203.3 eV." The uncertainty in this
number is not more than 0.5 eV, which allows us
unambiguously to assign the first experimental
peak to an exciton below the band edge, with a
binding energy of about 1.5 eV. In view of the
very low density of states near the band edge,
peak 2 is to be identified as an exciton which is
at worst metastable, possibly being degenerate
with band states. The higher peaks seem to bear
a similarity to the band densities, but no definite
identification is possible at present. Overall,
the electron-hole interaction appears to be weak-
er in this case as a result of the fact that the hole
is in the halogen core and its Coulomb potential
is screened by the valence electrons quite effec-
tively.

We conclude that exciton effects are very pro-
nounced near threshold in the soft-x-ray spectra
of alkali halides and that band structure alone
cannot be used to interpret the observed struc-
ture. This is in agreement with interpretations
that have been proposed for other soft-x-ray
spectra of alkali halides. " We conclude further
that any attempt to correlate observed spectra
with conduction-band DOS must be accompanied
by an accurate determination of the threshold en-
ergy for band transitions.

We would like to thank Dr. W. A. Harrison, Dr.
A. B. Kunz, Dr. D. J. Mickish, Dr. R. M. Martin,

FIG. 2. Cl L2 3 spectrum of Nacl. Solid curve is
experimental (Ref. 15). Dotted curve is theory of Ref.
3. Dashed curve is theoretical interband spectrum of
Ref. 8 (same as dotted curve) but positioned on the ener-
gy axis according to interband threshold (vertical ar-
row) determined independently. See text.
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