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Valence-band structure of alkali halides determined from photoemission data
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Valence-band photoemission spectra from a variety of alkali halides are shown to be well represented
by a phonon-broadened density-of-states histogram with well-determined bandwidths and three or four
main peaks. The bandwidths are generally in good agreement with band-structure calculations. The
phonon broadening is typically 85% of that calculated for anion core levels, indicating that the valence-

band holes are localized.

I. INTRODUCTION

It has been repeatedly noted' ~> that x-ray and ultra-
violet photoemission spectra from the valence bands of
alkali halides are typically much broader than indicated
by band-structure calculations. Even the presence of the
spin-orbit splitting, which emerges clearly in ultraviolet
absorption spectroscopy,®”® has been questioned.? Only
in the case of LiF,° where the bandwidth is quite large,
has qualitative agreement been demonstrated. Ultra-
violet absorption and reflection spectroscopy measure-
ments have traditionally provided the critical test of
band-structure calculations, but to date they have failed
to define the width of the valence band. We demonstrate
here that a straight-forward analysis of photoemission
valence-band data provides structures and widths that
are characteristic of the true density of states (DOS).

Recent photoemission studies of shallow cation core
levels in alkali halides!®!' have demonstrated that the
core-level spectra are fully defined by the core-hole life-
time and phonon widths of bulk and surface components.
This provided an incentive to explore whether the
valence-band spectra could be interpreted using the same
techniques. Our analysis shows that an appreciable frac-
tion of the photoemission valence-band width is indeed
due simply to phonon broadening,!*!3 and that this
broadening is comparable in magnitude to that calculated
for halide core levels.!* In optical spectroscopy, pho-
non broadening is much weaker because the excitation
does not produce a charged final state. As a result,
optical-absorption data contain much more detail than
those from photoemission. Although phonon broadening
in insulators (and semiconductors) is a fundamental
impediment for obtaining valence-band information from
raw photoemission data, we find that a histogram con-
taining the essential features of the DOS can be readily
determined. Our approach is not only simple, but it ulti-
mately allows meaningful comparison with band-
structure calculations and yields reliable estimates of the
bandwidths.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out on thin, evaporated
films of alkali halides supported on conducting or semi-
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conducting substrates, as previously described.® Most of
the photoemission measurements were made with Hel
resonance radiation, but the Na salts were also examined
with synchrotron radiation using the Bell Laboratories-
Brookhaven 6-m toroidal grating monochromator beam-
line at the National Synchrotron Light Source. The total
instrumental resolution was 0.10 eV in the work with
He1l radiation and slightly larger in the synchrotron
work. Since the phonon widths are 5-10 times larger
than the instrumental resolution, the spectra are not
significantly broadened by instrumental effects. The data
obtained, see Fig. 1, are similar to those previously pub-
lished,! ™3 but have better resolution and less noise.
Well-resolved structure was observed only in the iodides.
The binding energies are referenced to the vacuum level,
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FIG. 1. Valence-band spectra of the chlorides of Na, K, Rb,
and Cs. The NaCl data were taken with 75-eV synchrotron ra-
diation and a sample temperature of 500 K. All other data were
obtained with He I resonance radiation from room-temperature
samples. Solid line is drawn through data as a guide to the eye.
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which was determined by adding the photon energy to
that of the cutoff at low kinetic energy.

The detailed structure of the valence-band DOS is
greatly diminished in these data because the phonon
broadening lies between 0.5 and 1.0 eV. In order to ob-
tain information about the DOS, methods very different
from those used in the analysis of core-level spectra are
required. For core levels of insulators, the fundamental
line shape is a phonon-broadened Lorentzian. For the
valence band, the lifetimes width is negligibly small be-
cause there are no occupied states above the valence
band. This simplifies the analysis somewhat, but the
anion p states are spread out into bands, resulting in a
DOS for which there is no standard formulation.

An initial analysis of the data is carried out with the
DOS represented simply by a number of & functions,
whose position and amplitude are adjusted to fit the data
after Gaussian phonon broadening. This approach is
motivated by the observation that details in the DOS,
small on a scale compared with the phonon width, are al-
most completely obscured by the phonon broadening.
The & functions can, thus, be thought of as representing
regions with high density of states. Weak structures
close to the strong peaks are summed into a single § func-
tion, and peaks separated by a small fraction of the pho-
non width may well be approximated by a single 6 func-
tion at the weighted average position. A small number
(3—4) of & functions generally suffices to reproduce the
essential features of the data.

Note that this model is identical to one in which the &
functions are replaced by Gaussians of some arbitrary but
identical width and a correspondingly reduced phonon
broadening. This alternative points out a shortcoming of
the 8-function model, namely, that an optimum represen-
tation of the DOS by Gaussians would contain Gaussians
of different widths. Balanced against this shortcoming
are the facts that the 8-function analysis keeps the num-
ber of free parameters to a minimum, provides a unique
representation of the data, and allows an accurate deter-
mination of the location of regions with high DOS. The
Gaussian width obtained with this representation pro-
vides an upper limit to the phonon width, and the separa-
tion of the outermost 8 functions provides a lower bound
to the bandwidth.

In order to obtain a better estimate of the phonon
broadening and the width of the valence band, we have
used another simple model, which provides a better ap-
proximation to an actual DOS. The DOS is represented
by a histogram with fixed origin and bin width. The con-
tent of the bins is adjusted for an optimum fit between the
phonon-broadened histogram and the experimental data.
The Gaussian width, which now corresponds directly to
the phonon width, remains a single additional adjustable
parameter during the optimization of the structure of the
histogram. Were it not for the more flexible modeling of
the DOS, this representation would suffer from the same
ambiguity about the phonon width as the Gaussian ver-
sion of the 8-function model, because the Gaussian repre-
sentation of the DOS is, in effect, replaced by the histo-
gram. In practice, we found it necessary to exclude ex-
plicitly the Gaussian tails of the data from the histogram
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(see below).

The choice of the bin width is based on experience with

the 8-function model. The success of the latter is predi-
cated on the facts that isolated peaks in the DOS remain
detectable while structure with period equal to the
Gaussian phonon width is almost fully attenuated. Such
structure is unlikely to be recovered in the histogram-
based analysis. This suggests that the bin width should
be about half of the Gaussian width. That width, howev-
er, is too large to adequately specify the peak positions.
Experience has shown that bin widths of the order of
one-quarter of the phonon width are required. Care must
then be taken to reject solutions with unphysical histo-
gram structure, which is fully attenuated by the phonon
broadening and does not manifest itself in the fit to the
data. Optimization of the bin content is carried out using
a conventional nonlinear least-squares algorithm and the
requirement that individual bins cannot assume unphysi-
cal negative values.
- The detailed structures of the histograms obtained by
fitting our data are, of course, only approximations to the
actual DOS because they are affected by the energy loca-
tion of the bins and their width. Furthermore, the data
to which the histograms are fit depend on transition
probabilities across the band, which are a function of the
photon energy. This latter effect is particularly notice-
able in the Na salts, where valence-band data taken with
different photon energies exhibit different profiles. Con-
sistent information is obtained, however, for the energies
of peaks in the DOS.

The above considerations make it clear why two
different models have been used. The §-function repre-
sentation provides the most reliable approach for obtain-
ing peak energies in the DOS, while the histogram repre-
sentation is better suited for determining the DOS width.

III. RESULTS AND DISCUSSION

We have carried out our analysis using broadened &
functions and histograms for the 12 compounds shown in
Table I. Using the 6-function representation, we find that
three peaks suffice to fit the data for the fluoride,
chlorides, and bromides, while for the iodides with larger
bandwidth, four peaks are required. In the iodides, the
fourth peak at smaller binding energy most likely
represents the DOS near the I' point, which is not ap-
parent in the analysis of the other halides.

The fits obtained with this model are illustrated in
Figs. 2 and 3 for NaCl and KBr, respectively. The three
vertical lines are & functions of adjustable height and po-
sition and represent the basic DOS structure. These lines
are then convolved with a Gaussian of unit height and
adjustable width to represent the effects of phonon
broadening. The background in the NaCl data is essen-
tially flat, except for a very weak contribution at higher
binding energy associated with the 2.7-eV excitation of F
centers. The background in the KBr data contains three
contributions: (1) a weak, broad line at 6.5 eV binding
energy due to valence-band photoemission excited by
23.1-eV radiation from the resonance lamp, (2) a very
broad contribution near 10.5 eV corresponding to the
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TABLE I. Binding energy of high density-of-states peaks, valence-band widths, and phonon widths

in alkali halides (in eV).

Peak binding energy Bandwidth Phonon width
(6-function model) Expt. Calc. Expt. Calc.?

NaF 11.66 12.09 12.86 1.60+£0.20 1.5° 0.98 1.10
NaCl° 9.66 10.30 11.18 1.80+0.18 2.1° 0.97 1.16
KCl 9.19 9.52 9.98 1.20+0.15 1.1° 0.66 0.76
RbCl 8.87 9.10 9.50 0.90+0.15 1.0¢ 0.57 0.71
CsCl 8.21 8.67 9.03 1.05+0.15 0.59
NaBr 8.91 9.42 9.93 10.82 2.00+0.20 1.7¢ 0.74
KBr 8.06 8.49 9.09 1.35+0.15 1.2¢ 0.64 0.73
RbBr 8.19 8.55 9.09 1.20%0.15 1.0¢ 0.57 0.68
CsBr 7.73 8.22 8.71 1.35+0.15 0.61
KI 7.55 7.88 8.34 9.19 1.80+0.18 1.7 0.59 0.68
Rbl 7.41 7.64 8.05 8.87 1.65+0.15 0.58 0.66
Csl 7.03 7.43 7.79 8.54 1.65+0.15 1.88 0.61

#Calculated from parameters in Ref. 14.

®See Ref. 5.

“Data taken with sample at 500 K.

9A. B. Kunz, Phys. Status Solidi 29, 115 (1968).

°A. B. Kunz and N. O. Lipary, Phys. Rev. B 4, 1374 (1971).

See Ref. 16.
8Y. Onodera, J. Phys. Soc. Jpn. 25, 469 (1968).

2.0-eV excitation energy of F centers, and (3) the begin-
ning of loss structure due to excitons and interband tran-
sitions at the high-binding-energy end of the spectrum.
The residuals for both NaCl and KBr fits show that the
6-function representations plus background account for
every detail of the data, implying that there is no
significant additional information contained in the data.
The good fits obtained at the top and bottom of the band
indicate that the data have Gaussian character in these
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FIG. 2. Fit to valence band of NaCl, shown as a solid line
through data points, using 8-function model.

regions, i.e., the spectral shape is determined by phonon
broadening, not DOS structure. This information is later
used to constrain the histogram fits, so as to prevent tails
in the histogram from taking over the Gaussian character
of the data. Note also that this purely Gaussian charac-
ter also establishes the absence of Lorentzian lifetime
broadening, i.e., valence-band hole states are long lived
even in the presence of nonequilibrium carriers in the
conduction band during photoexcitation. The Gaussian
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FIG. 3. Fit to valence band of KBr, shown as a solid line
through data points, using &-function model.
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widths from these fits are 1.02 eV for NaCl at 500 K and
0.71 eV for KBr at 300 K.

The fact that such a skeletal, seemingly unphysical rep-
resentation of the DOS yields such a good fit may seem
troublesome. However, as mentioned in the previous sec-
tion, this model actually represents a continuum of solu-
tions since an arbitrary fraction of Gaussian widths (sub-
tracted in quadrature) can be allocated to the DOS. For
example, if the & functions in KBr were replaced by
Gaussians of 0.30 eV width, which would make the repre-
sentation much more closely resemble a typical DOS, an
identical fit would then be obtained using an additional
phonon broadening of 0.64 eV. It follows that the utility
of the 8-function representation is limited to locating re-
gions with high DOS and obtaining an upper bound to
the phonon broadening. The separation of the outermost
peaks provides a lower bound to the bandwidth, which
may be larger by a significant fraction of the phonon
width. The binding energies of these high density-of-
state points, given in Table I, are useful for comparison
with band-structure calculations.

Since an actual DOS is not well represented by a small
number of Gaussians, we turn to the histogram model of
the DOS, which should give better values for the
valence-band width and phonon broadening. We have
used the results of the d-function fits to define the starting
point for the optimization of the histogram. This pro-
cedure has the effect of selecting solutions containing
maximum phonon-width values and minimum tailing in
the DOS. The resulting DOS generally bears a significant
resemblance to the &-function representations. As ex-
plained above, solutions with smaller phonon width and
broader histograms, with tails that begin to take over the
Gaussian character of the data, are rejected. Typical re-
sults for NaF, NaCl, and KI are shown in Figs. 4, 5, and
6, respectively.

In previous work,!® shallow cation core levels from
these systems have been found to exhibit surface-ion
shifts of ~0.45 eV,!° but there is no evidence here for
distinguishable bulk and surface contributions in the
valence band or the DOS histogram. This is really not
surprising, since the shifts predicted for anions'® are typi-
cally only about —0.11 eV, i.e., much smaller than the
phonon widths and less than the bin widths used here.
The histograms, therefore, can be only very slightly
broadened by this unresolved shift.

In Fig. 4, the histogram for NaF is compared to the
valence-band structures taken from Ref. 5. The peaks in
the DOS are in good agreement with the energies of
bands at the L and X points, demonstrating that the his-
togram does indeed reflect the main features of the un-
derlying DOS. The total width of the histogram is in
good agreement with the dispersion from the Ty
valence-band maximum to the L, minimum.

In Fig. 5, the histogram for NaCl is compared with the
total valence-band density of states calculated by
Papaconstantopoulos.!* The 2.0 eV width of the histo-
gram is slightly smaller than the width of the calculated
DOS, mainly because weak contributions at the band
edges are not reproduced in the histogram. The error is
comparable to the bin width. The actual measured width
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FIG. 4. Comparison between the histogram, which produces
the fit to the NaF valence band, shown as a solid line through
data points, and the band-structure calculation from Ref. 5.
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FIG. 5. Comparison between the histogram, which produces
the fit to the NaCl valence band, shown as a solid line through
data points, and density-of-states calculation from Ref. 15.
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FIG. 6. Comparison between the histogram, which produces
the fit to the KI valence band, shown as a solid line through
data points, and the band-structure calculation from Ref. 16.

in the data is, of course, much larger still, an effect we
now know to be due entirely to the 0.97-eV phonon con-
tribution. This explains why earlier work, which over-
looked this contribution and generally assumed the
valence band to be equal to the full based width of the
photoemission spectrum, reported excessively large
values. For example, the full base width of the NaCl data
is approximately 3.2 eV, while at half amplitude it is 1.95
eV. Thus, even without any analysis of the raw data, the
latter value is clearly preferable because it provides, at
least crudely, a way of minimizing the effect of phonon
broadening.

The sharp cutoff of the calculated bands serves to clari-
fy the rationale of using the Gaussian tails to define the
phonon width, which is fundamental to the approach
used in the data analysis. A comparison between the his-
togram and the calculated DOS shows good agreement
with regard to the overall structure, but significant
differences with regard to the location of some of the
peaks. These differences reflect the inherent limitations
of analyzing data that are so significantly phonon
broadened, as explained above. It follows that the
valence band and phonon widths determined by our ap-
proach are much more reliable than the detailed struc-
ture of the histograms so obtained.

A histogram representation of the KI spectrum is
shown in Fig. 6. The band structure from Ref. 16 was
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shifted by —0.50 eV to optimize the agreement with the
experimental data. Note that the gap in the valence-band
DOS is reproduced in the analysis. The largest
discrepancy is at the top of the band, where the experi-
mental histogram extends to smaller energy by the width
of one bin.

The bandwidths determined from the histogram fits are
summarized in Table I. We have defined this width to be
the distance between midpoints of the outermost occu-
pied bins. The uncertainty in our quoted values is then
equal to the width of a single bin. Another source of un-
certainty is the potential failure to detect weak parts of
the DOS at the top and bottom of the band. For a given
cation, the measured valence-band widths are seen to in-
crease from chloride to bromide and iodide, clearly
reflecting the change in spin-orbit splittings, which are
0.109, 0.457, and 0.942 eV for the neutral Cl, Br, and I
atoms, respectively. !” The splittings in the optical spectra
at the corresponding I points are close to these values®™?
and the separation of the outermost peaks obtained with
the 8-function model show the corresponding increase
from chloride to bromide and iodide. Comparisons be-
tween experimental and theoretical widths encounter the
problem that some calculations for a given material differ
by as much as a factor of 5.3 In most cases, however, the
extreme values can be ignored, especially when they are
at variance with results of more recent work. In Table I
we show calculated bandwidths from representative
band-structure calculations. The agreement is generally
very good.

The experimental phonon widths shown in Table I are
taken from the fits using the histogram representation.
There is inevitably some ambiguity in these results, be-
cause a smaller phonon width can always be compensated
by occupying additional bins at the top and bottom of the
band. To avoid problems from this source, the number of
occupied bins was not allowed to increase during optimi-
zation of the fit. The results are compared with theoreti-
cal phonon widths for anion core levels calculated from
the parameters given by Mahan.'* Previous work!! has
shown excellent agreement between experimental phonon
widths of cation core levels and the corresponding widths
calculated from Ref. 14. In the present case, the experi-
mental phonon width of the anion valence states is only
~15% smaller than the width calculated for core levels,
indicating that the valence-band holes are quite localized.
This finding is similar to that obtained in a study of in-
trinsic plasmon excitations, !® whose intensities are com-
parable in both core and valence photoemission data
from simple metals.

IV. CONCLUSIONS

Photoemission valence-band spectra of the alkali
halides are shown to be very well represented by
phonon-broadened DOS histograms. These histograms,
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reflecting effective DOS’s because they are modified by
the transition probabilities, compare favorably with
band-structure calculations for the 12 alkali halides stud-
ied here. The phonon broadenings of the alkali-halide
valence bands are only ~15% smaller than the widths
calculated for anion core levels, indicating that the
valence-band holes are quite localized. Surface-anion
shifts, which are expected to be much smaller than the
phonon width, are not resolved.
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