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ABSTRACT
'High resolution x-ray photoemission spectra of the a%kali
haliaes, LiF, NaF, NaCl, NaBr, Nai, KF, KCl,:KBr, and KI are repérted.
The wvalence band spectra are:éompared witﬁ Erevgous spectra .of
GroupnIV, III;V,Aénd iI—VI'crysfals.( It is éhown that features of the
spéctralevolve syétgmaticallj‘in»proqéeding from tﬁe Group IV elements to the
|  ;I;VII crysfalé. -Analysis of this evolution leads £6 the interpretation of
the structure of the outermost haiogen p ‘band‘in the less ionic cases.as
> being dge to band ¢ffects rather than spin-ofbit splittipg. The éutermost

. core level binding energies are tabulated. Intrinsic and extrinsic satellite

structure associated with the core levels is discussed.
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I. INTRODUCTION

The élkaii‘halides have been the subject of intense research for many
years. Part of the reason for this is that the alkali halides almost comprise
a class of compounds by themselves. fThey are the prototype of the ionic insulator.
and as such may'ﬁe considered the simplest of binary crystals, being compésed
of positive and negative ions bound together by coulomb attraction. In this
paper, x-ray photoemission spectroscopy (XPS), is used to determine the valence-
- band gensities of states and core—level'binding energies for LiF, NaF, NaCl, |
NaBr, NaI, KF, KCi, KBr, and KI, all of which crystallize in the rock-salt
'.strﬁcture;-’Thé spectra of these salts show that, far ffom being anomalous
cases, the alkali halides demonstrate features in their valence-band densities
»of states which bear a qualitativé relatibn to features found in the spectra
" of II-VI é.-nd I1I-V compounds , and evén Group IV elements. Extrinsic loss
structure and photoemission satellite peaks in the spectra are also examined.

Experimental procedures are given in Sec. II. The valence band
structure and core-level energies are présented and discussed in Sec. III.

Loss structure is treated in Sec. IV,



-2~ ' . | LBL-1945
II. EXPERIMENTAL
The samples used for these experimeﬁts were all high-purity single
crystals. In order to minimize the contamination of the'samples by the adsorption.
of hydrocarbons and/or oxygen, the samples were cleaved in a glovelbag under a
' dry nitrogen atmosphere and placed in a Hewlett-Packard 5950A electron spectrometer
at pressures < 1.0 X 10—8 Torr without exposure to.the room atmosphere. They N

3 o
were then irradiated with monochromatized Al Ko radiation (1L86.6 eV) and the

1,2

ejected photoelectrons were energy-analyzed. The use of monochromatized X-rays
reduces the minimum peak full width at half maximum to.% 0.6 eV and éliminates
unwanted bremsstrahlung and x-ray satellite'lineé.

In addition to the valence-band regions and tﬁe specific core pesaks
of interest, spectra were tsken over a binding energy range of 0 - 1000 eV
in order to detéct core—levgl peaks from any impurities which might be
present. Experience hés shéwn that small amounts of impurities (notably
oxygen) can give rise to»ektraneous features in the valence-band region. The
only detectable impuriﬂiés were carbon and oxygen, and they were present in
sufficiently small amounts to preclude serious effects on the valence-band
spectra. |

The use of éleaved.singie crystals for these experiments is desirable
in itself, quite apart'from any question of contamination. It has been
demonstrated by Ley et gl., both for the Group IV elements Si and Gel and for
the Group V elements As, Sb, and Bi,2 that evaporated films can give quite
different results for thé valence-band density of states than will the cor- .
responding éingle crystals. This is hardly surprising because the density
of states must be sensitive to the local bonding of the atoms, which must
in turn be sensitive to the structure. While the alkaii halides are more
likely to form good crystals than are the aforementioned elements, we note

that the degree of imperfection that must be present in order to distort

the spectra significantly may be rather small.
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Energy conservation gives the photoemission equation

hm=E§+K+e¢sp+ew .

2

where K is the kinetic energy of the'photoelectron, ¢sp‘is the spectrometer

work function, EF

B is the binding energy of the photoelectron with respeét to

the Fermi energy, and § is the potential due to the cherging of the sample.
This final term in the equation, the charging shift, prevents the assignment
of absolute biﬁding energies from our spectra aione.

in order to deal with the ch&rging shift effecf, the following
referencing procedure was adopted. The top of the egperimental valence bands
weré determined by linear extrapolation of the segment of maximum negative
sl&pe to the background level. This point is taken heréafter as our

arbifrary zero of -energy.
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III. VALENCE BAND AND CORE LEVELS: RESULTS AND DISCUSSION

The spécﬁré thained for the valence-band regions are shown in Figs. 1-3.
Iﬁ light.gf.the‘weil—known ionic nature of these cryétals it is not surprising
“that the uppermoét valénce-band peaks strongly reéemble'cdreflevel peaks. : -
Indeed for many‘pufposes this uppermost valence band may be considered to |
be the'puré énioh p-level, Howevef, the valencé—band ?eaks of LiF, NaCi, NaBr,

Nal, KBr, and KI all show definite strucfure on the low-energy (high EB) side.
In this secfion We'show that this structure is similar to that fouﬁd in III-V
and’II-VI.binéry prystals, and that this and othervfeatures of the spectrum
evol&e regularly'ih proceeding from the covalent Group-IV elements to the ionic
'alkali_hélides, | |

_ In.ény biﬁary crystals of the form AN BS-N, the outermost principle shells
contain 8 eleétroﬁé per AB unit, which may 5e-thought of as occupying four
valence baﬁds;"Of course fhe extent to which these bands represent truly
delocalized states as opposed to core—like levels is determined by the potential
in eachjindividual case, With this in mind, let us examine the'evolution of the
valence‘bands in.proceéding from the[Groué;IV covalent prototypes to the
‘alkali halides.

In Fig. U thg'theoretical band structures calculated by Cochen 23_93.3_6
by the EPM méthod of Ge, GaAs, ZnSe, and NaCl are shown along with the valence
band XPS spec‘t;rza..7 Ge, GaAs, and ZnSevoccur‘ in the zincblende structure, for
" which these éalculations were done, The bands are in all cases grouped as would
be expected fromvatomic—structure‘considerations, in a group of three bands
nearesf the Fermi_level and a single band at lower energy. The lowest 1evel.
has in all cases Pl symmetry and may be characterized quite unequivocally as

an s-like level., The other three bands have F25 symmetry in the tetrahedral
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case and rlS in the octahedral NaCl lattice, It is therefore quite tempting
to classify these three bands as p-like., It is clear however that in the case
of Ge, where the s-like band (band 1) and the lowest p-like band (band 2), are

degenerate at the X point, this artificial categorization of the bands by

labels reflecting their supposed atomic parentage is misleading.

The similérity of bands 1 and 2 in the Group IV elements is demonstrated
by both expgrimental and theoretical results. Cavell ggig£.8 studied the
variation of the XPS cross sections écross the valence bands for
diamond, 8i, and Ge. These results éhowed that the XPS cross

section of the peaks corresponding to band 2 in each case followed quite closely

‘that of band 1, the s~like band, and was very different from that of bands 3 and

4, the p-like bands. Charge-density calculstions were also performed on each

? They showed that the charge

of the four bands of Ge by Walter and Cohen.
distributions of bands 1 and 2 are practically identical, and are very s-like,
Bands 3 and 4 were found to be very similar to each other also, and both very
p-like., By s-1like we mean that the charge density is concentrated on the atomic
sites, and by p-like we mean @hat the charge density is concentrated between

the atomic sites in bonding regions.

In,prqgressing along this series to GaAs, definite changes are apparent

-in both the photoemission spectrum and in the calculated band structure. The

primary diffgrenée in the photoemission spectrum is that the band 1 pesk has
split off somewhat from the peaks due to bands 2-4 and has moved to higher

binding energy. This is reflected as well in the band strﬁcture; i.e., the
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l dééénefaEYEofvbands 1 and é is lifted at thé'point X. On.the basis .of these

) Chapges, one would eipect that band 1 is becoming more s-like and band 2 more
p-like, The calculated charge densities bear out this expectation. Band 1

in GaAé is almost completely locélized on the As site énd is virtually
undistorted from spherical symmetry. Band 2 is less profoundly changed from
the caseiof Ge 5ut is definitely more p-like. These changes in the bands can
be readily understood in terms of é simple argument. Imagine a crystai composed

_of the ion cores As’’ and GaS'. The first electrons added to this lattice

5+

would fill band 1, concentrating around the As ion due to its higher charge.
This explains ﬁhe increased atomic character of band 1 in GaAs, as well as
the shift to higher binding energy due to the +5 as oppésed to +4 core charge.
Considering this (admittedly crude) model after the first band.is filled the

+ +
3 and As3 « Since the ionic potentials are

lattice consisﬁs roughly of Ga
now roughly equal fhe next three bands should roughly resemble those in Ge
wherevthe'potentials are rigorously equal. Qualitatively, this is indeed

the case.

In ZnSe the analogous changes are observed, with band 1 becoming almost
completely cére;like and band 2 showing a high degree of p character. It is
evident ﬁhét the effect of increasing the antisymmetric part of the potential is
to progressively unmix the s-p bands 1 and 2 into purer atomic-like states.

| In the alkali halides, the description in terms of a band structure

10,1 Band-structure theory operates within the

has come under questién.
confines of the Hartree~Fock (and usually in fact of the Hartree-Fock-Slater)
approximation, in which the motions of electrons of opposite spin are completely

uncorrelated. In this approximation every electron sees a truly periodic

potential. Blochfs theorem therefore holds for each one-electron state and
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the électronié_eigenfﬁnctions may be labeled by E. If correlation effects are
introduced, the symmetry of the Hamiltonian will be broken, which can result in the
mixing of states of different K such that highly correlated Wannier-like states become
the true eigenfunctions of the systeﬁ. These two possible descriptions of the
system may, of course, both describe the same real-space electron density
distribution in the crystal., For exampie,.in NaCl one wouid expect fo find
the'éight valence electrons per primitive cell near the Cl sites. This could
be described in the local-orbital picture by four localized orbitals on the Cl
site made up of linear combinations of a large number of Bloch states. 1In the
band scheme, the pefibdic part of each Bloch function ¢k(;) would have an equal

23 states thus formed would

amplitude on each él site in the lattice, and the v 10
each contribute the electron density of the given site. It has been suggestedll
that the local orbital (Heitler-London) description of the alkali halides could
be valid since ﬁhé totai calculated bandwidths, and thus the magnitude of the
energy gain by delocalization, are smaller in comparisonvwith the correlation
energy than in any other case, |

The implication of each of these models for the photoemission results
is clear. If the localized state description were valid the XPS
spectrum would be that of essentially atomic orbitals in a cubic crystal field.
Since p-orbitals are not split by a cubic field, the only structure in the alkali
hélide "valence bands" would bé due to spin-orbit splitting. If the band
.picﬁure were valid,.dispersion‘in the band structure could give rise to extré
structure ih the valence-band peaks. The band picture could still bé qualitativelyv

valid, however, without giving rise to structure in the photoemission spectrum,

provided that the bands are sufficiently flat.
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Figures 5 and 6 show expanded drawings of the outermost p bands of each of
the nine sealts studied in this wqu. In three of the salts (KF, KC1, NaF) there
is 6nly one fairly symmetrical peak nominally corresponding to bands 2-4 as
observed in the zincblende structure semiconductors. This indicates, Wﬁether_
the'Blodh state formalism is vﬁlid or not, that the p-bands retain a good
deal of their atomic character in the solid. Band-struéture calculations on
'KC1 by Fong and Cohen,6 Howland,12 and De Ciccol3.all predict the valence bands
to be v 1 eV wide. Allowing for the n 0.6 eV resolution of our spectrometer,
it would be unlikely that we would observe any significant structure in the

" valence-band peak, even if the Bloch state limit were rigorously correct.

In contrast to the above cases, the "valence bands" of LiF, NaCl,
NaBr, NaI, KBr, and KI show definite structure on the high binding energy
side. Since theéé‘levels in the solid arise from the outermost p-levels of
the halogens, one could conceivably attribute this structure to the spin-orbit
splitting of localized ionic states. We must reject this interpretation for

several reasons. In Table I we compare the atomic spin-orbit splittingslh of
the appropriate halogen levels with the splittings of the two features in the
alkgli-halide vaience.bands. In every case the separation of the features ih
the solid is largef than that predicted by spin-orbit splitting. In several
cases~-NaCl, NéBr, NaI, and especially LiF--the features are split much more
than could be accounted for by spin-orbit splitting alone. Also, the large
effect in the spectra of the change from Na+ to K+ in the chlorides argues
against the structure being due to localized chlorine .states.

A further strong argument in favor of a band picture is provided by

the systematics of the variation in the valence-band photoemission spectra and
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,theoretical‘band-structure calculations in progressing through the Periodicv
- Table. As we have already discussed, there is a systematic progression in the
' charactér‘éf'thé:photoemission spectfa in progressing from Group IV to III-V
'to.II-VI.cfysfals, In going on to the alkali halides, the crystal structure'is
changed;‘therefofe, in terms of group-theoretical symmetry designations, the
band Strucpureviévqgalitatively different. However, a'cbmparison of the
featureslin the photoemission spectra is still not unreaéonable° ~In the alkali
halides, the analog of "band 1" in germanium_is surely a bona fide core level,
as was the case-in ZnSe. In going from Ge to ZnSe the top two peaks merged as
bands 2-h came together to form a partially-resolved shoulder on the high-binding-
enéréy side of the valence;band peak, This shoulder arises mainly from band 2,
which projects dbwh farthest near thejL and X points in thé Brillouin zone in
all the band—strucfure calculations for both the rocksalt and the zincblende
éﬁructureé. |

While it isvdangerous to éompare different types‘of band-structure
calculéfions done on different crystals, band structures done by the same
method can’bé4compared without too great a risk of systematic errors. Fong
and_Cohené ha&e calculated the_band sfructures of NaCl and KCl by the
Eﬁpiricgl-Pseudbpotential Method. In our spectra NaCl shows distinct valence
baﬁdasﬁfuctﬁfe splitting while KC1 doés not. That this should indeed 5e the
case is at ieast-strongly indicéted by these calculations. The calculated
: bahd’structures are quite similar excépt for the fact that the valence band of
NaCl>is wider .and shows a branch of the p-bands forming a high density of
states regiqn.near L v 1.8 eV below the top of the valence bands. It is clear
from oﬁréprevious experience that such a feature in the band structure could

'giVe rise to Just such a feature in the photoemission spectrum as is observed.
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. Our results therefore indicate stronély_that, at least for the less
ionic of the alkali halides, a band-structure picture is valid. This agrees

15 regarding CsI. The

| with the conclusion reached by Di Stefano.and Spicer
agreemenﬁ is especially interesting since they made their conclusions on the
basis tha£ they saw evidence for direct transitions in their UV photoemission
spectra, and.also.because their higher resolution made the separation of
’band-structure and spin—orbit,coupling effects even easier and more complete,
Tabie IT lists binding energies of the outer coré levels in these salts;
both relative to the top of the valence bands. These values agree with the

16,17

lower-resolution results of Citrin and Thomas. Since those authors
discussed these binding energies thoroughly, we simply list our values without

further comment.
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IV. LOSS STRUCTURE AND SATELLITEFLINES

In.mahy photoemission spectra of solid samples, pgaks appear at energies
of roughly 5 - 50 eV below the primary photoemission peak. These can belof
two distinét.types: (1) intrinsic satellite lines due to additional final
states which may Be reached in the photoemission process, and (2) extrinsic
structure due to energy losses suffered by the photoelectron as it escapes the
crystal, Both 1ntrinsic end extrinsic losses may have multiple causes.
Extrinsic loss peaks may arise from the excitation of bulk or surface plasma
'oscillatiohs, the ionization of other atoms in the crystal, or the excitation
of'intefband transitions. The intrinsic structure may be due to final states
which,.a;thougﬁ they correspond to two—électron transitions, are mixed with
the configuratién giving rise to the main peak via configuration interaction.
Intrinsic satellite peasks may also arise from the induction of a monopole
tfansitioh during the photoemission process arriving at a final-state configuration
of higher energy than that corresponding to the main peak,-bﬁt which may be
unmixed with that configuration. Thése are commonly referred to as shake-up
proéesses.

Since the energy—lossvspectra of externally—producgd electron beams

passing through the alkali halides have been studied in detail,l8’19

it is
in principle a simple matter to distinguish between extrinsic and intrinsic
loss structﬁfe} At least for photéeléctrons with roughly the same kinetic
energy, the extrinsic loss structure should be identical for each peak; this
could be subtracted out and the intrinsic satellite lines would remain. An

examination of the experimental data,‘hcwever, show that the separation is

not nearly this simple.
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As a cése in point, let us consider NaCl. The loss structure from the
Na 2p, Na 2s, and Na 1s lines in each case consists of four peaks, the energies
of which are set-out in Table III along with the énergies of characteristic
enerqgy 1§sses determined by Best.18 ‘The agreement in the positions of the loss
'péakS'from each of the photoemission lines is excellent, despite the greater
,than lOOO_eV difference in the kinetic energy of the photoelectrons arising from
_the ﬁarls_énd Na .2s and 2p lines. VThe agreement with Best's data is also quite
good. vThesé aré thus extrinsic loss peaks, and one would therefore expect to
find them associafed with every peak in the photoemission épectrum. This is,
however, not the case. The loss structure of the Cl 2p and the Na 2s are
shown plotted together in Fig. 7. Despite the similarity in width of the two
main peaks, the loss structure arising from the Cl 2p's is grossly different
from that from the Na 2s. Instead of the weak 4 peék structure, there is one
strong peak with a huge tail. This tail, due to diffuse inelastic scattering
of the photoelectrons is over 10 times the height of the tail in the losses
from thé Na 2s. Of coufse since thé total intensity of the loss structure from
.the Cl 2p nérmalized to the photoemission peak intensity is v 5 times that
from the Na 2s, all the loss peaks for the Na 2s could have their analog
in the Cl 2p, being rendered unobservable by the more intense structure intrinsic
to the Cl 2p. The loss structure from the Cl 2s resembles that from the Cl 2p's
very closely. It is not shown as the carbon 1s peak'due to the presence of impurities
“,6n the surface éf’the crystal partially obscures the comparison. The presence
of this loss structure from the Cl 2s does seem, however, to preclude the pos-
sibility of the 2p loss struéture being due to an intense final~-state photoemission
satellite. This change in loss structure further cannot be due to the deterioration
of the crystal in the x-ray beam with time since the Cl 2s and 2p spectra were

taken after the Na 2s but before the Na ls.
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Another interesting feature.in the NaCl spectrum is a sharp fairly
intense peak located at 5.9 eV below the Cl 3s and 16.8 eV below the centroid
- of thevvalence béna. We have observed loss peaks in spectra from other crystals,
e.g. NaF, originafing.from the valence electron peak. However, in NaF this peak,
located at (Ep - 11.5) eV, where Ep is defined as the energy of the primary
(loss~-free) photoeﬁission peak, capsbe correlated with the energy loss peaks
observed by.Cr;euzberg19 andeest.l8 Best, in fact, giveé the value of 11.6 ev
for this peak, attributing it to an ionization process. It is difficult to accept
this peak in NaCl as a loss from the valence band for two reasons. First it
does not correspond to the energy of any loss peak, either in the work of
Creuzberg19 or ﬁes_tl8 or to any loss from any other line'in'our spectra. Secondly
it éppears to be too narrow to have arisen.from the valence band peak.

If this peak in the NaCl spectrum is a‘photoemission final state effect,
one would expect to find a similar feature in the KCl spectrum. Unfortunately, in
KC1 the peaks corresponding to:the K 2p and the Cl 3s overlap to such an extent that
the acéuratevassignment of the poéifions of either of these two levels is.impossible.
Nevérthelessva shoulder . is obSefved on the "K 2p side" of this feature which could
correspond to a satellite 5.9 eV down from the Cl 3s le&el. The interpretation of
this peak as a final state satellite is further reinforced by the observation of a
6 ev sateilite from the Cl 3s in fhe spectrum of LiCl by Wertheim and Rosencwaig,20
as well as in the soft x—réy'spectrum of Fischer and Bréun.?l Wertheim and.
'Rosencwaig pointed out that this energy range below the Cl 3s in KCl was obsquréd
’by the Ai Kq3,4 line from the K 3s level; however they madevno mentiqn of
obserQing this satellite in NaCl.

Another particularly interesting case is the lqss structure arising
from the K 3s level in KBr and KCl. Wertheim and Rosencwaig have attribufed

some of this loss structure to configuration interaction final state
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satellites. The loss structure from each of these crystais is plottedbin
Fig. 8. The vertical li;es give the positions of the 352 3puvhs and 352 3ph 3d con-
figurations in atomic potassium (III) given by Moore.ll’l To Whaﬁ éxtent the
satellite structure should reflect the position of the atomic levels is of
course a'ﬁoof“point. While, within the cores, the electron correlation and
hence the cohfiguration interaction in the gas phase and in the solid should
Be'nea:lyvidentical, the 3d and Us levels of potassium contribute to the
conduction bands in theAsolid and these bands show considerable dispersion.
In the atomﬁcAcase, the potassium 4s level lies lower in energy than the 3d level;
however band structure calculations indicate that whilé the s-like conduction
bands form thé lowest edge of the conduction bands there are regions in the
Brillouin zone where the d-like bands are lower. In the final state, howevef,
it is possible that the deeper local potential caused by‘the K++ ion would
serve td pull a delocalized state out of the conduction band to form a localized
state in a manner described by Friédgl.22 Previous work in this laboratory
has shown'that this model may be used to estimate extra—atomic relaxation
energies.23 If the model holds in this case the K++ ion, which
resembleé thé Sc_éore, would be more likely to form a
localized d-state thén a localized s~state. Thus the configuration 3s2 3p>l‘L 3d
would be more similar to the final state configuration in the solid than would
382 3p11L ks, The satellite corresponding to the 3s2 3pLL 3d.atomié state should
fall at the eneréy of the atomic level more than the satellite corresponding
tO_f}lfle'352v3pll 4s level; as appears to be the case.

| R"_e'ader2h has recently re—anal&zed the data of Wertheim and Rosencwaig

in light of recent optical data and calculations. Based on preliminary

calculatiphs:he suggests that the 3s2 3ph 3d configuration is much more strongly
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._ﬁixedfﬁitﬂ'the,ﬁs 3p6 state thah'ié 382 3p_h hé. This is at odds with our
'séectr@, which show tﬁo peaks of coﬁparable intensity. _This suggests that
perhéés the-€WQ>sa£ellite peaks correspond té two final states'of.mixed s and
d chérécter‘ﬁhich interact with th‘3S 3p6 configuration.

'vThéf@bove énalyéis,bf course presupposes,that the§e peaks cannot
"Beuéxpiéined in’term; of extriﬁsic loés processes. Uhfortunately it 'is not
ébﬁblefeiy'cléérvthat this is the case. Leder, Médiowitz, and Martin>’
'feported an eneréy_loss peak of 12.8 eV in KBr which was measured by Best18

19 gt 13.2 eV. This was ascribed by Best'C

bto be at 12,5 eV and by Creuzberg
vtb a valénce eléctfon plasma. The energies measured locate these featurés
in the vieinity of the "352 3pu Ls peak" and there is a similar situation
in ' KCl. The énly other set of energy losses we measured with reliable
statistical agcﬁraéy were from the Br 3d's and they located this loss peak
at v 14,1 eV. However in light of our results on NaCl, these losses cannot
~ be relied upon for comparison with the cation loss peaks. In KCl the losses
from the K 2p's,were‘measured and they indicated that there should be no
intérfering loss structure in the Cl satellite region. However, the
energies of the loss peaks from the K'2p's did not agree with the energies
‘of the bona fide loss peaks from the K 3s or with any of the electfon energy
loss data, so hefe, too, the situation must be regarded as éoméwhat unclear,
In reviewing the results on the loss structure, we can make the
foilowing,genefal observations. First, even "extrinsic" loss structure, i.e.
thétvnot due.to additional photoémiséion final states, 1s dependent in some
degree upon the atom frpm which the photoelectron.originatéd. For example,
we generally observed substantially higher diffuse inélastic scattering

from the halide beaks than from the alkali peaks., This sﬁggests that the
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collépse of passive orbitals around the hole during the photoemission process
enhances the probagbility of inelastically scattering the photoelectron. This
explains fhe relative intenéities Qf loss structure at least qualitatively
since the more polarizable helides should be expected to show more orbital
relaxatiop. The second point is that extreme care must be taken in comparing
the energies of photoemission satellite peaks with the energies of gas-phase
ionic levels..,Within the cores, electron-electron correlation should be
similar and thus the configurations should interact similarly. However,
when the relevant free ion levels correspond to conduction-band states

in the solid, the correlation effects are likely to be‘very different, and

agreement between the two cases should not be expected.
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Table I. Coﬁparison of atomic spin-orbit splitting of outermost halogen level
with splitting of observed features in valence bands of the alkali halides of

bThis work.

this study.
| Atomic . ' .
* Spin-orbit Lix° Nax’ K
.Splittinga‘
P 0.05 1.68 - -
e o4 0.1 1.13 —
Br - . 0.46 1.28 -
I s 0.9k '1.48 1.08
®Ref. 1k.
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Table II..'Bihding energies (eV) of the outer core levels of the sodium

and potassium halides.?

VB 2.06

F 2s 23.20

© Na2p :
Nav2s

[

VB 1.38
K 3p 13.01
F2s 22.24

K 3s 27.75

2477
57.46 -

NeBr

LiF
VB(1) 3.5k
vB(2) 5.22
F 2s 24.90
Ii 1s 50.77
NaCl
VB(1)  1.UT vB(1)
vB(2) 2.60 vB(2)
€l 3s 12.58 Br ks
Na 2p. 27.03 Na 2p
Na 28 59.77 Na 2s
- Br 3d
KC1
VB 1.87 VB
K 3p 14.07 - K 3p
K 3s 30.11 Br s
K 3s

Br 34

1.67
2.95

12.83

28.21
61.00
66.21

1.27
14.17
16.24
30.21
65.68

Nal

vB(1)
vB(2)

I 5s
Na 2p

I 4dg)p

I hd3/2
Na 2Z2s

VB(1)

vB(2)

I 5s
K 3p
K 3s
I Ad5/2
I hd3/2

1.67

3.15
11.21
29.29
47.68
49.35°
61.96

10.82
15.55
31.59

~h7.48

49.10

éEnergies are relative to the top of the valence band and are given to #0.1 ev.

/



Teble ITI. Loss structure observed in this work and /characte_ristic energy losses (CEL) reported by Best.?

LiF
Ii 1s 4.13, 15.0, 23.91, ~ 36.0
_F2s 2.95, 5.81, 8.46 s
CCEL 14.5, 17.0, 249, ¥3.2.. . -

NaF - maCl ; " NaBr o Nal
F 2p 11.5 Na 2p 9.k, 12.4, 15.L, 21.6 Br 33 1k4.7, 19.8 | Na 2s 12.h4
CEL 11.6 Na 25 9.5, 12.7, 15.5, 20.8 Br bs 15.1 I lp 14.7, v 30
: c1 2p 18.6 | Na 1s 8.64, 13.7 - Ihs 12
€l 2s 10.0, 15.3 . | CEL 7.6, 13.9, 20.8 - I3p, N 12.6
Na 1s 9.4, 12.6, 15.3, 21.4 _ . Na 2s 12.6
CEL 8.7, 12.7, 15.5, 22.2 ' I 5p 12.8 | ,
' CEL 12.3, 17.8, 25.9, 33.1
KF | ka0 KBr KT ) \
i : . : N
K 2s 11.k4, 28.5 K 3s 10.6, 13.4, 1k.8, 22.7 K 3s 10.1, 12.8, 14.9 . K 2s 10.h »
K 2p 11.3, 28.9 K3pnvil Br 3d 9.7, 1.1, v 27 _' CEL 8.0, 11.2°
Fls 7.4, 11.7, " 28 K ap 8.1, 11.39, 25.9 ' CEL 9.2, 12.5, 18.2, . : N .
" CEL 10.1, 12.k4, 17.1, - c1 op 17.1, 26.5 . | 22.0, 25.4, 28.0
22.5, 26.9, 31.0 CEL 10.2, 13.8, 19.6, 23.0,
26.4
®Ref. 18.
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FIGURE CAPTIONS‘

Fig. 1. X—r§y photoemissioﬁ sgectfum of the valeﬁce band*fegion of LiF.

Fig. 2. X-ray photoemission -spectra of the . valence band region of the sodium
halides. . | : |

Fig. 3. X-ray photoemission speétra of the vaience band fegion of thé'potassium
halides. l

Fig..h;\ X%réy’photoemission épectra-ana,band structures of Ge, GaAs, ZnSe,
xand NaCl.'iThe.upﬁer row shows the uncorrécted expefimental spectra. The

v

“« lower rpwvshows the corresponding band structure of EPM calculations of
| 'Refé. 3-6.

Fig. 5. The outermost p band of LiF.

' Fig. 6..’Thé OuﬁermOSt' P 'bénd of the sodium and potassium halides.

Fig.v7, .The loss structure of the ¢l 2p and Na és leﬁels of NaCl.

”Fig. 8. Théalqss structure of the K 3s levels of KB? and KCi. Vertical lines.

denote positions of atomic states, as described in text.
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This report was prepared as an account of work sponsored by the
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