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Core excitons in NaK photoabsorption of NaF: Resonant Auger spectroscopy
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The nature of Na 1s photoabsorption in NaF is investigated by using the resonant Auger decay of Na 1s core
excitations. The appearance of peaks in the Auger spectra, when the energy of excitation coincides with the
photoabsorption thresholds, shows that, despite the absence of pronounced structures in photoabsorption spec-
tra, core excitons are created in the threshold region of the Na 1s x-ray-absorption spectrum. The core exciton
excited at a photon energy of 1076.8 eV originates from 1s213p states similarly to the atoms of Ne and Na.
The role of the dipole-forbidden transitions to the 1s213s and 1s213d states in the formation of the double
structure at 1073.7 and 1074.7 eV is discussed.
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I. INTRODUCTION

High-resolution inner-shell photoabsorption spectra p
vide a rich source of information about the electronic str
ture and chemical bonding of compounds. If an x-ray pho
is absorbed in a solid, a core electron is excited to an em
conduction state, or to an empty state below the ioniza
threshold. In the latter case an electron–core-hole bo
state, a core exciton, is formed which manifests itself as p
nounced structures in the pre-edge region of the x-r
absorption~XAS! spectrum. However, in many cases t
electron–core-hole interaction is so strong that in a w
energy region the XAS is almost entirely excitonic in natu
In particular, this is the case of XAS of alkali cations
alkali halides, where the electron–core-hole interaction
overwhelmingly large since the core hole in the alkali ion
not effectively screened by the valence-electron cloud wh
lies almost completely on the halogen ions.1 Recently
electron–core-hole interactions were explicitly included in
theoretical calculations of XAS by Shirley2 and Buczko
et al.3 They have shown that the inclusion of the electro
hole interaction dramatically affects the XAS results, a
essentially improves the agreement with the experiment
insulators and semiconductors.

The development of synchrotron radiation technology
provided a powerful tool to study the properties of core e
citations through their decay products.4–6 The decays of
these autoionizing states are dominated by resonant A
transitions which involve inner-shell electrons, with the res
nantly excited electron remaining in its orbital as a ‘‘spec
tor.’’ Since a localized excited electron screens the final-s
core holes, the kinetic energy of the resulting Auger electr
is higher than in the case of the decay of an ionized stat

Due to its simple, neonlike electronic structu
(1s22s22p6), sodium 1s photoabsorption in sodium halide
is a widely investigated test system. In the spectra of m
sodium halides there is the sharp peak below the ph
ionization threshold, showing the existence of core excit
in the pre-edge region. An exception to this is NaF, wh
the first main absorption feature of the Na 1s XAS is a
0163-1829/2001/64~23!/235120~6!/$20.00 64 2351
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rather broad maximum, the origin of which appears to
ambiguous.

The aim of this paper is to study experimentally the ro
of electron–core-hole bound states in the Na 1s XAS of
NaF. We present a set of resonant NaKLL Auger spectra in
the vicinity of the Na 1s edge in NaF. These spectra exhib
spectator resonant Auger structures at photon energie
1073.7, 1074.7, and 1076.8 eV. This shows that the c
excitons are created at these photon energies, despite
absence of pronounced structures in the threshold regio
the Na 1s XAS.

II. EXPERIMENT

The experiments were carried out at the beamline D1
at the MAX-II storage ring in MAX-Lab~Lund University,
Sweden!. The beamline is equipped with a Zeiss SX 7
plane grating monochromator and a Scienta SES-200 he
spherical electron energy analyzer. The monochromator r
lution was about 0.6 eV~corresponding to 6-mm slits at the
Na K edge! and the electron energy resolution was 0.3
0.15 eV~using 300- and 150-eV pass energies, respective!.
The sample specimens of a thin film~about 10-nm thickness!
were deposited on a stainless-steel substrate by a vac
evaporation technique. This thickness would be enough
effectively avoid the influence of charging on the electr
spectra. Pressures during evaporation did not exceed 127

mbar. Samples with fresh surfaces were transportedin situ to
an experimental chamber with a base pressure of 10210

mbar.
The electron spectra are presented on an energy s

where the zero binding energy corresponds to the bottom
the conduction band. The energy scale was established
measuring the photoemission binding energies with resp
to the top of the valence band, and by subsequently add
the optical band-gap energy of NaF@11.6 eV~Ref. 7!#. The
binding energies of the photoelectron lines, obtained in t
work, are listed in Table I.
©2001 The American Physical Society20-1
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III. RESULTS AND DISCUSSION

A. Photoabsorption

The Na 1s XAS is presented in Fig. 1. The spectrum w
obtained by measuring the total photocurrent through
sample. The main features of the photocurrent spectrum
Fig. 1 are in accordance with the earlier experimental inv
tigations of the Na 1s photoabsorption via the optical densi
spectrum,8 the electron yield spectrum,9 and the partial elec-
tron yield spectrum of the Auger electrons10 of NaF. Note
that in previous x-ray-absorption experiments a shoul
structure was observed for the Na 1s threshold, but the
double-band structure was unresolved.9 For the calculation
of the Na 1s photoabsorption, mainly a multiple-scatterin
approach was used,8–10 but the best agreement between t
experimental and the calculated XAS of NaF was achie
by Shirley et al.,11 who used a band-structure-based a
proach, including electron–core-hole interactions. This c
firms that despite the absence of sharp peaks in the thres
region of the absorption spectrum, the excitonic effects p
an important role in the Na 1s photoabsorption of NaF.

At first glance, it seems that the main features in the p
toabsorption spectrum are located above the ionization l

TABLE I. Binding energies of the energy levels of NaF relati
to the bottom of the conduction band.

Level Binding energy, eV

Top of VB 11.6
VB ~F 2p) 13.1
F 2s 33.6
Na 2p 35.8
Na 2s 68.5
F 1s 689.6
Na 1s 1076.7

FIG. 1. NaK photoabsorption in NaF.
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of the 1s level, 1076.7 eV. This estimate is obtained by ad
ing the band-gap energy to the energy difference between
Na 1s core level and the top of the valence band~also see
Sec. II and Table I!. This procedure was originally suggeste
by Pantelides.1 However, it uses data obtained from optic
measurements. It is clear that the effect of the Na 1s core
hole on the conduction band is different from that on the h
in the valence band and, consequently, the use of the opt
band-gap value decreases the reliability of the results
tained by this procedure. Thus the exact position of the i
ization limit of the 1s level remains uncertain, and th
existence of bound states above 1076.7 eV cannot bea priori
excluded. Therefore, the photon energy region around
threshold energy is the most probable area where elect
core–hole bound states may be observed in a resonant A
experiment.

B. Resonant Auger spectra

For an overview, Fig. 2~a! shows the energy distribution
curves~EDC’s! recorded at different photon energies arou
the Na 1s absorption edge~shown in the inset!. The origin of
different peaks is indicated. The uppermost curve in Fig. 2~a!
shows the so-called ‘‘normal Auger’’ spectrum, excited
1200-eV photons, i.e., the excitation energy is far above
core-level threshold. The normal Auger spectrum exhib
three well-separated groups of peaks, which is typical
KLL Auger spectra. In more detail, there is aKL1L1(1S)
band at 917 eV,KL1L23(

1P) andKL1L23(
3P) bands at about

946 and 958 eV, respectively, and aKL23L23(
1D) main line

at 985 eV together with aKL23L23(
1S) shoulder at its low-

kinetic-energy side. The spectra displayed in Fig. 2~a! were
measured with the electron energy resolution of 150 m
This set of curves shows, comparatively well, the princip
KL23L23(

1D) peak; however, there is no sufficient statisti
concerning weaker details in the prethreshold spectra. Th
fore, to show the weak prethreshold spectra in detail,
Fig. 2~b! we present the EDC’s of NaF obtained by setti
the energy resolution of the electron spectrometer to
meV. The electron spectra in Fig. 2~b! are displayed on a
binding-energy scale, and the Na 2s photoelectron line is
well seen due to its constant binding energy. On the kine
energy scale@Fig. 2~a!#, this photoelectron line shifts to
higher kinetic energies in proportion to the increasing pho
energy, its intensity remaining constant within experimen
uncertainties.

Figure 3 shows the photon energy dependence of the
tegrated intensities of the selected Auger peaks. These in
sities have been obtained by a curve-fitting from the spe
presented in Figs. 3~a! and 3~b!. Note that the photon energ
dependence of the intensity of the mainKL23L23 Auger peak
@Fig. 3~c!# is similar to the photoabsorption spectrum@Fig.
3~d!#.

One can see in Figs. 2~a! and 2~b!, that, with increase of
the photon energy, in the electron spectrum there appea
new peak@denoted bya in Fig. 2~a!#. Its energy position is
slightly higher than the energy of the mainKL23L23(

1D)
Auger peak. This satellite shifts to higher kinetic energ
with the increase of the photon energy@see Fig 2~a!#, while
0-2
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FIG. 2. Resonant Auger spectra of NaF at the Na 1s photo-
absorption edge. Panel~a! gives an overview of the spectra, me
sured by using a 150-eV pass energy. Panel~b! shows the spectra in
the prethreshold region, measured by using a 300-eV pass en
In the insets the photoabsorption spectrum is shown, the num
marking the photon energies used to measure the resonant A
spectra. The final states of the corresponding spectral structure
labeled in the figure.
23512
its binding energy is constant@see Fig. 2~b!#. Such satellites,
at higher energies than the normal Auger peaks, typic
reflect the screening of the Auger final state by the exci
spectator electron.4 Peaka is the strongest in curve 3 in Fig
2~b!, decreases in curve 4, and increases again in curve 5
higher photon energies this peak gradually loses inten
and is overlapped by the tail of the very strongKL23L23(

1D)
peak. The photon-energy dependence of the integrated in
sity of peaka is presented in the upper panel of Fig. 3~a!, and
it confirms that its intensity has two maxima peaked
1073.7 and 1074.7 eV, i.e., at the energy positions of
weak pre-edge features@Fig. 3~d!#. Note that a similar, but
very weak, satellite structure can be observed also
KL1L23(

1P) and (3P) Auger peaks@in Fig. 2~a!#. From the
presence of such spectator structures, the kinetic energ
which is slightly higher than the kinetic energy of the norm
Auger transition and whose binding energy is constant,
conclude that in this pre-edge region the photoabsorp
ends up in a well-localized core-hole–excited-electron bou
state. Below we call this excitonA.

With the increase of the photon energy, another sate
@denotedb in Fig. 2~a!# appears on the high-energy side
the main Auger peaks. This can be seen in spectra 4–
Fig. 2~a! and spectra 7–11 in Fig. 2~b!. As in the case of
exciton A, this additional high-energy structure in the ele
tron spectra has a constant binding energy, and it exists in
Auger groups. The photon energy dependence of the in
sity of satellite lineb @given in Fig. 3~b!# shows that this
satellite feature peaks at the photon energy 1076.8 eV,

gy.
rs

ger
are

FIG. 3. The excitation energy dependence of peak intensitie
the Na 1s resonant Auger spectra. Panel~a! shows the integral
intensity of the peaka from Fig. 2, the panel~b! peakb, and panel
~c! displays the intensity of theKL23L23(

1D) final state. The lower
panel~d! shows the photoabsorption spectrum~recorded in a total
photocurrent mode!.
0-3
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before the photoabsorption has reached its maximum va
This energy is very close to the binding energy value of
1s photoelectrons: 1076.7 eV. Thus we can state that in
the comparatively broad first photoabsorption maxim
~peaked at 1078 eV! there is an energy region where th
localized bound state is created. Below we will call this e
citon B. A substantial difference between the two excit
states, excitonsA andB, is that excitonsA are created at the
photon energies, which are about 2 and 3 eV lower than
binding energy of Na 1s photoelectron, while excitonB is
created at energies where the ionization of the 1s level be-
comes possible.

Note that the spectator shift relative to the main Aug
peaks in the case of excitonA ~approximately 4 eV! is larger
than that of excitonB ~approximately by 3 eV!, which
implies a more delocalized nature of core excitonB.

Figure 2~a! shows the appearance of a weak satel
structure, labeleds, accompanying the mainKL23L23(

1D)
Auger band in the photoemission spectra. The energy dif
ence between the main Auger band and thes band~about 11
eV! is close to the energy of the valence exciton@10.6 eV
~Ref. 12!#. Two different reasons can be responsible for
creation of the observed feature. Peaks can be attributed to
shake-modified Auger transitions. That is, the Auger de
process of the Na 1s level may be accompanied by a sim
taneous excitation of the ligand valence electron to an un
cupied orbital, i.e., by an extra atomic shake-up excitati
This interatomic coexcitation process, however, would
highly improbable in ionic NaF, because the sodium a
fluorine atoms are weakly overlapped. In our opinion, it
more probable that peaks is due to the inelastic scattering o
the Auger electrons inside the crystal. This interpretation
supported by the observation of a satellite structure at 1
eV ~Ref. 13! in the energy-loss spectra of NaF, which h
been ascribed to the creation of a valence-band exciton.

C. Origin of bound states

In atomic sodium the main peak in the 1s XAS is as-
cribed to the transition from 1s core level to the unoccupie
states of Na 3p character.14 In contrast to atomic sodium
which has a ground-state electronic configuration
1s22s22p63s, sodium in highly ionic Na halides has an ele
tronic configuration isoelectronic to the atomic N
(1s22s22p6). The presence of an additional (3s) electron in
the case of an atomic Na causes a variation in the multi
structure in the 1s XAS, in comparison with the structure o
the spectra of the Na1 ion. Therefore, in order to understan
the photoabsorption of Na in its halides, the Na 1s XAS
should be compared with the corresponding spectrum of
which is isoelectronic with Na1. In the case of a gaseous N
1s→3p electric dipole transitions dominate, and thes
→np Rydberg series is followed up ton56.15 The photoab-
sorption spectrum of a solid neon closely resembles that
gaseous Ne.16 By analogy, we infer that 1s→np transitions
play an important role in the Na 1s photoabsorption in NaF
and suggest that excitonB results from a sequence of trans
tions 1s→3p, while a broad maximum at 1078 eV contain
contributions from this transition and also from other me
23512
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bers of thenp series. Then the photoabsorption and the
cay process for excitonB can be written as the sequenc
1s2→1s13p→1s22p43p.

The decay of a bound excited state leads to rather p
spectator electronic states. In contrast, the Auger transit
of the excitonB state contain significant contributions from
the normal Auger spectrum@see Figs. 2 and 3~c!#, thus indi-
cating a substantially delocalized or quasibound characte
exciton B. The evidence of quasibound states in solids w
ascribed to an effective potential barrier which hinders
escape of a photoelectron.17 Then the normal Auger structur
in electronic decay spectra of the intermediate excitonic s
B appears because of the tunneling of the excited elec
through the barrier separating the potential well localiz
around the atom. Thus, the quasibound character of exc
B leads to two types of structures in the electron spec
showing a constant kinetic energy~normal Auger-like behav-
ior! and a constant binding energy~resonant Raman behav
ior!. The ratio of the intensities of the normal and the sp
tator Auger channels is directly related to the tunneli
probability through the potential barrier.

The interpretation of the results presented so far sugg
a localized 3p origin of the intermediate excitonic state (B).
This interpretation is based on the existence of spectator
ger features in decay spectra. An alternative explanation
the creation of the spectator states in the Auger process
be given by considering the recapture of the free photoe
tron through the post-collisional interaction~PCI!. For atoms
this effect was observed in the yield of Ar1 ions following
2p photoionization just above the threshold,18 and was also
explained by a quantum-mechanical theory.19 This alterna-
tive point of view requires no assumption concerning t
localization of the intermediate photoexcited state. In light
this interpretation, right above the 1s2→1s«p ionization
limit, the outgoing photoelectron can be recaptured into
bound state~shake-down! by PCI with a fast Auger electron
Such a decay process would lead to the same final io
states which should follow the spectator Auger transitio
The intensity of PCI-assisted spectator transitions is sens
to the width of the initial 1s core hole, and should strongl
depend on the slope of the absorption edge, on the rela
positions of the photoionization threshold, and on the ris
edge. Further theoretical work is clearly required to estab
whether intermediate excitonic stateB is quasibound or
bandlike.

The situation is also quite complicated in the case of
pre-edge double peakA at 1073.7 and 1074.7 eV. When ex
citon B is interpreted as the transition 1s→3p, it will be
natural to consider that bandA corresponds to the transitio
1s→3s. This is because the Ne-like sodium in the high
ionic NaF has a lower-lying empty 3s level. The energy
position of the 3s level in the Na 1s XAS can be estimated
as the sum of the energy separation between the Na 2p and
1s levels, 1040.9 eV~see Table I!, and the 2p→3s transition
energy, 33.13 eV.20 This estimation leads to an energy valu
of the 3s level of about 1074 eV, which is close to the ener
of the first maximum, 1073.7 eV, of bandA.

The optical transition 1s→3s is parity forbidden in a free
ion, and is thus not observable in the absorption spectrum
0-4
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the atomic neon and sodium. Nevertheless, a weak pre-
feature similar to the ones observed in NaF was also foun
the XAS of a molecular NaF, in clusters of NaF,21 and in
clusters of Ne.22 The violation of the selection rules wa
explained by a disruption of symmetry due to an inhomo
neous neighborhood, which introduces a hybridization
tween the wave functions of 3s and 3p states, and makes
1s→3s transition possible.21

A pre-threshold peak was also observed in the Na 1s XAS
of NaCl ~Ref. 23! at a photon energy of 2 eV below the ma
photoabsorption maximum. In this case it was suggested
the deformation of the crystal lattice by the assistance
phonons disrupts the symmetry, and therefore makess
→3s transitions possible. This interpretation was suppor
by the observation of the temperature dependence of
shoulder. One may consider that thermal vibrations, a p
sible statistical disorder, defects, and local distortions
also responsible for the transitions 1s→3s in NaF. Never-
theless, since the x-ray absorption as well as the electr
decay are fast processes compared to lattice vibrations
absorbing atom preserves its specific, frozen position du
these processes. The symmetry of the absorbing atom
each x-ray-absorption event is different, thus making thep-s
hybridization and the 1s→3s transition possible.

So far, the splitting of the excitonic structureA remains
unexplained. The constant binding energy of decay prod
~peaka) shows that both peaks have the same Auger fin
ionic states or energetically close spectator Auger final io
states. It is difficult to ascribe this splitting to a multipl
splitting of the final 1s3s configuration, because the magn
tude of the observed splitting~about 1 eV! is about four
times larger than our calculated value~0.21 eV! in the
Hartree-Fock approximation for the energy difference
tween the3S1 and 1S0 levels. Nevertheless, it is possible,
principle, to ascribe this double-peak structure wholly or p
tially to the states of 3d origin. In the analysis of the Na 2p
photoabsorption,17 it was shown that the hole-electron an
crystal-field interaction lower the 3d-derived states so tha
they are below the 3p level. This allows us to assume th
3d states may be at least partially responsible for excitonA.
Then the double-peak structure in the intensity curve in F
3~a! can be understood as the splitting of the 3d states in the
crystal field. Further theoretical and experimental work
needed to identify the origin of excitonA.
de
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The investigation of the FKLL resonant Auger spectr
at the F 1s photoabsorption edge has shown the existe
of two excited states in LiF, NaF, and KF,6 and has been
ascribed to 1s→3p and 1s→4p transitions. The excitonic
contributions at the Na 1s photoabsorption edge of Na
cannot be interpreted in this way. First, because of ene
considerations, these transitions must be identified ass
→3s and 1s→3p, respectively. Second, the intensity rat
of theA andB excitons in NaF, evaluated from the integrat
area under the Auger spectator structures~about 1:20!,
strongly differs from the intensity ratio of 1s→3p and 1s
→4p transitions in the atomic and solid Ne~about 5:1!.
Moreover, we believe that our present interpretation of
KLL resonant Auger spectra at the Na 1s photoabsorption
edge calls for a reinterpretation of theKLL resonant Auger
spectra at the F 1s edge.

IV. CONCLUSIONS

In this paper, by using synchrotron radiation, we pres
results of resonant photoemission measurements of
across the Na 1s photoabsorption threshold. The spect
have been found to exhibit spectator resonant Auger spe
tor structures at photon energies of 1073.7, 1074.7
1076.8 eV. The resonant Auger spectra show that, despite
absence of pronounced structures in the pre-edge regio
the Na 1s XAS, core-excited localized states are created
these photon energies. Comparisons with the photoabs
tion of the atomic Na and Ne have allowed us to conclu
that the exciton at 1076.8 eV originates from the 1s213p
states of Na. The possible role of the 1s213s and 1s213d
states as a cause of excitons at 1073.7 and 1074.7 e
discussed.
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T. Kendelewicz, A. Ma¨ntykenttä, K. E. Miyano, S. Southworth,
and B. Crasemann, Phys. Rev. A50, 1359~1994!.

6H. Aksela, E. Kukk, S. Aksela A. Kikas, E. No˜mmiste, A. Aus-
s,

-

mees, and M. Elango, Phys. Rev. B49, 3116~1994!.
7R. T. Poole, J. G. Jenkin, J. Liesegang, and R. C. G. Leckey, P

Rev. B11, 5179~1975!.
8T. Fujikawa, T. Okazawa, K. Yamasaki, J.-C. Tang, T. Murata,

Matsukawa, and S. Naoe, J. Phys. Soc. Jpn.58, 2952~1989!; T.
Murata, T. Matsukawa, and S. Naoe, Physica B158, 610~1989!.

9S. Nakai, M. Ohashi, T. Mitsuishi, H. Maezawa, H. Oizumi, a
T. Fujikawa, J. Phys. Soc. Jpn.55, 2436~1986!.

10E. Hudson, E. Moler, Y. Zheng, S. Kellar, P. Heimann, Z. Hu
sain, and D. A. Shirley, Phys. Rev. B49, 3701~1994!.

11E. L. Shirley, J. A. Carlisle, S. R. Blankenship, R. N. Smith, L.
0-5



al
rd

nd

e,

, J

nd

s.

.
sc.
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