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Core excitons in NaK photoabsorption of NaF: Resonant Auger spectroscopy
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The nature of Na & photoabsorption in NaF is investigated by using the resonant Auger decay af ¢bmel
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 thedNaray-absorption spectrum. The core exciton
excited at a photon energy of 1076.8 eV originates frssn*Bp states similarly to the atoms of Ne and Na.

The role of the dipole-forbidden transitions to the 13s and 1s~13d states in the formation of the double
structure at 1073.7 and 1074.7 eV is discussed.
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I. INTRODUCTION rather broad maximum, the origin of which appears to be
ambiguous.

High-resolution inner-shell photoabsorption spectra pro- The aim of this paper is to study experimentally the role
vide a rich source of information about the electronic struc-of electron—core-hole bound states in the N& XAS of
ture and chemical bonding of compounds. If an x-ray photorNaF. We present a set of resonant KlaL Auger spectra in
is absorbed in a solid, a core electron is excited to an emptghe vicinity of the Na & edge in NaF. These spectra exhibit
conduction state, or to an empty state below the ionizatiogpectator resonant Auger structures at photon energies of
threshold. In the latter case an electron—core-hole bound0p73.7, 1074.7, and 1076.8 eV. This shows that the core
state, a core exciton, is formed which manifests itself as proexcitons are created at these photon energies, despite the

nounced structures in the pre-edge region of the x-rayahsence of pronounced structures in the threshold region of
absorption(XAS) spectrum. However, in many cases theiye Na s XAS.

electron—core-hole interaction is so strong that in a wide
energy region the XAS is almost entirely excitonic in nature.
In particular, this is the case of XAS of alkali cations in
alkali halides, where the electron—core-hole interaction is
overwhelmingly large since the core hole in the alkali ion is  The experiments were carried out at the beamline D1011
not effectively screened by the valence-electron cloud whichyt the MAX-II storage ring in MAX-Lab(Lund University,

lies almost completely on the halogen idnRRecently  Sweden The beamline is equipped with a Zeiss SX 700
electron—core-hole interactions were explicitly included intopjane grating monochromator and a Scienta SES-200 hemi-
theoretical calculations of XAS by Shirlgyand Buczko spherical electron energy analyzer. The monochromator reso-

et al3 They have shown that the inclusion of the electron-| ;+ion was about 0.6 eVcorresponding to Gsm slits at the
hole interaction dramatically affects the XAS results, andNa K edgé and thé electron energy resolution was 0.3 or

essentially improves the agreement with the experiment f°6.15 eV(using 300- and 150-eV pass energies, respectively

insulators and semiconductors. . o .
The development of synchrotron radiation technology haérhe sample specimens of a thin filabout 10-nm thickness

provided a powerful tool to study the properties of core ey vere deposited on a stainless-steel substrate by a vacuum

citations through their decay produét® The decays of evapc_)ration tephniqug. This thickness \_/vould be enough to
these autoionizing states are dominated by resonant Augéffectively avoid the influence of charging on the electron
transitions which involve inner-shell electrons, with the reso-SPectra. Pressures during evaporation did not_exgeea 10
nantly excited electron remaining in its orbital as a “specta-mbar. Samples with fresh surfaces were transparteitu to
tor.” Since a localized excited electron screens the final-stat@" experimental chamber with a base pressure of'10
core holes, the kinetic energy of the resulting Auger electrongnbar.
is higher than in the case of the decay of an ionized state. ~ The electron spectra are presented on an energy scale
Due to its simple, neonlike electronic structure where the zero binding energy corresponds to the bottom of
(1s%2s°2p®), sodium I photoabsorption in sodium halides the conduction band. The energy scale was established by
is a widely investigated test system. In the spectra of mosteasuring the photoemission binding energies with respect
sodium halides there is the sharp peak below the photao the top of the valence band, and by subsequently adding
ionization threshold, showing the existence of core excitonshe optical band-gap energy of N&EL.6 eV (Ref. 79)]. The
in the pre-edge region. An exception to this is NaF, wherebinding energies of the photoelectron lines, obtained in this
the first main absorption feature of the N& XAS is a  work, are listed in Table I.

Il. EXPERIMENT
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TABLE I. Binding energies of the energy levels of NaF relative of the 1s level, 1076.7 eV. This estimate is obtained by add-

to the bottom of the conduction band. ing the band-gap energy to the energy difference between the
— Na 1s core level and the top of the valence bafadso see
Level Binding energy, eV Sec. Il and Table)l This procedure was originally suggested
Top of VB 11.6 by Pantelides.However, it uses data obtained from optical
VB (F 2p) 13.1 measurements. It is clear that the effect of the Nactre
E 25 33.6 hole on the conduction band is different from that on the hole
' in the valence band and, consequently, the use of the optical-
Na 2p 35.8 e
Na. 2 68.5 band-gap value decreases the reliability of the results ob-
1 689‘ 5 tained by this procedure. Thus the exact position of the ion-
S X ization limit of the 1s level remains uncertain, and the
Na 1s 1076.7

existence of bound states above 1076.7 eV cannatf@ri
excluded. Therefore, the photon energy region around this
threshold energy is the most probable area where electron-
lll. RESULTS AND DISCUSSION core—hole bound states may be observed in a resonant Auger

A. Photoabsorption experiment.

The Na Is XAS is presented in Fig. 1. The spectrum was
obtained by measuring the total photocurrent through the B. Resonant Auger spectra
sample. The main features of the photocurrent spectrum in
Fig. 1 are in accordance with the earlier experimental inves-
tigations of the Na & photoabsorption via the optical density
spectrunt the electron yield spectruthand the partial elec-
tron yield spectrum of the Auger electrdfsf NaF. Note
that in previous x-ray-absorption experiments a shoulde
structure was observed for the Na threshold, but the
double-band structure was unresolVeBlor the calculation
of the Na Is photoabsorption, mainly a multiple-scattering
approach was usédl®but the best agreement between the
experimental and the calculated XAS of NaF was achieve
by Shirley et al.}* who used a band-structure-based ap-

proach, |nclud|ng electron—core-hole interactions. This con
firms that despite the absence of sharp peaks in the threshdfinetic-energy side. The spectra displayed in Fig) vere
measured with the electron energy resolution of 150 meV.

region of the absorption spectrum, the excitonic effects playl_hls set of curves shows, comparatively well, the principal

an important role in the Naslphotoabsorption of NaF.
At first glance, it seems that the main features in the phoKL23L23( D) peak; however, there is no sufficient statistics
toabsorption spectrum are located above the ionization limi oncerning weaker details in the prethreshold spectra There
ore, to show the weak prethreshold spectra in detail, in
30 Fig. 2(b) we present the EDC'’s of NaF obtained by setting
' """'4‘"""""""""' T the energy resolution of the electron spectrometer to 300
“ T meV. The electron spectra in Fig(l are displayed on a

For an overview, Fig. @) shows the energy distribution
curves(EDC'’s) recorded at different photon energies around
the Na Is absorption edgéshown in the inset The origin of
different peaks is indicated. The uppermost curve in Hg). 2
§hows the so-called “normal Auger” spectrum, excited by
1200-eV photons, i.e., the excitation energy is far above the
core-level threshold. The normal Auger spectrum exhibits
three well-separated groups of peaks, which is typical of
KLL Auger spectra. In more detail, there iskd_;L,(*S)

and at 917 e\KL ;L ,5(*P) andKL,L,5(3P) bands at about
46 and 958 eV, respectively, and<a23L23(1D) main line

at 985 eV together with &L 55l ,5(S) shoulder at its low-

] binding-energy scale, and the Na& photoelectron line is
B i f' well seen due to its constant binding energy. On the kinetic-
;’ 7 energy scalgFig. 2@)], this photoelectron line shifts to
‘A higher kinetic energies in proportion to the increasing photon
|3 B energy, its intensity remaining constant within experimental
‘ ‘ ' - o] uncertainties.
20 | i 1072 1074 1076- Figure 3 shows the photon energy dependence of the in-
k tegrated intensities of the selected Auger peaks. These inten-
\\/ sities have been obtained by a curve-fitting from the spectra

25 |

presented in Figs.(8) and 3b). Note that the photon energy
15 dependence of the intensity of the m&ih ,5l ,53 Auger peak
[Fig. 3(c)] is similar to the photoabsorption spectriffig.
3(d)].
One can see in Figs(® and 2Zb), that, with increase of
10 .,,,,.,,,,.,,,,.,,,,.,,,,.,,,,.,,,, the photon energy, in the electron spectrum there appears a
1070 1080 1090 1100 1110 1120 1130 1140 new peakdenoted bya in Fig. 2(@)]. Its energy position is
Photon Energy (eV) slightly higher than the energy of the makilL 5l ,5(1D)
Auger peak. This satellite shifts to higher kinetic energies
FIG. 1. NaK photoabsorption in NaF. with the increase of the photon energee Fig 2a)], while

Photocurrent (arb. units)
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FIG. 3. The excitation energy dependence of peak intensities in
the Na Is resonant Auger spectra. Pan@ shows the integral

5 A i B intensity of the peala from Fig. 2, the pane(b) peakb, and panel
3l ( Vel )/-\ (c) displays the intensity of thiL,5l ,(1D) final state. The lower
§ x10 panel(d) shows the photoabsorption spectrgracorded in a total
2 é | é || | | | photocurrent mode

its binding energy is constafgee Fig. 2b)]. Such satellites,
at higher energies than the normal Auger peaks, typically
reflect the screening of the Auger final state by the excited

e
x0.25 , spectator electrofiPeaka is the strongest in curve 3 in Fig.
Z Na 25 2(b), decreases in curve 4, and increases again in curve 5. At
5 x0.25 ; higher photon energies this peak gradually loses intensity,
£ o and is overlapped by the tail of the very strafif 53l ,3(*D)
k ....... 2p°('D) peak. The photon-energy dependence of the integrated inten-
; sity of peaka is presented in the upper panel of Figa)3and
x025 S | it confirms that its intensity has two maxima peaked at
1073.7 and 1074.7 eV, i.e., at the energy positions of the
\ x0.25 J\ weak pre-edge featurd&ig. 3(d)]. Note that a similar, but
f/?::'\:\ a very weak, satellite structure can be observed also for
et 2:_\ - ;"“~ KL,L,5(*P) and GP) Auger peakgin Fig. 2@@]. From the
5 A ~L presence of such spectator structures, the kinetic energy of

which is slightly higher than the kinetic energy of the normal

Auger transition and whose binding energy is constant, we
conclude that in this pre-edge region the photoabsorption
ends up in a well-localized core-hole—excited-electron bound

state. Below we call this excitoA.
With the increase of the photon energy, another satellite
FIG. 2. Resonant Auger spectra of NaF at the Naphoto- [denotedb in Fig. 2[@)] appears on the high-energy side of
absorption edge. Panéd) gives an overview of the spectra, mea- the€ main Auger peaks. This can be seen in spectra 4—6 in
sured by using a 150-eV pass energy. Péoeshows the spectrain  Fig. 2@ and spectra 7-11 in Fig.(l). As in the case of
the prethreshold region, measured by using a 300-eV pass energyXCiton A, this additional high-energy structure in the elec-
In the insets the photoabsorption spectrum is shown, the numbeison spectra has a constant binding energy, and it exists in all
marking the photon energies used to measure the resonant Augduger groups. The photon energy dependence of the inten-
spectra. The final states of the corresponding spectral structures aséty of satellite lineb [given in Fig. 3b)] shows that this
labeled in the figure. satellite feature peaks at the photon energy 1076.8 eV, i.e.,
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before the photoabsorption has reached its maximum valudéers of thenp series. Then the photoabsorption and the de-
This energy is very close to the binding energy value of Nacay process for excito® can be written as the sequence
1s photoelectrons: 1076.7 eV. Thus we can state that insides?— 1s'3p— 1s22p*3p.
the comparatively broad first photoabsorption maximum The decay of a bound excited state leads to rather pure
(peaked at 1078 eVthere is an energy region where the spectator electronic states. In contrast, the Auger transitions
localized bound state is created. Below we will call this ex-of the excitonB state contain significant contributions from
citon B. A substantial difference between the two excitedthe normal Auger spectrufisee Figs. 2 and(8)], thus indi-
states, excitons andB, is that excitonsA are created at the cating a substantially delocalized or quasibound character of
photon energies, which are about 2 and 3 eV lower than thexciton B. The evidence of quasibound states in solids was
binding energy of Na 4 photoelectron, while excitoB is  ascribed to an effective potential barrier which hinders the
created at energies where the ionization of tiselelvel be-  escape of a photoelectrdhThen the normal Auger structure
comes possible. in electronic decay spectra of the intermediate excitonic state
Note that the spectator shift relative to the main AugerB appears because of the tunneling of the excited electron
peaks in the case of excitdh(approximately 4 eVis larger  through the barrier separating the potential well localized
than that of excitonB (approximately by 3 eY which  around the atom. Thus, the quasibound character of exciton
implies a more delocalized nature of core excitn B leads to two types of structures in the electron spectra,
Figure 2a) shows the appearance of a weak satellitesshowing a constant kinetic energyormal Auger-like behav-
structure, labeleds, accompanying the mailLygl,3(*D)  ior) and a constant binding energsgesonant Raman behav-
Auger band in the photoemission spectra. The energy diffefior). The ratio of the intensities of the normal and the spec-
ence between the main Auger band andgiband(about 11 tator Auger channels is directly related to the tunneling
eV) is close to the energy of the valence excifd®.6 eV  probability through the potential barrier.
(Ref. 12]. Two different reasons can be responsible for the The interpretation of the results presented so far suggests
creation of the observed feature. Pesagan be attributed to  a localized $ origin of the intermediate excitonic statB).
shake-modified Auger transitions. That is, the Auger decayrhis interpretation is based on the existence of spectator Au-
process of the Na 1s level may be accompanied by a simuber features in decay spectra. An alternative explanation of
taneous excitation of the ligand valence electron to an unoahe creation of the spectator states in the Auger process can
cupied orbital, i.e., by an extra atomic shake-up excitationbe given by considering the recapture of the free photoelec-
This interatomic coexcitation process, however, would beron through the post-collisional interactioRCI). For atoms
highly improbable in ionic NaF, because the sodium andhis effect was observed in the yield of Aions following
fluorine atoms are weakly overlapped. In our opinion, it is2p photoionization just above the threshdfdand was also
more probable that peakis due to the inelastic scattering of explained by a quantum-mechanical thebrilhis alterna-
the Auger electrons inside the crystal. This interpretation isive point of view requires no assumption concerning the
supported by the observation of a satellite structure at 11.[pcalization of the intermediate photoexcited state. In light of
eV (Ref. 13 in the energy-loss spectra of NaF, which hasthis interpretation, right above thes3—1ssp ionization
been ascribed to the creation of a valence-band exciton. |imit, the outgoing photoelectron can be recaptured into a
bound statéshake-dowpby PCI with a fast Auger electron.
Such a decay process would lead to the same final ionic
states which should follow the spectator Auger transitions.
In atomic sodium the main peak in thes XAS is as-  The intensity of PCl-assisted spectator transitions is sensitive
cribed to the transition fromsdl.core level to the unoccupied to the width of the initial & core hole, and should strongly
states of Na B charactef’ In contrast to atomic sodium, depend on the slope of the absorption edge, on the relative
which has a ground-state electronic configuration ofpositions of the photoionization threshold, and on the rising
1s22s22p°®3s, sodium in highly ionic Na halides has an elec- edge. Further theoretical work is clearly required to establish
tronic configuration isoelectronic to the atomic Ne whether intermediate excitonic stat is quasibound or
(1s?2s22p®). The presence of an additionalg)3electron in  bandlike.
the case of an atomic Na causes a variation in the multiplet The situation is also quite complicated in the case of the
structure in the & XAS, in comparison with the structure of pre-edge double peakat 1073.7 and 1074.7 eV. When ex-
the spectra of the Naion. Therefore, in order to understand citon B is interpreted as the transitions% 3p, it will be
the photoabsorption of Na in its halides, the Na XAS natural to consider that barlcorresponds to the transition
should be compared with the corresponding spectrum of Nel.s—3s. This is because the Ne-like sodium in the highly
which is isoelectronic with N&. In the case of a gaseous Ne, ionic NaF has a lower-lying emptys3level. The energy
1s—3p electric dipole transitions dominate, and the 1 position of the 3 level in the Na 5 XAS can be estimated
—np Rydberg series is followed up to=6.1° The photoab- as the sum of the energy separation between the p(Nar@l
sorption spectrum of a solid neon closely resembles that of &s levels, 1040.9 e\(see Table), and the »— 3s transition
gaseous Né&° By analogy, we infer that 4—np transitions  energy, 33.13 e¥P This estimation leads to an energy value
play an important role in the Naslphotoabsorption in NaF, of the 3s level of about 1074 eV, which is close to the energy
and suggest that excitdhresults from a sequence of transi- of the first maximum, 1073.7 eV, of bamd
tions 1s— 3p, while a broad maximum at 1078 eV contains  The optical transition 4— 3s is parity forbidden in a free
contributions from this transition and also from other mem-ion, and is thus not observable in the absorption spectrum of

C. Origin of bound states
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the atomic neon and sodium. Nevertheless, a weak pre-edge The investigation of the KLL resonant Auger spectra
feature similar to the ones observed in NaF was also found iat the F & photoabsorption edge has shown the existence
the XAS of a molecular NaF, in clusters of N&Fand in  of two excited states in LiF, NaF, and ¥Frand has been
clusters of N&? The violation of the selection rules was ascribed to $—3p and Is—4p transitions. The excitonic
explained by a disruption of symmetry due to an inhomogerontributions at the Na < photoabsorption edge of NaF
neous neighborhood,.which introduces a hybridization begannot be interpreted in this way. First, because of energy
tween the wave functions ofs3and 3 states, and makes a considerations, these transitions must be identified s 1

L 4121
1s—3s transition possiblé: —3s and 1s—3p, respectively. Second, the intensity ratio

¢ ﬁpcr?-}th(fas;old peaﬁ was also obs?rgeii/ig tre N‘E‘(AS . of the A andB excitons in NaF, evaluated from the integrated
of NaCl (Ref. 23 at a photon energy of 2 eV below the main a{ea under the Auger spectator structuf@bout 1:20,

photoabsorption maximum. In this case it was suggested tha . . . .
the deformation of the crystal lattice by the assistance of rongly differs from the intensity ratio ofsl-3p and Is

phonons disrupts the symmetry, and therefore makes 1—>4p transitions n the atomic and SO'.'d l\(tabout 53

—3s transitions possible. This interpretation was supported\ﬂoreover’ we believe that our present interpretation .Of the

by the observation of the temperature dependence of thisLL resonant Auger spectra at the Na ghotoabsorption

shoulder. One may consider that thermal vibrations, a pos€dge calls for a reinterpretation of thé.L resonant Auger

sible statistical disorder, defects, and local distortions ar§Pectra at the Fdedge.

also responsible for the transitions-+3s in NaF. Never-

theless, since the x-ray absorption as well as the electronic

decay are fast processes compared to lattice vibrations, the IV. CONCLUSIONS

absorbing atom preserves its specific, frozen position during

these processes. The symmetry of the absorbing atom after |n this paper, by using synchrotron radiation, we present

each x-ray-absorption event is different, thus makingf®  results of resonant photoemission measurements of NaF

hybridization and the 4— 3s transition possible. _ across the Na 4 photoabsorption threshold. The spectra
So far, the splitting of the excitonic structureremains  haye been found to exhibit spectator resonant Auger specta-

unexplained. The constant binding energy of decay productg structures at photon energies of 1073.7, 1074.7 and

(peaka) shows that both peaks have the same Auger finaly 376 g ev. The resonant Auger spectra show that, despite the

ionic states or energetically close spectator Auger final ionicysence of pronounced structures in the pre-edge region of

states. It is difficult to ascribe this splitting to a multlplgt the Na 15 XAS, core-excited localized states are created at

splitting of the final k3s configuration, because the magni- these : : :

" . photon energies. Comparisons with the photoabsorp-
t_ude of the observed splittingabout 1 eV is aboyt four tion of the atomic Na and Ne have allowed us to conclude
times larger than our c:_sllculated value.21 e\./) in the that the exciton at 1076.8 eV originates from ths 13p
Hartree-Fock approximation for the energy difference be—Staltes of Na. The possib'le role of the £3s and s~ 3d

tween the3S; and 'S, levels. Nevertheless, it is possible, in . .
principle, to ascribe this double-peak structure wholly or par-States as a cause of excitons at 1073.7 and 1074.7 eV is

tially to the states of 8 origin. In the analysis of the Naf2 discussed.

photoabsorption! it was shown that the hole-electron and  This work was supported by the Estonian Science Foun-
crystal-field interaction lower thedderived states so that dation, the Crafoord Foundation, and the Royal Swedish
they are below the 3 level. This allows us to assume that Academy of Sciences. The experiments in the MAX-lab
3d states may be at least partially responsible for excon were supported by the European Community through the
Then the double-peak structure in the intensity curve in Figsth Framework project “Access to Research Infrastructure
3(a) can be understood as the splitting of thet @ates in the  Action of the Improving Human Potential Program.” The
crystal field. Further theoretical and experimental work isauthors also wish to thank the staff of the MAX-lab for

needed to identify the origin of excitoh. support.
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