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Core excitons at the K edge of LiF
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The lithium core-exciton spectrum has been reinvestigated with high resolution using synchro-
tron radiation. Photoelectron yield techniques were employed on evaporated thin films and single
crystals cleaved in ultrahigh vacuum. The various observed structures can be well correlated with
the results of recent cluster calculations which incorporate multiplet splitting. Photoemission data
and the observed band gap are used to estimate the threshold for transitions to the continuum (addi-
tivity). The binding energy of the 61.9-eV I"» core exciton is found to be 2.1 eV. A lower 58-eV
I ) core exciton is observed to have a 6-eV binding energy. In addition, interesting results are ob-

tained which are believed to be due to the generation of point defects (F centers) and aggregates fol-
lowing exposure to intense undispersed synchrotron radiation.

I. INTRODUCTION

The photoexcitation of LiF at about 60 eV produces
perhaps the simplest of cation defects, namely a lithium
core cxc1ton. Detailed spcctIR above this vacuum UltI'8-
violet threshold have been obtained by a variety of dif-
ferent experimental techniques including photoabsorption
by thin films, ' electron yield, x-ray luminescence,
thermomodulation, and electron energy loss. A number
of discrepancies exist in the literature cited above especial-
ly as regards to the existence of a threshold and weak
structure at about 58 eV which is 3 or 4 eV below the
strong core-exciton absorption line generally observed at
61.9 eV. The existence of 58-eV structure is crucial for a
detailed interpretation of the spectra in comparison with
theory, cspcclally cons1dcring cRI'11cI, and very Icccnt,
high-quality cluster calculations of the ground and excited
states involved.

In this paper we report the results of new high-
resolution electron yield studies using synchrotron radia-
tion from the storage ring Tantalus at the Physical Sci-
ences Laboratory, Stoughton, Wisconsin. The measure-
ments were carried out 1n ultrahigh vacuum on both
single crystals cleaved in situ and thin films evaporated
onto metallic substrates.

The actual Li-K absorption threshold is found to be at
about 58 cV, RQd thc near-edge fcatUrcs above th1S thlcsh-
old can be understood in terms of various excited states
including multiplet splitting according to recent theory.

II. EXPERIMENTAL DETAILS

Angle-integrated photoemission divas obsc1vcd 1Q RI1 ul-
trahigh vacuum chamber after a refocusing mirror on the
Pennsylvania toroidal grating monochromator (TGM) at
the small 240-MCV storage ring Tantalus. ' A spectral
bandwidth of about 0.2 eV was employed for photon eneI-

gies between 50 and 100 eV. Electron energy was
analyzed by means of a double cyhndrtcal mirror
RQRlyzcr.

The Canadian synchrotron radiation facility (CSRF)
was also used as a tunable source of photons in the range
50 to 150 eV. This beam line employs a modified
"grasshopper" monochromator" with adjustable slits and
a toroidal refocusing mirror. A 1200 line/mm grating
was used so that the spectral bandwidth (50-p,m slits) was
about 0.08 eV. The intensity and throughput of this beam
line compared favorably with the TGM line.

An LSI 11/23 computer was used for control and data
acquisition and to scan each of the above monochroma-
tors (through a microprocessor-based stepping motor
d11vcl systcII1). Tllc data werc p1occsscd 111cllldlllg Ilol'-
malization, smoothing, etc., in a larger computer with ex-
tended graphics capability.

Good single-crystal surfaces were achieved by cleaving
melt grown crystals of LiF supplied by the Harshaw
Chemical Company. Cleaving in ultrahigh vacuum after
bakeout and in air just before inserting in the vacuum
chamber gave similar results except for minor differences
in the valence-band energy distribution curves (EDC). In
this regard Lip seems somewhat better to work with than
NRC1 on which it is reported that a hydroxide layer
forms, during bakeout of air cleaved crystals. ' In all
cases single crystals of LiF showed severe charging under
photoemission conditions. This could be alleviated to
some extent by means of a flood gun filament.

Studies were also made on thin LiF films (about 200-A
thick) which were evaporated onto tungsten substrates in
a separately pumped sidctube and then inserted into thc
photoemission chamber. These thin-film samples showed
very similar results to the cleaved crystals and they did
not charge significantly. We turn to a discussion of the
actual data in the next section.
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III. EXPERIMENTAL RESULTS

In Fig. 1 we show an electron energy distribution curve
for an incident photon energy of 120 eV. This data was
taken with the photoemission chamber on the Canadian
beam line with a grasshopper. monochromator. The
overall instrument resolution including the electron
analyzer was about 0.2 CV. In general Fig. 1 shows good
agreement with the results of Gudat et al. Notice that
electron energy is plotted relative to the top of the valence
band. The overall valence bandwidth (base width) ob-
served in the present experiment is 4.0+0.2 CV, which can
be compared with a width of 4.6+0.3 eV reported by
Pong and Inouye' and a width computed by A. B.
Kunz' of 3.1 eV. Notice from Fig. 1 that two peaks in
density of states occur, corresponding mainly to where the
two bands involved approach the Brillouin zone boundary
(see Fig. 2 of Ref. 14). A rather broad fluorine 2s level is
to be seen in Fig. 1 at —23 eV. Weak structure previously
ascribed to plasmons appears on either side of this band.

Thc prominent peak at —49.5+0.2 cV I Flg. 1 1s duc
to photoemission from the Li 1s core level. The observed
half width of this line is 1.5 eV, which is much more than
the overall experimental resolution of 0.2 eV. It is no
doubt determined by several Auger processes in the crys-
tal which have been rather well studied. '

Figure 2 shows partial electron yield versus photon en-
ergy using a cylindrical mirror analyzer set to accept
low-energy secondary electrons in a band about 2 V wide
centered at 10 CV. This evaporated I.iF film data was
taken on the grasshopper monochromator with a spectral
resolution in this range of about 0.1 eV. It has been nor-
malized by dividing each point by thc obscrvcd partial
yield of a freshly evaporated gold surface corrected by the
published gold yield of Haensel et al. ' Such observa-
tions on solid surfaces (total and partial yield) have been
shown to faithfully reproduce spectral details of the total
photoabsorption cross section near threshold.

The normalized yield data for LiF shown in Fig. 2 is
approximately constant with energy in the range 50 to 55
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FIG. 2. Yield of 10-eV electrons versus photon energy for
LiF (300 K) showing the Li+ threshold spectrum. Data have
bccn normalized to constant plloton flUx. The tI'ans1tlon cncl-
gies from ground to four excited states (Ref. 9) are shown. The
transition energy from Li-K to the continuum is shown, by
shading, beginning at 64-CV (from data of Fig. 1) and 14.2-eV
band-gap energy (Piacentine, Ref. 20).

eV. Notice in Fig. 2 that a rise and faint structure begins
around 56—57 eV, as previously reported by Sonntag and
by Gudat, Kunz, and Petersen. We believe that this rise
(which is very small) probably corresponds to transitions
in the vicinity of defects or radiation damage in the crys-
tal. Above the 56—57 eV rise at about 58 eV a just dis-
cernible peak occurs. This is followed by the strong main
band at 61.9+0.1 eV which has a shoulder on the low-
energy side at 60.8 eV. All of these features can be seen in
the high-resolution thin-film transmission data of
Sonntag.

Figure 3 shows normalized electron yield data very
close to threshold on a single crystal of I.iF cleaved in ul-
trahigh vacuum. This data was taken using the TGM
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FIG. 1. Electron energy distribution curve for an evaporated
LiF film (300 K) illuminated with 120-eV photons. The zero
energy is placed at the top of the valence band.

FIG&. 3. Normalized yield for 10-eV electrons from a cleaved
single-crystal surface plotted on a very expanded vertical scale.
Strong electron emission begins near 58 eV, the Li+ threshold in
the crystal.
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FIGr. 4. Electron yield 4,
'10 eV) from a I.ip surface before and

after irradiation rvith zero-order light for 3 min.

IV. DISCUSSION

Let us first consider features of the absorption edge
shown in Fig. 2. In the upper part of the figure we indi-
cate transition energies to the four bound states [the states
are indicated using standard Boukaert-Smuloukowski-
Wigner (BSW) notationj calculated by Kunz, Boisvert,
and Woodruff. These authors have used unrestricted

monochromator. The conditions were such that charging
occurred, however, the spectral features shown were stable
and reproducible. They did not shift in energy with
charging nor with electron kinetic energy. The vertical
scale in Fig. 3 is greatly expanded and it can be seen that
the yield of electrons from this single-crystal surface turns
sharply upward at 58 eV. We suggest that 58 eV is the
actual threshold corresponding to transitions from the
Li+ K-shell to excited states in the perfect cI'ystal. The
small very narrow peak at 50.8 eV in Fig. 3 was seen
using the TGM monochromator under high incident light
conditions. Again it probably relates to defects generated
by light in the crystal, and as such it will be discussed in
the next section.

The grasshopper monochromator could be tuned to
zero order at which point the overall undispersed photon
flux increased three or four orders of magnitude. Figure 4
shows the electron yield (un-normalized) versus photon
energy before (upper curve) and after (lower) a 3-min ex-
posure to zero-order light. The electron energy analyzer
was set to 10 eV, therefore one sees an increase in secon-
dary electrons corresponding to the absorption edge
around 61.9 eV (data of Fig. 2) and also the strong elastic
peak due to the Li+ core at 70 eV. Notice that the yield
overall has decreased following exposure, but the elastic
peak is most strongly affected. In fact, it is split into two,
the original peak at 70 CV and a second peak at 71.8 CV.
It appears that the initial K-shell binding energy for a
fraction of the lithium has been shifted to lower energy
probably duc to dcfccfs associated wltll lRdlafloll dR111Rgc.

These effects will be discussed toward the end of the next
section.

Hartree-Fock theory for the ground and excited states of
lithium in a cluster of ions in the LiF crystal. Multiplet
splitting is included, so that singlet and triplet final states
are calculated taking proper account of electron core-hole
exchange interaction (as well as correlation). This is a
first-principles calculation without adjustable parameters.
For example, the main line at 61.9 eV is due to allowed
transition from the 'I

l ground state of the system to the
singlet I,5 excited state (ls to lsd I'). There is little
doubt about thc asslgnmcnt hcI'c although thc experimen-
tal line (61.9 eV) is 0.6 eV below the calculated 'I'» ener-

gy (62.5 eV). Part of this discrepancy is due to the fact
that the measurement was made on a film at room tem-
perature. The low-temperature spectrum shifts slightly to
higher energy upon cooling.

Likewise by comparing experiment and theory it seems
reasonable to assign the observed 58-eV band to the I I

final state. The singlet-triplet transitions are apparently
not seen separately in the free ion, however, Charlotte
Moore' lists the S and 'S, in reasonable agreement with
the above, and comments that the observed long series
should give reliable positions. The dipole operator does
not directly couple to the S state, but it may be that mag-
netic interactions with the surrounding enhance the tran-
s1tion 1n thc so11d.

Also shown in Fig. 2, by shading, is the threshold ener-

gy for excitation into the continuum, 64.0 eV. This value
follows according to Pantiledes and Brown' by just add-
ing the 49.5-eV Li-IC binding energy relative to the
valence-band maximum (refer to Fig. 1) to an upgraded
band-gap energy of 14.5 CV. The result agrees quite well
with the ionization limit calculated by Kunz, Boisvert,
and Woodruff of 63.5 eV. Now it can be seen that the al-
lowed 'I

15 core exclton at 61.9 CV has a bmdmg energy of
2.1 eV. The triplet I", core-exciton state (58 eV) has a
binding energy of 6 eV. Thus both states are quite com-
pact. Somewhat different conclusions about binding ener-

gy are reached in Ref. 7. Finally the shoulder at 60.8 CV

can be assigned to 'I
I as discussed by Fields, Gibbons,

and Schnatterly and/or to the I lz as suggested by Kunz,
Boisvert, and Woodruff.

A slight asymmetry appears on the main band indicat-
e.ng underlying absorption beginning about 63 eV. Con-
sidering the close proximity of the continuum (64 CV) this
is almost certainly due to n =2 and higher allowed exciton
stRtcs wlllcll 1111ghf, bc amenable fo Rll cffcctlvc 111ass

theory with corrections. Such an approximation, of
course, is totally inadequate for the n= 1 'I"

15 and lower-

lying states which are very compact. The shoulder, seen
to begin in Fig. 2 at 64 eV, is likely due to conduction-
band density of states rising from the k=0 minimum.

The great strength of the I I5 exciton is no doubt associ-
ated with the compact nature of this final state strongly
overlapping the lithium core. It should be kept in mind,
however~ that thc L1 1on 1s surrounded by a cage of s1x
F ions so that an "inner-well" effective potential prob-
ably contributes to localization and a high oscillator
strength.

In Fig. 2 it can be seen that the half width of the main
core-exciton band is about 1 eV. This is large but the
same order of magnitude as the width of the usual band-
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gap exciton in alkali halides. It is due to strong electron-
lattice interaction and the oscillating electric fields at the
site of the Li+ ion in the crystal. According to Toyo-
zawa an x-ray exciton should be Gaussian-type shape. It
is difficult to test this in the present case.

Finally, it is worth speculating on the effects of radia-
tion as introduced in connection with Figs. 3 and 4. Lord
and Gallon' irradiated LiF crystals (300 K) cleaved in
UHV with a defocused beam of 900-eV electrons (the
dosage was not unlike that used with zero-order light in
the present experiment). Following exposure, optical ab-
sorption data were then taken in the range 200 to 600 nm
(see Fig. 5 of Ref. 15). Absorption bands due to I', M,
and R centers were readily observed. All of these
negative-ion vacancy centers will perturb nearby exciton
transitions. Since the 8 bands were especially strong it is
worth considering this defect in connection with both the
splitting of the 70-eV elastic peak (Fig. 4) and the narrow
line shown in Fig. 3.

The well-accepted model for the R center is an aggre-
gate of three neighboring I' centers forming an equilateral
triangle in the (111)plane. The defect has C3, symmetry
and one nearby Li+ ion is close [probably drawn in to-
ward the (111) plane containing the three vacancies plus
electrons]. The R absorption bands in LiF show espe-
cially strong zero-phonon lines at their low-energy
edges. The Li+ core electrons might be viewed as part
of the R-center defect, therefore we suggest that the nar-
row line see at 50.7 eV in Fig. 3 is a zero phonon transi-
tion from the Li+ core to an accessible excited state of the

defect. Here the observed linewidth is comparable to our
instrument resolution, 0.1 eV. This feature should be
studied with higher resolution and at low temperature.

If the narrow 50.8-eV line is due to a transition from
the Li+ core in a defect center, Fig. 1 suggests that the fi-
nal state lies 1.3 V above the top of the valence band.
This excited state of Li+ is likely shifted below the usual
core-exciton transitions by a combination of initial-state
binding-energy shift (see Fig. 4) and final-state Madelung
potential associated with the reduced coordinates and elec-
tron distribution within the defect. Obviously further ex-
perimental and theoretical investigation is called for.
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