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The absorption spectra of several ionic crystals were obtained by the use of synchrotron
radiation with photon energies in the range 50~250 eV, This range includes thresholds for
excitation of both p and d core states. Arguments are given that peaks in the observed spec-
tra are generally due to maxima in the final density of states, rather than exciton phenom-
ena. The chlorine Ly 111 spectra of NaCl, KCl, RbCl, and even AgCl are very much alike,
which can be understood in terms of similar conduction-band structure for these materials.
It is suggested that double excitations are not as important as collective effects. The 3d— p
spectra of the Br~ Xr-Rb* sequence, as well as the 4d —p spectra of the I"-Xe-Cs* sequence,
can be understood by taking into account the spin-orbit splitting of the initial states and the
final-state band structure. Very prominent d-to-f resonances were found for compounds
containing iodine and cesium. In CsCl and CsBr, structure near 160 eV due to excitation

of the cesium Nyy; level shows an unusual antiresonance behavior.

I. INTRODUCTION

Our present knowledge of the optical constants
of solids for photon energies in the range 20-200
eV is relatively incomplete. Until recently very
few continuum light sources were available for
high-resolution spectroscopy in the region of
grazing incidence optics, say from 50 to 500 A.
Also it has been generally thought that well-defined
or characteristic structure is absent in this high-
energy region due to the exhaustion of oscillator
strength as well as severe lifetime broadening.
Actually, a great deal of structure does exist, and
our knowledge of the spectral detail is rapidly
being improved through the use of synchrotron
radiation. Especially strong efforts are under way
at the German electron synchrotron (DESY) in
Hamburg and at the Tokyo synchrotron by the INS-
SOR (Institute for Nuclear Studies — Synchrotron
Orbital Radiation) group. In the present paper we
present results obtained on a variety of alkali ha-
lides at the 250-MeV electron storage ring! of the
University of Wisconsin Physical Science Labora-
tory in Stoughton, Wisc.

The spectra presented below are the result of
largely exploratory observations carried out on
specific sequences of elements in ionic crystals.
In general, we would like to know how better to
relate optical response and band structure. It is
well known that density-of-states and matrix ele-
ments are important in optical transitions. This
leads us to ask the question: Is it possible to
confirm the essential features of recent band
calculations on ionic crystals®~® by exciting elec-
trons from narrow bands of core states of various
symmetry — for example, from s, p, or d levels?
On the other hand, what new processes perhaps
of a collective nature have to be introduced in
order to explain the high-energy optical properties
of a solid? How is the situation different in a
gas compared to a solid? Are antiresonances due
to configuration interactions observable in solid-
state spectra as well as for autoinizing transitions
of gases?” Are excitons actually produced for
energies which overlie the continuum, and if so, how
important are multiple exciton processes?%?

After a brief description of the experimental



2 EXTREME-ULTRAVIOLET SPECTRA OF IONIC CRYSTALS 2127

methods in Sec. II the results are presented in
Secs. III, IV, and V. Excitation from the chlorine
2p® shell in NaCl, KCl, RbCl, and AgCl is dis-
cussed and compared with the band results in

Sec. III. Results for the isoelectronic sequence
Br--Kr-Rb* are given in Sec. IV, where the ma-
terials KBr and RbC1 are compared. New features
of the spectra can be ascribed to transitions from
the 3d!° shell, mainly to p-like conduction bands.
The 4d'° spectra for the I"-Xe-Cs* sequence are
discussed in Sec. V for KI, CsCl, and Csl. Strong
resonances possibly due to delayed d-to-f absorp-
tion as in atoms are found for these crystals.
Finally, the implications of these results are dis-
cussed in Sec. VI.

II. EXPERIMENTAL METHODS

As mentioned above the 250-MeV electron
storage ring at Stoughton, Wisc. was used as
a light source for the present high-resolution mea-
surements. By the use of a storage ring instead
of a more conventional synchrotron, it is possible
to build up and maintain quite a high current of
circulating electrons which have lifetimes many
minutes or even hours. There are also certain
advantages due to the fact that the electrons are
highly monoenergetic and the beam is of small
stable cross section. Furthermore, an electron
energy of 250 MeV is quite suitable for spectro-
scopic work out to 50 A in the soft X-ray region.
These were pointed out some years ago in a re-
port to the Solid State Panel of the National Re-
search Council.'® Since that time a number of
different groups have been using the storage ring
at Stoughton as a light source.

The properties of synchrotron radiation have
become well known since the paper of Schwinger!!
and the early experimental tests.'®!® For example,
several accounts of spectroscopic applications
have been given. **~® These results show that the
radiation from each relativistic electron is con-
fined to a narrow cone about the direction of elec-
tron motion, and also that the spectral distribu-
tion of the radiation is strongly peaked toward a
cutoff in the vacuum ultraviolet which depends
upon particle energy. The radiation emitted in the
plane of the orbit is polarized with electric vector
in the orbital plane. Synchrotron light is inco-
herent so that the radiated intensity just increases
with the number of electrons in orbit.

Figure 1 shows an outline of the experimental
arrangement used for the present measurements
of the transmission of thin films. Synchrotron
radiation emitted from a small segment of the
electron orbit passes through a pipe tangent to the
stainless steel chamber of the storage ring to the
common vacuum of an ion pumped separation
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FIG. 1. Apparatus for evaporating and measuring the
transmission of thin films in the extreme ultraviolet,
Cold baffels surrounding the sample turret are not shown.
The entire system was evacuated by means of ion pumps
and a turbomolecular pump.

chamber. A small part of the visible radiation

in the beam is diverted to a monitor phototube.
The main part of the beam passes on through fil-
ters into the main chamber where the samples

are mounted on the turret (behind cold baffles) of
a rotating cryostat. The various alkali halide
thin films were evaported iz sifu onto thin Form-
var, carbon, or gold substrates whose transmis-
sion had been previously measured as a function
of wavelength in the extreme ultraviolet. A 5-Mc
quartz-crystal thickness monitor calibrated by the
Tolansky method enabled the thickness of the de-
posited layers to be estimated. The various sam-
ples with thicknesses ranging from 100 to 3000 A
could be rotated into the ultraviolet beam following
evaporation.

After passing through the samples the extreme
ultraviolet radiation was focused by a grazing
incidence gold mirror onto the 10-u entrance slit
of a 2-m 7 spectrometer with photoelectric re-
cording and a 576-line-per-mm grating (blaze
angle 1. 6°) used at an angle of 86° to the normal.
Photon counting was employed in order to permit
the use of small slit widths in the spectrometer
and a wide range of beam intensities. The de-
tector was a Bendix extended-cone Channeltron
multiplier. A data accumulation system permitted
the recording of three channels of information:

(i) the signal counting rate (proportional to trans-
mitted uv intensity), (ii) the visible light monitor
(proportional to the incident uv intensity), and (iii)
the wavelength drum position. This information
in digital form was recorded sequentially on a
teletype paper-tape punch. Data processing was
then completed at the digital computer laboratory
of the University of Illinois. A gas cell with very
thin polypropylene windows could be inserted in
the beam so that the spectrometer could be cali-
brated against known rare gas lines.

When interference effects are neglected, the
transmission of a thin film of thickness d, absorp-
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tion coefficient o, and reflectivity R can be written
as

I (1 _R)Ze-ad
T 1o R W

In the extreme ultraviolet the reflectivity at nor-
mal incidence is very small, R< 1. After approxi-
mation only the exponential factor in the numerator
of Eq. (1) remains and the absorption coefficient

@ in em™ can be determined from the optical den-
sity D=1log,o(I,/I) and sample thickness according
to the following relation:

ad=2.303D. (2)

In those cases where a reliable estimate of thick-
ness is not available one merely plots the optical
density. Of course, the absorption coefficient o

and extinction coefficient k are closely related by
the expression

Kk =a)4r. (3)

It should also be borne in mind that the imaginary
part of the dielectric response function €, = 2nk
=~ a)\/2m, since the index of refraction » is very
close to 1. 000 in the extreme ultraviolet.

When interpreting spectra due to direct transi-
tions between initial bands »# and final bands s it is
useful as a first approximation to take the square
of the matrix elements as a constant |3, |% In
this case the expression for €,'® reduces to

1220 J,, {(w), (4)

m2e?
€lw)= 3mZw? IMns

where J, ((w) is a joint density of states for the
bands # and s. Thus J, ((w)Aw is equal to the
number of pairs of states in bands » and s for
photon energy ES(E) - E,,(l-{’) lying within a range
7Aw about Zw. The joint density of states togeth-
er with the 1/w? factor in Eq. (4) are therefore
the important quantities for determining the opti-
cal spectrum within the framework of these sim-
plifying approximations. Singularities or critical
points in J, , (w) (actually, singularities in the
final density of states for narrow core initial
bands) should then determine the important spec-
tral features.

For some purposes it is instructive to compute
and plot the effective number of electrons per
atom N, which contribute to the absorption within
a range up to photon energy E;. The following
useful expression can be derived from sum rules
and a dispersion relation between €, and €,:

Noeo(Ey) = (2m Vy /e%12) ;" E €,(E)IE, (5)

where E =7w and the atomic volume Vy=A/Lp,
where A is the atomic weight, L is Avogadro’s

Ino

number, and p is the density. When applied to
the absorption above a threshold Eq. (5) can be
compared with the number of electrons in a given
inner shell.

III. 2p SHELL OF CHLORINE

A list of energies for the various electron shells
of the monovalent elements is given in Table I.
Usually such a table is constructed!® from a com-
bination of electron emission and x-ray absorp-
tion or emission data. The energies are then
referred to the Fermi level for the element in a
condensed state (metal or sometimes ionic crys-
tal). Rather than following this usual procedure
Table I was constructed whenever possible so as
to refer to the lowest unoccupied band, i.e., the
bottom of the conduction band, for ionic crystals.
Because of small chemical shifts different com-
pounds are listed separately. In the case of NaCl,
KCl, KBr, and KI we have used the values of Nor-
berg et al., 2 which are believed to be accurate
to £0.5 eV or better. In these high-energy photo-
emission experiments (ESCA) the electron dis-
tributions for the various core levels and also the
valence bands were directly observed. After
correcting for instrument resolution the observed
level positions were referred to the valence-band
maximum and finally to the conduction-band mini-
mum by adding the known band gaps determined
from luminescence excitation spectra by Timusk
and Martienssen. 2! In other cases optical thresh-
old were included in Table I when known. For
each elements energies were taken from Bearden
and Burr.'® Thus it is possible for some cases
when no data are available to take these values
and add half the band gap so as to refer to the con-
duction band. A list of band-gap energies for the
alkali, silver, and thallous halides has been com-
piled (see Table II) using luminescence excitation,
two-quantum, and €, optical data.

Table I indicates that photoexcitation from the
2p% or Lyy 111 shell of C1™ should occur at about
202-204 eV. The observed optical density in
this region of photon energy is plotted for NaCl
and RbCl in Fig. 2. An Ly, 11y spectrum for KCl
is shown in Fig. 3 (dotted curve), where it is
compared with AgCl (solid curve). The alkali
chloride results shown here are quite similar to
other work?*~2* some of which has been quite
recently obtained with the use of synchrotron
radiation. Notice that prominent lines or bands
are observed with the first line at 201.6 eV in
NaCl. At room temperature the peak of this line
is chemically shifted to 201.1 eV in KCl and to
201.0 eV in RbCl. Upon cooling the films to 77 °K
the spectra shift more or less uniformly about
0. 2 eV to higher energies. The lines become
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TABLE I. Threshold absorption energies for energy
levels of alkali halides and rare gases (in eV).

TABLE II. Band-gap energies of the alkali, silver,
and thallous halides (energies are in eV, measured at
low temperature, except where noted).

Z Element 1s(K) 2s(Ly)  2p(Ly )
2 He 24, 586782
3 Li 54.5°
LiF 60.2°
LiCl 59.4°
LiBr 58, 7¢
LiI 58, 6¢
9 F 685, 4% 31,2 8.62
10 Ne 866. 9% 45.4° 18,32
11 Na 107212 63.3%  30,65°
NaF 32, 0f
NaCl 1079, 68 66.48  33,5¢
NaBr 32,2!
Nal 32, 2!
2s(Ly) 2p(Lyp  3s(My)  3p(M, 5
17 Cl 270, 22 200,0* 17,52 6.8
LiCl 201,2°¢
NaCl  276.4¢ 202,35 19,38 8,58
KCl 279, 8 202, ¢ 19.28 8. 48
RbhCl 199,2°
CsCl 200, 3¢
18 Ar 320% 244.1"  26.5' 12,42
19 K 377,12 293.6  33.9% 17.8%
KCl1 379.¢ 297.¢ 37,08 20, 58
KBr 3798 299, 39.7% 20, 6#
KI 379.¢ 296.¢ 36.78 20, 18
3s(M,) 3p(Myp) 3d(Myg)  4s(N)  4p(Ny )
35 Br 256. 5% 181.5%  69.0% 27,32 4,62
KBr 259, 8 184.8 71,48 31,28 7.78
36 Kr 213.8%  90,9° 24, 02 10,6
37 Rb 322,12 238,5% 110,3% 29,32 14, 0%
RbC1 112,2° 15,57
RbBr 15,7}
RbI 15.6°
47 Ag 717.5% 571,4% 366,72 95,22 55,92
AgCl 43¢
AgBr 43¢
4s(Ny) 4p(Ny 5} 4d(N, 5) 5s(0)  5p(0y,3)
53 1 186, 4% 122,7% 49,6 13,62 3.3
Nal 52,4°
KI 189.8 126.8 51,78 16. 0¢ 6.38
Csl 52,5°
54 Xe 141.3% 64,8
55 Cs 230, 82 161.6%  76.5% 22,72 11,42
CsCl 160.8°  80,0° 12, 9!
CsBr 160.8¢ 12,8
Csl 159¢ 12,5!
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somewhat higher and a little narrower at 77 °K
but here the effect of cooling is nowhere near as
dramatic as that for the ultraviolet exciton spec-
trum. The first lines in the Ly, 1y; spectrum have
a width at half-maximum of about 0.8 eV (and not
more than 20% less at low temperature). On the
other hand, the ultraviolet first excitons have
widths less than 0.1 eV at low temperature. ™%
There is a real question whether the peaks seen
near 201 eV in Figs. 2 and 3 are excitons or not.

The four spectra shown in Figs. 2 and 3 have a
striking similarity. A very similar 2p spectrum
is found for LiCl (not shown). At first glance
this is surprising since the ultraviolet or 3p spec-
trum for LiCl, NaCl, KCl, and RbCl are not so
similar. Of course, when comparing soft x-ray
with the ultraviolet spectra, one must take into
account the larger 1.6-eV® spin-orbit splitting of
the chlorine 2p states. This can bedone as pointed
out by Sagawa® by subtracting the L;; spectrum
shifted by 1.6 eV and weighted 1:2 as expected for
the initial states. Peaks and structure very simi-
lar to those shown in Figs. 2 and 3 remain.

One possible way to tell if the first peaks near
201 eV are excitons or not might be to compare
their energies with the thresholds for band-to-
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FIG. 2. The Lyg 117 absorption spectra of NaCl and of
RbCl at room temperature. The scale on the left applies
to RbCl. For NaCl only the optical density in arbitrary
units is plotted. The spectral bandwidth is 0.3 eV.

band transitions determined independently. 2 Con-
sider the case of NaCl as an example. One can
construct an x-ray energy-level diagram referred
to the conduction band by adding half the band gap
to the values in Bearden’s tables. !° In this case
the Ly;; level of NaCl should be at 204 eV, with a
stated uncertainty of about 0.2%. There may be
systematic errors here, however, whicharise when
one combines the various experimental values of
binding energy and x-ray emission energy. For
these reasons we believe that the more direct mea-
surements of Ref. 20 discussed above should be
compared with the optical data. These results
are given in Table I and indicate that the L level
of NaCl should be at about 202 eV below the con-
duction band. This value is uncertain by at least
+0.5 eV, and it also depends critically upon the
band-gap energy which was taken as 8 eV. The
spectra of Fig. 1 begin quite close to 202 eV;
however, enough uncertainty is involved in com-
paring these two very different measurements that
the result is not definitive.

If core excitons predominate near the Lyg 1y;
edge they should have at least as small binding
energies as the ultraviolet excitons (0.4 eV in

KI and certainly less than 0.5 eV in most other
cases). ?® The effect of ionic as well as electronic
polarizability should be felt in both cases since
the electron is in similar final states. Moreover,
for the x-ray exciton, the hole is highly localized
so that central cell corrections to the elementary
exciton model are less important. The Wannier
or hydrogenlike exciton picture may have to be
modified, but in any case when one attempts to
estimate the effective dielectric constant it is not
the high frequency of excitation which is important
but rather the internal motion of electron around
the hole. Therefore, we argue that exciton effects
are less important than previously thought®® for
the L edge. Binding energies are fairly small
compared to linewidths and the oscillator strength
for exciton lines is relatively small. ?” Core exci-
ton lines are also very likely broadened by life-
time effects. This point of view has recently been
used by Kunz®»* in comparing the results of a new,
more correct type of band calculation for LiCl
with experiment. Having made the point that exci-
ton effects are likely small, let us now attempt

an interpretation in terms of existing band struc-
ture for the alkali chlorides.

We assume that the optical response is given by
Eq. (4) which expresses €,=2nk =~ a)/27 in terms
of density of states. We realize that matrix ele-
ments are important but expect that critical points
in the conduction-band density of states largely
determine the spectrum (taking proper account of
selection rules). In Fig. 2 the bands labeled 1-5
have the energies 200. 5, 201, 5, 203. 0, 204. 5, and 206
eV, respectively, for RbCl at room temperature.
The band structure of NaCl2 is given in Fig. 4 and
of RbCl* in Fig. 5. The ordering and relative
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FIG. 3. The absorption coefficient of AgCl and of
KC1 (arbitrary units) in the chlorine Ly 1y; region at
room temperature. The spectral bandwidth is about
0.3 eV.
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FIG. 4. Band structure of NaCl calculated by the or-
thogonalized-plane-wave method after Kunz (Ref. 2).
Valence bands are shown in the lower part of the figure
and the lowest unoccupied point is at I'; in the conduc-
tion bands.

position of the conduction-band states for KC1% are
almost identical to Fig. 5 for RbCl, so we have
not bothered to reproduce the figure for KCI.
Transitions from the Ly 1q; states to most princi-
pal points of the lower conduction bands are al-
lowed except that the wave function in the vicinity
of the halogen at L} is p-like, therefore, not al-
lowed. (There are, however, some s and d wave
functions on the alkali ion even in this case.)
Transitions exactly at X} (p-like) and at I'y ( f-like)
are not allowed. However, transitions can occur
away from these points due to admixture of wave
functions.

Although transitions to the conduction-band
minimum at T'; are allowed they should be weak
(only a few percent) because there is not a very
high density of states in the vicinity of this mini-
mum. This can be seen from the low degeneracy
of this s band as well as the calculated density
curve of Fong and Cohen® for NaCl near threshold.
The distinction between M,, M;, M, and M,
singularities should be kept in mind. Also, the
band diagrams shown are not complete. The
[110] direction is not shown and a peak in density
of states can arise from a 7egion rather than a
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point in %2 space. We suggest that peaks 1 in Fig.
2 arise because of transitions from L;;; mainly to
the A-Z-A region just above X, and approaching
Lj. Away from the region of accidental degener-
acy at 4, the bands tend to flatten, giving rise to
appreciable density. Peak 2 is then to be ascribed
to I'js and X, (plus an underlying spin-orbit split
component from L;;). The weak peak 3 in RbCl
may well be due to I'j, and the strong peak 4 is
almost certainly due to a high density near T'y,
leading out to L§. The next singularity peak 5
relates to X; and X,. The second peak associated
with I'j; appears broader and slightly different in
NaCl as compared to RbCl or KC1. This may be due
to the fact that I'y; is well above X, in NaCl, as can
be seen in Fig. 4. It is also true that the fourth
peak as well as the Pla-A-La' region is different in
NaCl compared to RbCl and KCl. These assign-
ments are tentative but appear reasonable. The
great similarity in the Ly 1y; Spectra is due to the
fact that the conduction bands of the alkali chlo-
rides are all very much alike.

Even the conduction-band structure of AgC13%%2
and KCl1 are somewhat similar (except that the
order is different at X), which may explain the
agreement between AgCl and KCl seen in Fig. 3.
Note the greater linewidths for AgCl.

L
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~N‘ r A 3
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FIG. 5. Band structure of RbCl calculated by the or-
thogonalized-plane-wave method after Kunz (Ref. 4).
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Let us now consider the prominent structure and
increasing absorption beginning near 209-211 eV
in all cases (Figs. 2 and 3). Close examination
suggests that at least the first two components
(209 and 212 eV) of this absorption is a replica of
lines 1 and 2. Because the shift is about 9 eV,
which is approximately the ultraviolet exciton en-
ergy (more precisely, the shift is 9,5 eV in NaCl
and 8.5 eV in RbCl, whereas the room-temperature
exciton energies are 7.73 eV in NaCl and 7.5 eV
in RbC1), it has been suggested?® that a double
exciton process is involved. However, Fig. 3
shows similar structure for AgCl at about 9-10
eV above the first peak. Here this can hardly be
the threshold for two excitons since the indirect
band gap of AgCl at 300 °K is only 3.08 eV and
even the direct band gap is only 4.9 eV.* In our
opinion this additional structure at higher energy
cannot be explained by double-exciton or even
double-band processes. Such a result is also in
agreement with recent theoretical work. °

It should be noted that the structure above 10
eV is broad and contains more oscillator strength
than at the very edge. The situation is similar
for the Lyy,1; edge of light elements such as Al
and Si.3* We suggest that a kind of collective
electron effect® is involved in which the particle-
hole transition is accompanied by a collective ex~
citation of the L shell. In other words when Cou-
lomb interaction between the electron-hole pair
and the other possible high-energy excitation
pairs is taken into account the unperturbed pair
energy is modified or shifted to high energy. The
energy shift can be calculated but this does not
prove that the collective excitation (plasmon) is
well defined. It seems likely however that such
is the case. Normally one does not consider that
the inner shell electrons are involved in a plasma
oscillation. Here, however, the hole in the inner
shell is strongly interacting with nearby electrons
(even with electrons on neighboring atoms through
the long-range Coulomb potential associated with
such a defect). It may also be possible that exci-
tations involving a larger number of electrons
including the outer shells are possible. One has
to look for periodocities especially where well-
defined plasmon frequencies are known to exist. 3
Clearly, more theoretical work has to be done in
order to verify these ideas.

The excitation of p shells on the alkali ions in
ionic crystals gives similar results. This is in-
deed found to be the case from the careful work by
Haensel et al. ¥ and also of Sagawa and Nakai®®
on the sodium 2p shell. The threshold for these
transitions occurs in the vicinity of 32 eV as shown
in Table I. They will not be discussed further
here.

IV. BROMINE KRYPTON RUBIDIUM SEQUENCE -
3d ELECTRONS

An interesting isoelectronic sequence is to be
found in the bromine ion Br~, krypton atom Kr,
and rubidium ion Rb*. These all have the krypton
core consisting of the argon core plus the following
closed shells: 3d'%4s%4p®. A glance at Table I
shows that the bromine 3d M, level in KBr is 71.4
eV below the lowest conduction band as measured
by high-energy electron emission. 20 In krypton
gas the corresponding level is around 90 eV and in
rubidium 110 eV (see Table I). We have investi-
gated these elements in this region of the spectrum
giving special attention to excitation of d-shell
electrons to empty conduction bands for solids.

Figure 6 shows the absorption coefficient of
KBr from 65 to 200 eV at room temperature. The
spectra change only slightly upon cooling to low
temperature. Notice the fairly sharp spectral de-
tail extending from 72 to 80 eV followed by a shoul
der and then a broad rise to much higher energy.
Beginning at 183 eV we see the Br™ Ly;; level
(refer to Table I or Ref. 20) followed by the Ly;
level at 190-192 eV. The structure just above
72 eV is shown on an expanded scale in Fig. 7
which is taken from a scan with the KBr film at
77°K. The broad, almost featureless, rise from
85 to 180 eV may in part be due to excitation of the
3d electrons of bromine to f-like final states in
the KBr conduction band. There is some analogy
between such transitions in the solid and the exci-
tation of the corresponding closed-shell gas atoms.

Figure 8 shows the p excitation states of kryp-
ton obtained in our apparatus under the same ex-
perimental conditions as the KBr spectra except
that a gas cell with polypropylene windows was
inserted into the far ultraviolet beam instead of
the solid film. The spectrum is very similar to
the krypton gas spectrum reported in the litera-
ture. 3*~* The energy calibration of our spectro-
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FIG. 7. The d-to-p spectral region for KBr at 77°K
on a greatly expanded scale. The two ladders shown re-
fer to the band diagram of Fig. 9 below and are displaced
by the initial-state spin-orbit splitting of 1.0 eV,

meter was checked by comparison with the Kr line
positions of Codling and Madden, *° and from Fig.
8 it can be seen that the energy resolution in this
range is about 0. 06 eV. Note from the energy
scales that these gas lines are about one-tenth as
wide as the Br~ bands shown for the solid in Fig.
7. Two series of Kr gas lines are seen separated
by the 1.22-eV spin-orbit splitting of the initial
states. These series are due to transitions of the
type: ...3d'1%s24p° to 3d°4s%4p®np, where the
first line in each series corresponds to n=5.3°
The 2D;, , series limit occurs at 93.81 eV and the
2D3/2 series limit at 95.03 eV.

If we now carry over to the ionic solid these
ideas about bound excited states of rare-gas atoms

?Lapparent, although not essential, difficultyarises.

he closed-shell Br~ ion occurs in KBr because of
the transfer of an electron from the alkali to the
halogen (something which is not energetically
favored for the isolated molecule). The closed-
shell Br~ ion is negative. If a strict afomic pic-
ture is adhered to, excitation of a d electron
leaves a neutral atom without a core potential for
hydrogen-like bound excited states. Of course, the
way out of this apparent difficulty is to include the
surrounding ions of the lattice. A Madelung po-
tential, as well as other contributions, determines
the potential at each site. Exciton states of the
crystal can also be introduced usually as correc-
tions to the one-electron band picture (they also
arise when the one-electron energy-band calcula-
tion is carried out correctly including the excited
states of the crystal). Haensel and co-workers®!+#
have interpreted the line structure seen at high
energy in the solid rare gases as due to forbidden
exciton series.

In the case of our KBr spectrum (Fig. 7) the
final states are not necessarily exciton states.
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The initial states are certainly the fairly narrow
spin-orbit split 3d levels with wave function con-
centrated mainly on the Br~ ion. The final states
are in the normally empty conduction bands and
they may have predominantly p-like symmetry.
Energy-band calculations for KBr* (see Fig. 9)
show that the lowest unoccupied states have s-like
symmetry and are at the center of the Brillouin
zone at I';. It is well established that the charac-
teristic ultraviolet absorption begins with an al-
lowed exciton at 6. 9 eV associated with the I'j;
(p-like) to Iy (s-like) transition. The Lyy 11
transitions above 183 eV are also of this type but
with excitons being less apparent mainly due to
lifetime broadening. On the other hand, transi-
tions to I'; from the Br~ 3d bands are forbidden,
and as before the final density of states are rel-
atively small. In KBr, states with an admixture
of p-like wave functions beginabout 3 eV higher at
the points L; and X;. In agreement with the spec-
tra of Fig. 7 these p-like band states extend for
another 8 eV or so until the upper I'j5 point at the
center of the Brillouin zone. We do not think that
second-class or forbidden excitons with p envelope
function (constructed out of the d and T', states)
are important at 72 eV. They would be very weak
and followed by much stronger transitions in the
vicinity of Lj, X}, etc., unlike the spectrum of
Fig. 7. We are therefore inclined to interpret
Fig. 7 in terms of d-to-p-like band transitions with
final states beginning a few electron volts above
the conduction-band minimum. A reasonable as-
signment is shown by the two ladders displaced
by the Br~ 3d spin-orbit splitting of about 1.0 eV,
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FIG. 8. The krypton gas spectrum in the d-to-p ex-
citation region on a greatly expanded scale. A spectral
bandwidth of about 0,06 eV was employed.
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Rather than ascribe the peaks to points in the
Brillouin zone, we again believe that they belong
mainly to maxima in density of states and frequent-
ly to a region in 2 space. For example, the ab-
sorption labeled L, may begin with density away
from the principal direction, near the accidental
degeneracy, above X; as much as at L.

One expects that d-to-f-like transitions can
occur in solids as well as atoms. The lowest f-
band state is I'; at 4.0 eV in Fig. 9. Transitions
to states in this vicinity may cause the relatively
small peak at 76 eV in Fig. 7. Note that this band
sweeps rapidly upwards with another crossing
point in the [100] direction at about 10 eV. It may
be that density in the Brillouin zone away from the
principal direction again produces the rise in ab-
sorption beginning around 82 eV in Figs. 6 and 7.
The long broad maxima extending to much higher
energies may then partially be due to delayed d-to
f transitions as discussed by Fano and Cooper. *
Such an effect is much less important here than
in the case of the I"-Xe-Cs"* resonances discussed
in the next section.

This type of analysis is nicely confirmed by the
Rb* 3d spectra shown beginning at 113 eV in the
top part of Fig. 10 and on an expanded scale in
Fig. 11, The spin-orbit splitting of the rubidium
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Myyy levels is 1.5 0. 2 eV. '*# Figure 11 clearly
shows that the various peaks in the d-to-p spec-
trum occur in pairs separated by precisely the
spin-orbit splitting. They also seem to reflect
the 6:4 weighting of the j=%,  initial states. A
tentative assignments is made to regions of high
density near the points shown where we refer to
the band structure of RbCl* reproduced in Fig. 5.

V. IODINE XENON CESIUM SEQUENCE - 4d
ELECTRONS

The careful electron emission data of Norberg
et al. * on KI indicate that the 4d Nyy,y levels of
iodine lie at 53. 3 and 51. 7 eV relative to the con-
duction-band I'; minimum. This is probably one
of the more favorable cases for such a measure-
ment since the spin-orbit splitting (1.6 eV from
the above numbers) is well resolved, and also the
band gap is well known for KI. A 4d spin-orbit
splitting of 1. 6 eV is close to the calculated value.*

Figure 12 shows the conduction-band density of
states calculated for potassium iodide. For this
purpose a pseudopotential interpolation scheme
was developed in order to closely approximate the
results of the orthogonalized-plane-wave calcu-
lation reported in Ref. 44. It was then possible to
compute, by means of a large high-speed digital
computer, the density of states at 500 nonequiva~-
lent points within f5th of the Brillouin zone. The
histogram of Fig. 12 is the result. In order to
interpret the 4d spectrum a Nyy,y joint density-of-
states curve is constructed. For this purpose,
two density-of-states curves were superimposed,
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FIG. 10. Absorption spectra of RbCl (upper) and
CsCl (lower) from 70 to 230 eV. A great deal of de-
tailed structure above 200 eV was resolved for CsCl but
is not shown on this scale.



Ino

b

T T T T T T T T
_ RUBIDIUM CHLORIDE

e

AyX3  ToBy LiXip OyXs Tisdy

|

cm
o
o

1

>
o

I

ABSORPTION COEFFICIENT (104
»
)

L L | L | L 1 . .
110 114 18 122 126 130 134
PHOTON ENERGY (eV)

FIG. 11. Absorption spectra of RbCl in the 3d-to-p
region. Notice that the lines occur in pairs. The two
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1.4 eV,

weighted in the ratio 6:4 according to the j=%, 3

initial states, and shifted by the 1. 6-eV Npy,y spin-
orbit splitting. The theoretical curve is then align-
ed with the absorption threshold, as shown in

the lower part of Fig. 13. In the upper part of
Fig. 13 we show the observed spectrum which
begins about 1 eV above the 51.7-eV N, level mea-
sured by electron emission. A truly remarkable
agreement between theory and experiment is seen
especially as to the shape of the first prominent
band which arises because of state density in the
region above X; and below the L] minimum as be-
fore. Note that each peak of the absorption spec-
trum corresponds to a maximum in the joint den-
sity of states. This is a further evidence that
exciton effects are not important and that transi-
tions to the s-like I'; minimum are weak and
before the edge. The spectrum is in better agree-
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FIG. 12, Calculated conduction-band density of states

for potassium iodide from the band structure of Ref. 44,
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FIG. 13. Observed 4d spectrum for KI at 77 °K is
shown in the upper part of the figure. A calculated Nyy,y
joint density of statesis shownin the lower part of figure.

ment with the bands calculated in Ref. 4(orthogonal-
ized plane wave) than by Onodera et al.® ** (augmen-
ted plane wave). Matrix-element effects have not
been included and they could very well be the cause
of the decrease near the middle of the d spectrum
where the suppressed f threshold occurs at I';.

They also account for the rise beyond 64 eV (d-

to-f continuum transitions), as explained below.

The photoabsorption spectrum of xenon gas is
analogous to the KI d-to-p bands discussed above.
In the case of the gas two series of lines separated
by about 2 eV are observed between 65 and 70
eV. 39402 Thege series are ascribed to transi-
tions of the type ... 4d' 5s®5p° to ...4d° 5s%5p°up,
where the first line in each series corresponds to
n=6.

The closed-shell ions I" and Cs* have the same
electronic structure as atomic xenon, ... 4d'%
x5p8, Figures 10 and 14 show the absorption spec-
tra of CsCl, KI, and CsI. Note that a strong
broad absorption band extending from about 80 to
130 eV occurs in all three cases. In addition, it
can be seen that the d-to-p structure near thresh-
old is different in each case. Spectra similar to
these and including Nal have been previously pub-
lished. *® Comparison of the upper and lower parts
of Fig. 10 illustrates how much more important
the large resonance is in CsCl than in RbCl. The
giant resonance seen in the iodine and cesium com-
pounds is atomic in origin in the sense that a very
similar spectrum has been reported by Ederer®
for xenon gas. It has also been studied more re-
cently for both gaseous and solid xenon by Haensel
and co-workers. *



2136
TA T T T |
§ 4r KI
7o)
o
E 2 .
=
Wl
O
L 0 . | . | L |
w 9p 80 120 160
T L
o)
O 4 CslI
z
o
. ~
@
o)
8

L | L | L | _
< 9%p 80 120 160

PHOTON ENERGY (eV)

FIG. 14. Absorption spectra of KI and of CsI from 40
to 180 eV showing the d-to-f resonance.

Fano and Cooper43 have given an explanation
which involves d-to-f transitions for the reso-
nances seen in the heavy-rare-gas spectra. Their
explanation rests essentially on matrix-element
effects. Transitions at the f threshold are some-
what suppressed because the final f-state wave
function does not penetrate and overlap appreciably
with the d core wave function. Above threshold,
where the final-state electron has kinetic energy,
the zeros of the wave function move in toward the
origin and increasing overlap with the 4d core
occurs. At still higher energies, the oscillator
strength becomes exhausted, and the 1/w? term in
Eq. (4) is also felt. Such effects are closely
associated with the balance between Coulomb po-
tential and the (I +1)/+* term in the radial wave
equation for the atom. It is interesting that these
resonances appear so similar in the gaseous and
solid states. They should occur for other nearby
elements in the periodic system, for example, com-
pounds containing tellurium and also barium.

It should be pointed out that the strength and to
some extent the shape of the d-to-f band is notice-
ably different in CsI than in the other cases. Also,
the position of the cesium resonance in CsCl is
displaced about 15 eV to higher energies than the
iodine resonance in KI (or in Nal) because of the
higher atomic number and different core potential.
Actually, unlike the other cases, the resonance in

CsI arises from transitions on both the anion and
on the cation lattice. This is best seen by evalua-
ting the effective number of electrons N, by ap-
plying Eq. (5). For this purpose the summation
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was carried out from about 60 to 150 eV after sub-
tracting an extrapolated background. The values
of N, obtained for CsCl, KL, and CsI were 6.2,
11.5, and 16. 6, respectively. These numbers are
very approximate but they reflect the fact that ten
4d electrons on each heavy ion contribute to the
resonances.

It should be remarked that definite structure
appears superimposed upon the large resonances
of Figs. 10 and 14. This structure is reproducible
and becomes slightly more pronounced for films
cooled to liquid helium temperatures. The step at
80 eV in KI and at about 90 eV for CsCl are located
where multiple excitations should occur as in
xenon gas. Similar features have also been found
in solid xenon, *

The high-energy line seen in Fig. 10 for CsCl
at about 160 eV is reproduced in Fig. 15 along
with similar structure for Xe gas. These are due
to the 4p;, , states of cesium, the Ny level in x-
ray notation. At least three lines can be seen in
the gas and these most likely correspond to exci-
tation of a 4p electron to 6s, 7s, and possibly 8s
excitation states of the atom.*® The split-off Ny;
level is about 8 eV deeper and is not easily seen
in the gas. When the sloping background due to
the d-to-f resonance is taken into account an anti-
resonance is seen in the gas with a minimum on
the high-energy side of the first line. On the
other hand, for the corresponding transition on the
Cs*ion in the solid, theantiresonance minimum is
on the low-energy side of the line corresponding
to positive sign of the parameter g as introduced
by Fano.” Only one line seems to appear in the
case of the solid and this is presumably due to
excitation of the cesium 4p electron to a maximum
of density of states in the conduction band. A very
similar line shape is observed at 162 eV in CsBr
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FIG. 15. Absorption coefficient of xenon gas (re-
ferred to STP) and of CsCl in the Nyj; region correspond-
ing to excitation of the 4p shell. This structure is
superimposed on the large resonance seen in Figs. 10
and 14 above (and for the gas in Ref. 42). A very sim-
ilar line shape was observed for CsBr near 162 eV.
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(not shown). The conduction-band structure of
the cesium halides is complicated, and it would
most likely be very difficult to calculate the line
shape including configuration interaction in order
to explain the positive g value.

VI. SUMMARY AND CONCLUSIONS

As mentioned in the Introduction a number of
specific questions come to mind when one attempts
to interpret the high-energy optical response of
ionic solids. Some of these have to do with the
applicability of existing band calculations, the
importance of matrix-element effects and maxima
in density of states. New effects such as multiple
excitations and collective phenomena are additional
possibilities. Just how important core excitons
are is worth asking as is the general question con-
cerning the difference in excitation spectrum for
a solid as compared to a gas in the extreme ultra-
violet. Obviously, we do not have replies to all
of these questions at this time, however, some
answers are becoming apparent. Moreover, the
course of future investigations can perhaps now be
better charted.

To begin with, a great deal of structure does
exist for ionic solids beyond the LiF cutoff (1050
A) especially in the vicinity of thresholds corre-
sponding to excitation of the various core levels.
Some of the spectral features, such as the large
d-to-f resonances in the iodides and cesium hal-
ides, are atomic in nature. By this we mean that
a very similar band is observed in xenon gas
which has the same electronic structure but not
the same atomic environment. The resonances in
these cases can at least be partially understood
in terms of the theory of Fano and Cooper for gas
atoms. #® A superimposed fine structure does
exist, however, which may have its origin in col-
lective effects. Other structure at lower energy,
such as the lines and shoulders seen near the 3d-
to-p thresholds (70-80 eV) in the alkali bromides
and rubidium halides, appears to depend upon the
details of the band structure of the solid. The
spin-orbit splitting of the initial state must cer-
tainly be taken into account. In these cases the
lines observed are many times as broad as ultra-
violet exciton lines and they do not vary with tem-
perature in the same manner. Although exciton
effects may be important we do not think that here
they are as important as in the near ultraviolet.
This is probably mainly due to small oscillator
strength concentrated in the exciton region com-
bined with appreciable lifetime broadening. Very
similar remarks can be made about the 4d-to-p
spectra of the alkali iodides and cesium halides
as well as the 2p edges of the alkali chlorides.
Band structure and final density of states deter-

mine the spectrum providing that the transition
is allowed. When increases source intensity be-
comes available it would be useful to carry out
field modulation experiments in an attempt to con-
firm some of the symmetry assignments made.
The 4p° levels of cesium in CsCl and CsBr pro-
duce edges near 160 eV. These Ny levels over-
lie the strong d-to-f continuum and configuration
interaction causes an antiresonance which just

preceeds the main absorption in energy.
Finally, whereas the 200-eV Ly 1y; structure of

the alkali chlorides as well as silver chloride are
alike due to similar conduction-band structure,

this same region in CsCl is somewhat more intri-
cate, probably due to a more involved conduction-

band detail.
It would clearly be desirable to compute matrix

elements as well as density-of-state curves from
existing band theory. An even more realistic
optical spectrum might then be compared with
experiment. Because of the possiblility of collec-
tive excitations, which might explain some of the
replica structure seen in high-energy spectra,
further theoretical work should be carried out. On
the experimental side there are certain phenomena
to look for, e.g., sidebands and structure which
might be seen near edges in high-energy photo-
luminescence. The yield of such luminescence
compared to Auger and other processes should be
ascertained. The high-energy optical response of
mixed crystals and alloys might be profitably in-
vestigated especially near core thresholds. In
other words since specific structure is observed
for various materials it seems worthwhile to extend

the techniques of extreme ultraviolet spectroscopy

for analytic purposes. In some cases it may be
possible to probe the position of band edges, if not
the Fermi level, for varying composition and state
of crystallinity. Along somewhat different lines,
it appears that high~-energy electron emission
spectroscopy for the alkali halides, when properly
carried out, 2° can be successfully compared with
the edges observed in photoabsorption.
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