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Photoemission spectra for 7iw <11.7 eV were measured from thin CsI films at 77 °K. The distribution of
emitted electrons is interpreted in terms of optical excitation from a valence band comprising three branches
of Bloch bands derived from the I~ 5p° levels. A triplet in the energy distribution cannot be interpreted in
terms of excitation from simple ionic states localized on the iodine ions. Measurements indicate a
valence-band width of 2.5 £0.3 eV, somewhat larger than the 1.7-eV width calculated by Onodera. Flat
regions in the conduction bands, about 0.8 and 2.1 eV above the band edge, cause a small enhancement of
photoelectrons excited to these regions. Additional evidence for the flat conduction bands is seen in the
distribution of scattered electrons and in the strong scattering of hot electrons photoinjected through CsI.
Band parameters obtained by photoemission aid in an interpretation of optical-density measurements.

I. INTRODUCTION

The optical properties of the alkali halides have
been exhaustively studied since the pioneering con-
tributions of Hilsch and Pohl.! Most of the experi-
mental work on uncolored crystals has been con-
cerned with optical absorption and reflectivity
which are dominated by sharp exciton lines near
the band edge. The rich optical structure at ener-
gies above the band-edge exciton region has been
/interpreted in terms of various, somewhat inequiv-
’alent, models. Techniques which were very suc-
cessful in increasing the understanding of semicon-
ductors® have been applied to the alkali halides. ="
Structure in the optical spectra has been identi--
tied"=° as van Hove singularities assigned to tran-
sitions at critical points and as plasma resonances.
Phillips has proposed that some structure is due to
an enhanced transition at points with hyperbolic in-
terband character.®!! Another interpretation given
the optical data is that the structure above the band
gap is identifiable in terms of the excitation of ion-
ic states.'? It seems that because of the ambiguity
in the initial-state energy, simple optical measure-
ments cannot uniquely determine which of the var-
ious proposed models is most nearly applicable.
Photoemission techniques, which have been very
successful in identifying optical transitions in
semiconductors,!® can be used to advantage in re-
solving the ambiguities in the optical spectra of the
alkali halides.

Photoemission measurements on thin films of
CsI have been reported by Philipp et al. ,® for a
few selected wavelengths., From these measure-
ments, Philipp and Ehrenreich? identify a CsI va-
lence band of width 3—4 eV which lies 6.4 eV below
the vacuum level. The photoelectron spectrum has
been attributed to transitions from Bloch valence
states to a nearly-free-electron (NFE) conduction
band.* Measurements of photoemission from CsI
have been extended to a wider range of photon en-
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ergies by Krolikowski and Spicer!*; a tentative ex-
planation of the data was made in terms of an ex-
citation from the simple ionic levels of iodine, **
In both of these previous studies, the measured
energy distributions were broadened by sample
charging, by thermal broadening effects, and by
the experimental limits of the photoemission ener-
gy analyzer. As a result, a definitive identifica-
tion of the valence-band character has not been
made on the basis of these previous photoemission
studies.

We present here the results of new photoemis-
sion measurements on CsI which were obtained
with considerable care given to maximizing reso-
lution of details in the spectra., The measure-
ments were made on very thin films, at both 300
and 77 °K, by an improved photoemission appara-
tus, After the photoemission measurements were
completed, the thin-film sample was checked in
situ by reflectivity to verify that the sample was
crystalline in the simple cubic structure. The
photoemission data, obtained for photon energy less
than 11,7 eV, are explained in terms of transitions
from Bloch valence states. For CsI, the valence
band is derived from the iodine 5p shell which is

‘spin-orbit split by 0,94 eV in the free ion. In the

Csl crystal, the iodine valence levels broaden into
bands of total width 2.5 + 0.3 eV, Near the edge

of the conduction band, some evidence is seen for
two flat band regions. In keeping with the band
calculations of Onodera, these flat conduction bands
are identified as the unfilled 5d levels of Cs*, Fur-
ther evidence for flat conduction bands is seen in
the scattering of electrons photoinjected through
the film.

II. EXPERIMENTAL TECHNIQUES
A. Apparatus

The measurements were made at an ultrahigh
vacuum of better than 2 X 10~!* Torr in a stainless-
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FIG. 1. Instrumentation for the photoemission mea-
surements. The ramp generator determines the retard-
ing potential on which is superposed an ac modulation at
the eighth subharmonic of the 60-Hz power line. Capacitors
C; and C, balance currents induced by the modulating
potential and the retarding voltage, respectively.

steel vacuum chamber. Residual partial pressures
of the deleterious gases H,O and CO were less than
10"*2 Torr. Light was admitted to the chamber
through a LiF window which limited the mea-
surements to 7w <11.7 eV. Energy distribu-
tions of the photoelectrons were measured by a
cylindrical retarding electrode which has a resolu-
tion limit'® of about 0.3 eV at the highest kinetic
energy measured. The ac technique was used to
differentiate the I-V curves. An ac “tickling” volt-
age of 0.1 eV was found to introduce no significant
experimental broadening onto peaks of more than
0.1-eV half-width, The spectral width of the light
was negligible, less than 0,02 eV. In all, the ex-
perimental broadening is estimated to be 0.3 eV.

A few refinements shown in Fig. 1 were added to
the ac differentiation circuitry in order to minimize
effects of the considerable noise in the low-level
signals being measured. The total photoemission
currents had to be kept low, less than 10-° A, in
order to prevent sample charging., A technique
was developed to reject the dominant noise caused
by the pickup of power-line radiation. In essence,
the tickler voltage was locked to an even subhar-
monic of the 60-Hz power-line frequency; at such
frequencies, the phase-locked detector in the lock-
in amplifier rejects the harmonic rich pickup at
the 60-Hz repetition rate.

B. Samples

Past photoemission measurements on insulators
have been hindered by sample charging, particularly
in the case of large single crystals.!” This charg-
ing of the sample surface affects the measured en-
ergy-distribution curves (EDC’s) by broadening and
lowering the significant structure. In the alkali
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halides, the sample is charged by immobile holes
or V, centers, which are left behind by the photo-
emitted electrons. For Csl, the surface of a 1000-
A sample film was typically found to charge to sev-
eral volts during measurements at 77 °K. This
charging problem was circumvented by the use of
very thin samples so that prebreakdown currents
limited the voltage buildup., With sample currents
less than 107 A from a 110-A sample, the surface
charging was found to be less than 0.1 eV.

The CsI samples were evaporated onto a gold
substrate in a 15-sec period at pressures below
10”8 Torr. Freshly evaporated gold was used as
the substrate in order to minimize work-function
variations which raise or lower the electronic
bands of the insulating film.® Each thin-film sam-
ple was annealed for 15 min at 400 °K. The crys-
tallinity of the samples was checked by reflectivity
measurements performed i situ after the photo-
emission measurements were completed. Reflec-
tivity of the alkali halides is somewhat sensitive
to the crystalline structure of the sample. The
sharp peaks due to band-edge excitons are severely
broadened by any structural disorder of the films, 8
Further, theband-edge excitons of CslI are shifted
in energy if a constraint forces the crystal from
the usual simple cubic structure to the fcc struc-
ture.'® Therefore, we have used reflectivity near
the band edge as an indicator of film structure,
Reflectivity of the photoemission samples was
measured i sifu with the apparatus shown in Fig.
2. The reflected light intensity was corrected for
double transmission through the LiF window (3);
the incident light intensity was obtained by rotating
mirror (4) through 90°, The Csl reflectivity,
measured at 300 °K from a 110-A film, is shown
in Fig. 3. Sharpness of the excitonic peaks near
the band edge indicates that the film was nicely
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FIG. 2. Apparatus for the measurement of reflectivity
in situ. Components include: (1) sample with surface
3° off axis, (2) photoelectron retarding electrode, (3) LiF
window, (4) rotatable mirror, (5) sodium salicylate coated
filter window, (6) electron multiplier, (7) diaphragm,
and (8) monochromator exit slit.
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FIG. 3. Relative reflectivity of a 110-A film of CsI

(solid line) and the relative reflectivity of simple cubic
CsI measured by Gavini and Cardona (dashed line).

crystalline. For comparison, the dashed curve
in Fig. 3 shows the reflectivity measured from
cubic CsI by Gavini and Cardona.?’ Films of CsI
which contained an fcc phase were found?® to have
additional peaks in the reflectivity spectrum at
5.28 and 5. 67 eV, Also, the excitonic peak found
at 5.9 eV in the simple cubic lattice is absent in
spectra from CsI films constrained to the fcc lat-
tice.!'® From the reflectivity measurements, it is
concluded that the 110-A sample film was com-
pletely crystalline in the simple cubic structure.

III. PHOTOEMISSION DATA
A. Photoelectric Yield

The photoelectric yield® for films of CsI was
found to vary with sample thickness and temperature,
as is shown for the typical films represented in
Fig. 4. For very thin films, about 100 A thick, the
yield saturates at 20-40%, which is consistent with
the measurements of Philipp.® The yield for the
thicker films increases slowly with photon energy
to a value near unity as seen in Fig, 4. The en-
hanced yield in the thicker films is thought to be due
to phonon scattering. In essence, an electron ex-
cited outside the escape cone may be scattered into
the cone by subsequent phonon collisions. Duckett
and Metzger?? have used the random-walk model to
show that quantum yield may exceed 50%, and even
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approach unity, if the electron suffers many phonon
scattering events before recombination.

Since the yield curve does not terminate abruptly
at low photon energies, it is difficult to obtain an
exact value for the photoelectric threshold. Empiri-
cally, it was found that a half-power plot of the pho-
toelectric yield in Cslis a straight line near thresh-
old. As determined by the intercept on this half-
power plot, the photoelectric threshold of CsI at
300 °K was 6.5 eV. However, it is recognized that
there is no established theoretical justification for
such a plot. The band gap of CsI at 10 °K has been
placed® at 6. 37 eV, which is the hydrogenic limit
of the exciton lines at the step®?! in the optical data;
after correction for temperature dependence, the
band gap at 300 °K is 6.2 eV. Based on the thresh-
old obtained by the half-power plot, the electron
affinity is 0.3 + 0.1 eV, which is somewhat larger
than a previous estimate® of 0.1 eV.

B. Photoinjection

There is some interest in the scattering of hot
electrons at energies near the band edge of a polar
insulator. An electron of low group velocity may
be captured by lattice polarization to produce a qua-
siparticle or polaron®2¢ of low mobility and high
mass, Also, the flat d bands nearthe conduction-
band edge of CsI should produce some enhanced
scattering.? The question of hot-electron scat-
tering was investigated in this work by photoinjec-
tion?® of electrons from a metal substrate through
a thin film of CsI. Those injected electrons which

10
Id' n
3 I
- -
o
e [
a -
[
E oL
w
o
s f
|
g 102 |
5 - |
[$) -
w i |
@ I
w - | Csl
| ———— 300°K,110 & FILM
] ————  77°K,110 & FILM
L " —— — 300°K,800 & FILM
|
103 L L L | !
5 6 7 8 ) 10 " 12

PHOTON ENERGY (eV)

FIG. 4. Photoelectric yield from typical CsI thin films.
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FIG. 5. A schematic representation of the photoin-
jection process. Light incident on substrate excites
electrons which are injected through an insulating film
and into vacuum.

are strongly scattered or trapped by the CsI may
be recaptured by the substrate. Thus, we expect
a paucity of electrons in the emitted distribution
at energies where there is appreciable scattering.
We have measured the energy spectra of currents
photoinjected through an 80-A film of CsI at 300 °K.
A schematic representation of the process is shown
in Fig. 5. Monochromatic light, with energy less
than the band gap of the Csl, passes through the
film to excite photoelectrons from a copper sub-
strate. The electrons escaping through the CsI and
into vacuum were analyzed by standard photoemis-

|
Csl 300°K T
80 A& ON Cu -
////
e
10—
a
=}
W
>
2|
= 1o 4
s |\ /-
g
g //’/ Cu
e
|O—3>—- . -
1
I
|
I
1
i
,leI
|
107 i
/ T ! ! 1
40 50 60 70 80 90 100 1.0

PHOTON ENERGY (eV)

FIG. 6. Quantum yield for the photoinjection of elec-
trons through a thin film of CsI. For comparison, the
photoelectric yield for pure copper and for CsI are shown
by the dashed lines.
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sion techniques. The quantum yield for photoinjec-
tion is shown in Fig. 6 along with dashed curves
representing typical yields from pure Cu and CsI,
Below the 6, 5-eV threshold of CsI, the yield is
dominated by electrons which have been photoin-
jected through the CslI film and into vacuum. The
photoinjection yield is higher than the yield for
bulk copper, apparently because the CsI film has
lowered the threshold for photoemission from the
copper by 0.5 eV,

The EDC’s of the injected electrons, shown in
Fig. 7, display some depletion of electrons at
about 1. 8 eV and at the vacuum level. An arrow
in Fig. 7 marks the energy at which we find strong
electron scattering (at 1.8 or 2. 1 eV above the band
edge). This strong scattering region corresponds
to a flat conduction band, derived from the 54
levels of the cesium ion, which calculations® place
at about 2.2 eV above the band edge. Further evi-
dence for a flat conduction band is presented in
Sec. IIIC onthe photoemission of electrons directly
from Csl. At electron energies just above the vac-
uum level, there is an enhanced electronscattering
which is manifested in the broad trailing edge of
the EDC’s in Fig. 7. The 0. 65-eV width of the
trailing edge is larger than the 0.3-eV resolution
limit of the analyzer.!® For comparison, an EDC
of electrons excited by 6. 6-€V light from the valence
bands of CsI is also shown in Fig, 7; these elec-
trons, which have not been greatly scattered, have
a trailing edge that is sharp compared to that of the
photoinjected electrons. Apparently, hot electrons
in the first eV of the conduction band are strongly
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FIG. 7. Energy distributions of electrons photoin-
jected through CsI by photons of various energies. The
arrow marks an energy at which electrons are strongly
scattered. Photoemission from the valence band of CsI
is apparent in the distribution measured at Zw=6.6 eV.
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FIG. 8. Photoelectron distributions measured from
CsI at 300 °K at low photon energies.

scattered as they traverse the film. However,
there is no direct evidence for self-trapping of
electrons with energy greater than 0. 3 above the
band minimum.

C. Energy-Distribution Curves

A series of EDC’s for photon energies extending
from 6.5 to 11.7 eV was measured from CsI at
77°K. Structure in the EDC’s measured at 77 °K
is considerably sharpened in comparison to that

measured at 300 °K. Total broadening of the EDC’s-

measured at 77 °K, as judged by the width of the
leading edge, is less than 0.5 eV, Of this broad-
ening, 0.3 eV or less is due to experimental reso-
lution of the photoemission analyzer,!® Although
thermal broadening is large in data taken at room
temperature, the general characteristics of the
EDC’s remain unchanged. The EDC’s measured at
photon energies below 8. 6 eV are roughly Gaussian
in shape, with no sharp structure that can be cor-
related with the excitonic peaks found in the reflec-
tivity over this range. However, at energies above
8.6 eV the EDC’s exhibit very distinct structures
which are correlated with theoretical predictions
for band-to-band transitions. This division of the
data into a band-to-band regime above 8.6 eV and
an exciton-dominated regime below 8. 6-eV is sim-
ilar to the findings of Haensel et al.% in x-ray pho-
toemission from NaCl.

Energy distributions of electrons photoemitted
by light of energy 8.4 eV and below are shown in
Fig. 8. The distributions are not greatly affected
by sample temperature, so that the curves mea-
sured at 300 °K differ only slightly from those at
77°K. All of the EDC’s are structureless, except
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for the beginnings of a peak at high energy in the
8.4-eV curve, Although the curves are roughly
Gaussian in shape, the leading edge increases
approximately linearly with photon energy. Signif-
icantly, there is no sharp structure in the curves
which can be related to excitonic transitions al-
though excitons dominate the oscillator strength in
this range. Any excitons which autoionize before
interacting with the lattice should contribute a
narrow peak to the photoelectron EDC; the width
of the narrow peak is a measure of the extent of
the Wannier exciton in the Brillouin zone (BZ).
The absence of any such narrow peak in the EDC’s
might indicate that there is considerable lattice
relaxation before an autoionization takes place.

N(E) (electron/photon eV)
T T T
;

] ] ]

INITIAL ENERGY (eV)

FIG. 9. Photoelectron distributions measured from
CsI at 77 °K. The vacuum level of each curve is marked
by an angle.
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FIG. 10. Photoelectron distributions measured from
CsI at 77 °K. The vacuum level of each curve is marked

by an angle. The small number of slow electrons indi-
cates that scattering is not an important factor.

Band-to-band transitions do occur at photon ener-
gies below 8.6 eV, but the oscillator strength is
dominated by excitonic transitions.

At photon energies above 8.6 eV, band-to-band
transitions dominate the photoemission spectra.
The EDC’s in Figs. 9 and 10 were measured at
77 °K from CsI samples which were 110 A thick,
A particularly striking feature of these electron
distributions is the paucity of low-energy elec-
trons. Apparently, an excited electronloses lit-
tle energy by inelastic scattering before being
emitted from such thin samples. The total width
of the valence bands, which stands out clearly in
the EDC’s, is seen to be less than 2, 8 eV, After
correction for experimental broadening, the es-
timated valence-band width is 2.5 + 0.3 eV,

The general nature of the photoelectron distribu-
tions is similar in each curve measured at photon
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energies of 9,6 eV and above, There is a broad,
high-energy peak and a smaller, low-energy peak.
The two peaks correspond to excitation out of
states derived from the iodine 2Py, , and 2Py, ,
levels, respectively. Splitting between the cen-
troids of the two peaks is about 1.2 eV, which
compares with the 0.94-eV spin-oribt splitting of
the valence levels in free iodine. The positionand
width of peaks measured from CsI are displayed
in the structure plot of Fig., 11. The peak posi-
tions in the low-temperature data are similar to
those measured at room temperature as well as to
those measured from thick films. The sharpand
structureless low-energy peak in the EDC’s results
from excitation from the 2P,,, derived branch of the
iodine valence band., On the other hand, the high-
energy peak is broad and split, at some photon
energies, into two sharp subpeaks. This broad
leading peak, which is due to excitation from the
two branches of the valence band derived from the
iodine ®P;/, level, has a total width of about 1.2 eV
after corrections for experimental broadening.
Quite significantly, the splitting of the broad
leading peak into two subpeaks suggests that the
electrons were excited from valence states which
comprise Bloch states.® A comparison of predic-
tions based on Bloch valence states and simple ionic
valence states is given in Sec. IV, and a detailed
calculation for CslI based on transitions between

Csl 77°K
5~ @ PEAK

O SHOULDER
A EDGE

7/,90%PEAK

T

ENERGY ABOVE CONDUCTION BAND (eV)
¥

PHOTON ENERGY (eV)

FIG. 11. Structure plot for CsI at 77 °K. The energy
of each peak, shoulder, and edge is displayed for dis-
tributions measured at photon energies between 8 and
11.8 eV. The valence-band width, uncorrected for broad-
ening, is seen to be 2.7 eV.
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FIG. 12. Photoelectron distributions from CsI showing
enhancement of optical transitions to two regions of
energy in the conduction bands. These two regions, cen-
tered around 0.8 and 2.1 eV above the conduction-band
‘bottom, are shaded in the figure.

Bloch states is given in the following paper. The
change in shape of the broad leading peak with in-
creasing photon energy is ascribed to optical tran-
sitions from different parts of the BZ. In particu-
lar, the abrupt rise of a high-energy portion of the
leading peak beginning at a photon energy of 10,6
eV results from an onset of transitions to a higher
conduction band near X in the BZ. Such abrupt
 changes in shape of the EDC with photon energy are
characteristic of k-conserving transitions between

Bloch bands, *
We have observed several indications of flat con-

duction bands which lie close to the conduction-band
bottom. Previously, low-lying conduction bands
derived from Cs* 5d states were suggested?® in or-
der to explain a portion of the optical spectra of
Csl. In the photoemission data, transitions to
these flat bands are seen as an enhancement of
transition strength to a particular final-state en-
ergy. Peaks in the EDC’s shown in Fig. 12 are
increased in amplitude and distorted as they move
through the energy of the flat conduction bands.
The estimated positions of the flat bands lie in the
shaded regions of Fig. 12, where the position of
the conduction-band bottom is labeled C.B. Along
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with the change in peak shape, there is a modula-
tion of the peak energy which is best shown in the
structure plot of Fig. 11. The energies of peaks
in the EDC’s do not increase linearly with photon
energy as they move through conduction band
2.0-2,2 eV above the band bottom. Instead, peaks
from this region of the conduction band fall at an
energy somewhat lower than would be expected.
This modulation of peak energies may be explained,
in part, by a mechanism which involves scattering
of electrons by a flat conduction band. Electrons
excited to such a flat band will lose energy in a
short distance and emerge near the bottom of the
flat band. The short scattering length in the flat
band region is produced by the low group velocity
and high density of final scattering states for such
electrons.?” On the basis of peak enhancement and
of peak energy modulation, we find a flat conduc-
tion band centered at about 2,1 eV above the con-
duction-band bottom.

Further evidence of flat conduction bands is
found in the distribution of scattered electrons
photoemitted from thick films of Csl. Scattering
in these films is much more pronounced than it is
in thin films where excited electrons have little
chance to scatter before emission. Because elec-
trons tend to be scattered to energies at which
there is a high density of available states, the dis-
tribution of scattered electrons reflects, to some
degree, the density of states in the conduction
band., Typical peaks of scattered electrons are
evident in the dashed EDC shown in Fig. 13. Elec-
trons photoemitted without appreciable energy loss
lie well above the two scattering peaks labeled 1
and 2, For comparison, Fig. 13 also displays

Csl, 11.8eV, 300°K
----800 & FILM
—— 110 R FiLM

N(E}

ENERGY (eV)

FIG. 13. Comparison of electron distributions from
Csl films of two different thicknesses. The distribution
from the 800-A film displays two pronounced scattering
peaks, labeled 1 and 2, while that from the 110-A films
shows few scattered electrons.
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FIG. 14. Energy levels of CsI at 300 °K. Two flat
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double hatching. Information is included from (a) Knox
and Teegarden (Ref. 41), (b) Roessler (Ref. 35), and (c)
Helmer (Ref. 34).

photoemission from a very thin film in which elec-
tron scattering is not appreciable. Notice that
structure and the leading edge are much sharper
for the thin film because of the smaller scattering
effects. The peaks of scattered electrons indicate
two flat conduction bands at about 0.8 and 2.0 eV
above the band edge. Peak 2 corresponds quite
well with the flat band which was identified on the

basis of peak enhancement and on the basis of the
scattering of photoinjected electrons.

IV. DISCUSSION

As a point of convenience we have summarized
the experimentally determined energy levels for
Csl in Fig. 14. The relevant energies are given
with respect to the Fermi level for thin films at
300 °K, Uncertainty in the energy levels is + 0.1
eV. The bands are flat throughout the sample. As
is typical of the ionic insulators,3® CsI shows no
evidence of surface states or the resulting band
bending near the surface. The photoemission mea-
sured from uncolored CsI at zZw < 11. 8 eV origi-
nates entirely from the band derived from I- 5p°
states. No photoemission was observed from the
Cs* 5p° levels, which are placed at 14 and 16 eV
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below the conduction band by the x-ray photoemis-
sion measurements of Helmer®* and by the reflec-
tivity measurements of Roessler.% Interpretation
of the photoelectric spectra is facilitated by the ab-
sence of other electronic energy levels near the
iodine valence bands. As is discussed below, the
width of the valence band is somewhat larger than
expectations based on previous calculations, 293¢
The conduction bands contain two regions of high
state density marked by the double hatching of Fig. |
14, Evidence for these flat bands includes the dis-
tribution of scattered electrons, an enhancement
in measured EDC’s at the corresponding energies,
a modulation of peak energy in the EDC’s, and the
scattering of photoinjected electrons. These re-
gions are identified as the flat d-symmetry bands
proposed by Knox and Inchauspe®” and by Phillips, °
An important aspect of the findings presented
here concerns the triplet of peaks found in the
photoemission spectrum from CsI. The three well-
resolved peaks in the EDC’s at photon energies
above 10,6 eV can be interpreted in terms of opti-
cal excitation from the three branches of the va-
lence-band dispersion curve. In the double group
notation of Elliott,3® Table I displays the degener-
acies of the valence band at various symmetry
points of the zone. The doublet of energy levels
associated with simple, localized ionic states of
I" are shown as I'g- and I'g- in the table. Photo-
emission from CsI cannot be explained in terms
optical excitation from simple localized valence
states because the photoemission spectra from
such ionic states could yield only a doublet of
peaks. On the other hand, the triplet of observed
peaks in the EDC’s can be explained as an excita-
tion from the three separate branches of the va-
lence-band dispersion curves away from I" and R
in the zone. A comparison is made in a following
article between EDC’s calculated from transitions
between Bloch states and those found experimen-
tally; it is concluded that the Bloch-wave basis is
the most appropriate for describing optical excita-
tion from the narrow valence bands of Csl.
Historically, there has been some question as
to the applicability of Bloch states to the narrow

TABLE I. Energy levels of the iodine ion. Group
theoretically allowed levels are given for the ion in free
space, in the crystal field of Csl, and for Bloch states
in the CsI lattice.

I- 5p° I- 5p° Bloch levels
Free space O,! Crystal field in CsI lattice
2 - - g
Py/y Ts - X7 Mg, .
Ty X My Ry
%P1/ Ty T'¢ Xg Mg™ Rg
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valence levels of the alkali halides. %% Within
the Hartree—Fock scheme, the Wannier basis and
the Bloch basis are equivalent representations for
the closed-shell valence levels of ionic insulators.
When correlation energy is included in the problem,
the two bases are no longer equivalent, but rather
one of the two becomes a more appropriate de-
scription of the many-body state., Correlation en-
ergy, which is large compared to the bandwidth in
the alkali halides, ** can break the periodicity of
the total Hamiltonian; the corresponding eigenfunc-
tion then need not be of the periodic Bloch form.
For a sufficiently narrow closed-shell valence
band, Wannier states may be more appropriate as
a basis than Bloch states. For the case of CsI, in
which the largest width of any single valence band
is about 1.2 eV, we have found evidence that Bloch-
wave states are the most appropriate basis for de-
scribing optical excitations. Such evidence for
Bloch states has not been observed to date in the
other alkali iodides, in which the iodine valence
levels are so narrow that it is difficult to resolve
differences in the predictions of the two bases.

Of course, in any of the alkali halides, a hole
created by an optical process is subsequently lo-
calized by a Jahn—Teller lattice relaxation®® to
produce a localized, lattice-trapped V, center.
Because all free holes are eventually trapped by
the lattice, they have not been seen to participate
in the conduction process.

Some points of comparison can be made between
the photoemission results and band calculations for
Csl, 2%36% The Wigner-Seitz type of calculation
by Flower and March* is of a preliminary nature
and does not include relativistic corrections; the
resulting valence band is 4. 35 eV wide, which is
clearly too large. More refined calculations were
made by Onodera, and later Rossler, with the
method of a fully relativistic Green’s-function
tecimique described by Onodera and Okazaka, *°
In both cases, the intermuffin potential was ad-
justed so that the direct band gap agreed with ex-
periment, The total widths of the top two valence
bands found by Onodera and by Rossler were 0, 77
and 0. 8 eV, respectively. The photoemission data
we have presented indicate that the total width of
these bands is about 1.2 eV, or 2 of the calculated
width, The small calculated bandwidths may be
too small due to the large intermuffin potentials
which were used to adjust the band gap to observed
values. The structure that we have observed in
the conduction band of Csl, at about 0.8 and 2.1
eV above the band bottom, can be related to two
regions of energy at which flat bands occur. The
higher of these two bands corresponds to the d
bands of the type I';s» which Onodera’s calculations
place in a narrow energy range around 2.2 eV, in
excellentagreement with experiment. The enhanced
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FIG. 15. Optical density of CsI at 10 °K by Teegarden
and Baldini (Ref. 12).

transitions we find near 0. 8 eV are identified as

d bands of the type I';, which are pulled down and
broadened by the CsCl crystal structure, 4 The
center of the experimentally determined band (about
0. 8 eV) is somewhat approximate because of the
large width of the band.

Although the calculated conduction bands are
quite complex, we shall consider the NFE bands
which are strongly coupled to the valence band,
These are the only states in the first 5 eV of the
conduction band that have a strong band-to-band
matrix element coupling to the p-like valence band.
The other bands in this energy range are weakly
coupled to the valence band either because they do
not have s or d symmetry at I" or because they are
strongly localized on the Cs*-ion sphere, With in-
creasing photon energy, transitions from the va-
lence band occur on a surface in the zone which
moves away from I'. In the photoemission spectra,
we associate the sharp rise of the leading peak,
which begins at a photon energy of about 10. 6 eV,
with the onset of transitions to the second NFE
band. From Onodera’s calculations the direct gap
to the second NFE band occurs at 10. 8 eV, near
X in the zone, in agreement with experiment.

A few connections are made between our photo-
emission results and the optical properties of CsI.
The optical density of CsI, measured at 10 °K by
Teegarden and Baldini, *? is displayed in Fig, 15.
The “halogen doublet” which is labeled “T'; exci-
tons” has been identified as an excitonic transition
to the s-like conduction-band bottom. The spin-
orbit splitting of the halogen doublet is somewhat
less than the valence-band splitting at I" because of
a strong exchange interaction between the electron
and hole.3"**" The next set of peaks, labeled I';,
excitons, has been identified by large pressure®
and temperature?® dependences as being excitonic
transitions to I';, derived bands largely concen-
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trated near the Cs® ions. Another group of exci-
tonic lines found at higher energy can be identified
as being due to excitonic transitions to the very
flat Cs” 5d bands of the type associated with T'ps.
The four excitonic peaks which we have labeled
are consistent with the fourfold theoretical multi-
plicity of excitonic lines due to transitions to the
T,5 derived bands.?’ For this identification of
excitonic structure, the quite large binding energy
for the d exciton is due to the large number of
electronic states in the flat conduction bands which
are available for the binding of an excitonic wave
function. We discern no definite excitonic struc-
ture in the optical density above 8.6 eV,

V. CONCLUSIONS

The principal features of the photoemission
spectra from CsI cannot be explained on the basis
of simple transitions from localized ionic states
because such a model would predict a doublet in-
stead of the triplet observed in the photoemission
-data. A better explanation of the data can be given
by optical transitions between Bloch states, for
photon energies greater than 8,6 eV,

Band parameters deduced from experiment are
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in fair agreement with the calculations of Onodera
and ROssler, The total width of the valence band
was found to be 2.5 + 0.3 eV. The width of each
valence band is about 3 of the calculated value.
The onset of transitions to the second NFE band
occurs at 10. 6 eV, in good agreement with the
calculated value of 10,8 eV. Some enhancement
of photoemission occurs for transitions to flat
bands at 0. 8 and 2. 1 eV above the conduction-band
bottom; these bands are identified as the d states
concentrated near the cesium ions, as predicted by
‘Knox and Inchauspe and by Phillips. Further evi-
dence for such flat conduction bands occurs in the
photoinjection data in the distribution of scattered
electrons.

An enhanced scattering of low-energy electrons
was found by the technique of photoinjection, How-
ever, there was no conclusive evidence for the
self-trapping of electrons of energy above the elec-
tron affinity of 0.3 eV.
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Photoemission from CsI: Calculation*

T. H. DiStefano'
Stanford University, Stanford, California 94305

Photoemission spectra were calculated for CslI based on crystal-momentum-conserving transitions between
Bloch electron states. The energy bands of Csl were interpolated between levels at I' and X obtained from
calculations by Onodera. A fully relativistic tight-binding approximation and a pseudopotential fit were used
for the valence and conduction bands, respectively. Weakly coupled Cs* 54 conduction bands were not
included in the calculation. Photoelectron distributions, generated by a computer sampling of the bands at
2600 points in the zone, agree reasonably well with experiment. The agreement confirms the interpretation
of photoemission from CsI in terms of optical excitation between Bloch-wave states.

I. INTRODUCTION

Recent experimental evidence from photoemis-
sion' and from two-photon spectroscopy?® indicates
that transitions between Bloch states are of some
importance in describing the optical properties of
the alkali halides, particularly those which are less
ionic. We report calculations of optical and photo-
emission spectra for CsI based on first-order al-
lowed transitions between Bloch-wave states. The
calculations, utilizing published energy bands® for
Csl, were performed by computer sampling of re-
gions in the Brillouin zone (BZ). A constant dipole
matrix element was assumed to connect the va-
lence bands to the nearly-free-electron (NFE) con-
duction bands. Those conduction bands derived
from states of f symmetry or from wave functions
concentrated near the Cs* ion were not included in
this calculation because they are only weakly cou-
pled to the valence bands. In this way, the calcula-
tion of transitions to the conduction band is consid-
erably simplified.

Calculation of photoelectric energy distribution
curves (EDC’s) and of the optical constant €, was
carried out with the aid of convenient interpolation

- schemes for regions of the BZ between the symme-
try points. Energies at I" and X were set to the
eigenvalues determined by Onodera.® The valence
bands were interpolated by a relativistic tight-
binding approximation while an empirical pseudo-
potential model was used for the first two zones of
the NFE conduction band. Photoelectric and optical
spectra were calculated by summing all possible
transitions occurring at approximately 2600 points
throughout the primitive fyth of the BZ. The com-
putational techniques used were similar to those
described by Smith.* Because of their value in de-
termining the initial band states of the photoelec-

tron current, the k-space surfaces on which transi-
tions occur were determined and plotted for several
photon energies. A comparison is made between
the photoemission data measured from CsI and the
EDC’s calculated here. We find that a better fit

to the experimental data may be obtained by using

a valence-band width and a spin-orbit splitting
which are somewhat larger than those found by
Onodera.

II. BAND STRUCTURE OF Csl

A. Existing Theoretical Calculations

The interpolated bands were fixed to symmetry-
point energies found from calculations® utilizing
a Green’s-function technique.*® Onodera’s bands,
which are shown in Fig. 1, were chosen as the
basis for the interpolation. There is reasonably
good agreement between valence bands calculated
by Onodera and those found by Rossler, although
Réssler finds a slightly larger spin-orbit splitting
at I'. As a crystal potential, Onodera used Made-
lung-shifted ionic potentials, ” with full Slater ex-
change, in the spherical muffin region around each
ion. The constant potential of the intermuffin re-
gion was adjusted to produce a band gap to match
the experimental value of 6.37 eV. In order to ob-
tain the correct band gap, it was found necessary
to use the quite large intermuffin potential of 6. 94
eV.® This results in a calculated conduction-band
edge of the type I'y, instead of the type I'y, which
is thought to be the case. As is reviewed in Sec.
IOI, such a large intermuffin potential leads to
valence bands which are somewhat narrower than
those observed experimentally.

In our calculations, it was necessary to make
some arrangement for the various matrix-element
strengths coupling the valence and conduction bands.



