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FAR-ULTRAVIOLET SPECTRA DUE TO 4d ELECTRONS IN THE ALKALI IODIDES*
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(Received 28 April 1969)

The absorption coefficients of thin films of NaI, KI, and CsI were measured with a
grazing-incidence spectrometer in the range 75-250 A utilizing the synchrotron contin-
uum from the University of Wisconsin 250-MeV electron storage ring. The observed
structure is interpreted in terms of both atomic and solid-state effects.

In this paper we present results on the absorp-
tion coefficients of thin films of NaI, KI, and CsI
in the spectral region V5-250 A. Detailed struc-
ture observed in the range of quantum energies
53 to 60 eV is interpreted as excitation of iodine
4d' electrons to P-like final states in the conduc-
tion bands. In addition a broad strong resonance
is found from 80 to 120 eV and this is identified
as the delayed onset of iodine d- to f-like transi-
tions as observed in atomic xenon. ' The discov-
ery of such atomic phenomena in the solid is im-
portant to an understanding of the high-energy
optical structure and to the separation of atomic
from solid-state effects.

These experiments made use of the 250-MeV
high-current electron storage ring at the Univer-
sity of Wisconsin Physical Science Laboratory
as a continuum light source. Synchrotron radia-
tion emitted from a small segment of the elec-
tron orbit in this machine was focused by a graz-
ing-incidence mirror onto the entrance slits of a
2-m vacuum spectrograph. ' The samples were
mounted in a cryostat before the entrance slits.
It was necessary to maintain a vacuum of 10
to 10 ' Torr in that part of the apparatus adja-
cent to the storage ring, and this was achieved
by means of a collimator and ion-pumped separa-
tion chamber.

Photon counting was employed in order to per-
mit the use of small slit widths in the spectrom-
eter and a wide range of beam intensities. The
detector was an extended cone Channeltron mul-
tiplier. 4 A data accumulation system permitted
the recording of three channels of information:
(I) the signal-counting rate (proportional to
transmitted uv intensity), (2) a visible-light mon-
itor (proportional to the incident uv intensity),
and (3) the wavelength drum position. This infor-
mation in digital form was recorded sequentially
on tape and processed later at the digital comput-
er laboratory of the University of Illinois.

The samples were evaporated in situ onto thin
organic substrates (aiter first measuring the
transmission of the substrates). Lucite, Collo-
dion, and Formvar were each investigated, and
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FIG. 1. The absorption coefficient of NaI, KI, and
CsI in the range 50-170 eV measured on thin films at
77'K.

Formvar was found to be most suitable because
of somewhat better resistance to damage by in-
tense ultraviolet radiation. A quartz- crystal
thickness monitor calibrated by the Tolansky
method enabled the thickness of the deposited
layers to be estimated.

Figure 1 shows the absorption coefficient of
the three different iodides at liquid-nitrogen tem-
perature as a function of photon energy. These
curves were obtained after correcting for decay
of the stored electron beam as we11 as the mea-
sured absorption of the substrate. The absolute
value of the absorption coefficients are known to
perhaps +25% whereas the relative densities (or
relative absorption constants) are better known.
A cell with thin polypropylene windows was in-
stalled in the light path so that known rare-gas
absorption lines could be used for purposes of
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wavelength calibration. Tests with He and Xe
indicate that the spectral bandwidth for the data
of Fig. 1 was of the order of a few tenths of an
electron volt.

X-ray emission data indicate that the iodine
4d'0 core (NIV V levels) are about 51 to 53 eV
deep. Therefore we associate the 55-eV struc-
turee seen in all three cases (Fig. 1) with d
states, unlike the well known ultraviolet exciton
spectrum~ which originates on P-like states of
the valence band. A detailed scan of the 55-eV
region for KI shows a number of lines or singu-
larities which can be grouped in pairs separated
by about 1.7 eV. This is close to the calculated'
spin-orbit splitting of the 4d'0 levels in I . The
I ion has a 4d'05s'6P' configuration and is iso-
lectronic with atomic Xe and also with Cs . In
the photoabsorption spectrum of gaseous xenon'~"
two series of lines separated by about 2 eV are
observed between 65 and 70 eV." These series in
the gas are due to transitions of the type 4d' 5s'5P6
-4d'5s'5P~nP, where the first line in each series
corresponds to n = 6. Sharp transitions to f
states are not seen in the gas and, in fact, are
suppressed because of centrifugal barrier ef-
fects."

The prominent lines in KI, especially those at
53.8, 55.5, and 58.6 eV [Fig. 1(b)], increase in
height. and reduce in width as the temperature is
lowered from room to liquid-nitrogen tempera-
ture. This suggests that solid-state effects are
involved and that the transitions are to P-like
final states at least associated with the conduc-
tion bands of the crystal. 'y' The detailed band
calculations for KI' show states with admixture
of P-wave function beginning at L and at X points
in the Brillouin zone (about 3.5 eV above the low-
est minimum at I'). The width of these "P bands"
is closely equal to the width (-6.5 eV) of the
structure in Fig. 1(b).

In the case of CsI [Fig. 1(c)]the structure seen
between 70 and 80 eV is believed to be associated
with excitation of 4d' states of the Cs+ ion. Sim-
ilar structure occurs in the absorption spectrum
of CsCl (not shown). Furthermore, an absorp-
tion line appears at 164 eV for CsI, and in the
range 163-165 eV for the other cesium halides
investigated (CsBr and CsCl), which is probably
due to excitation of the 4P shell of Cs to s-like
final states. "

Perhaps the most important feature of Fig. 1
is the intense broad resonance seen in all three
materials extending from 80 to 120 eV. Absorp-
tion of this type does not appear for substances

such as KBr and KC1; however it is seen shifted
to slightly higher energies in CsCl. It is atomic
in origin and is due to the delayed setting in of
transitions to final states with f-like wave func-
tion. Such transitions are prominent in the same
spectral region for xenon gas as reported by Ed-
erer. ' These transitions become important well
above the suppressed f threshold where the final-
state continuum wave functions, because of high-
er kinetic energy, begin to overlap appreciably
with the inner 4d wave function. Such effects are
closely associated with the balance between Cou-
lomb potential and the l(l +1)/r' term in the radi-
al wave equation for the atom. '4 It is interesting
that this effect appears so similar in the gaseous
and solid states. This may not be surprising
considering the size of crystal field and other
solid-state effects compared with the energy of
excitation.

Finally, it should be pointed out that the shape
of the 80- to 120-eV band is somewhat different
in the case of CsI compared with KI or with NaL
This is because some of the oscillator strength
on the high-energy side of the broad resonance
is associated with delayed f transitions from 4d
states on cesium as well as the iodine.
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A tunnel capacitor is an array of microscopic resistance-capacitance circuits with the
resistive element provided by a tunnel junction. Because of their small size, such mi-
crocircuits display special properties due to charge quantization. An array of such cir-
cuits shows an oscQlatory behavior in its capacitance-versus-voltage measurements. A
new type of memory effect is found.

This paper is a report of studies based on a
nem type of solid-state structure. This structure
consists of an array of microscopic series resis-
tance-capacitance elements. The resistance ele-
ment is formed as a tunneling junction between a
metal electrode and a small metal droplet. The
capacitance element is formed as a highly insu-
lating oxide between the metal droplet and a sec-
ond metal electrode. The structure contains a
large number of such elements and we call it a
tunnel capacitor. This structure makes possible
the study of the equilibrium states of microscop-
ic capacitors of such size that the addition of a
single electron causes a significant voltage change
on one of the capacitors. Thus we can examine
the physics of such a system in the case where
the quantization of charge becomes an important
consideration.

Figure l(b) shows a schematic representation
of this device. It should be noted that it closely
resembles a structure mhich was used by Giaever
and Zeller' to study zero-bias anomalies in tun-
neling junctions. There is a very important dis-
tinction, however. In their case both oxides were
thin enough to permit tunneling since they wished
to study tunneling currents Qowing between the
electrodes. This showed that charge quantization
produces a large resistive effect at low applied
voltages. The experiments we mill describe can-
not be carried out unless the second oxide is
thick enough to block electron tunneling through
it.

Before dealing with experimental methods and
results, some of the expected properties of the
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FIG. 1. (a) Schematic of one element of the tunnel
capacitor. (b) Structure of the element. (c) Expecta-
tion value of added charge on the droplet as a function
of the applied voltage V.

device mill be discussed. Consider an equivalent
circuit representing a single element of the array
as shown in Fig. 1(a). The tunneling junction is
represented by a resistance R and a shunt capac-
itance Cg. The smaller capacitance CI is not
shunted by any appreciable leakage path. The
first quantity we wish to consider is the number
of electrons on the metal droplet as a function of
the applied voltage V. This question involves a
straightforward thermodynamic calculation and
the result is sketched in Fig. 1(c). We plot (q),
the expectation value of added charge, versus the
applied voltage V. At T =O'K, this plot is a set
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