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I. INTRODUCTION
This quarter saw the conclusion of the alkali halide work of Thomas
H. DiStefano. His thesis has been written and copies will be available for
distribution within a month or two. The abstract of this thesié is in-
cluded és Part III of this report,

. Robert S. Bauer has completed photoemission measurements on the silver
halides. Part II of this report is based on new experimeptal data and a
theoretical investigation of the very large temperature effects found in
the silver halides. Experimentai methods were devised so that tempera-
ture could be varied continuously bet&een room and liquid nitrogen tempera-
tures. As a result, more detailed information on the temperature dependence
has been obtained. This detailed’information is found to be in agreement
with the tﬂeoretical models presented in Part II.

.In addition to the work reported in Parts II and III, preliminary wérk
has been done in two new areas: (1) Estimates of photoemission from the
surface of the wmoon and (2) developuent of photoemission to serve. as

standard absolute detectors in the ultraviolet.



I1I. Giant Temperature Dependence of
Photoemission from the Silver Halides

R. S. Bauer

ABSTRACTﬁ Anomalous temperature dependent photoemission has been measured
from the silver halides. Structure in the photoemitted electron energy
distributions sharpens dramatically as samples arejcooled from 29§)K to
SOOK. We believe this is due to a 1attice‘vibrati;nally dependent p-d
hybridization of the valence states, Using this effect, we have ex-

perimentaliy located the Ag states with almost pure 4d symmetry at 3.6 eV

-and 3.3 eV below the highest valence states in AgBr and AgCl respectively,

-

* k %

The characteristics of the electronic states of the silﬁer‘halides
are profoundly influenced by the proximity in energy of the Ag4d electron
states to the halogen p states. In fact, the wmixing of these wave func-
tions is so large that the hybridized states near L are increased in
energy by a few eV relative to the I' levels thereby creating a maximum in
the valence band in the.L direction.1 We have 6bserved (see Figs. 1 and 2)
unusually large and dramatic changes in the energy distribution curves
(EDCs) of electrons photoemitted from the silver halides upon cooling
from 2950k tL)SOOK.2 The optical properties also exhibit striking, but
less well-defined, changes upon temperature variation.3’4 We find that

these changes occur because of dynamic variations in the electronic states
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due to the dependence of the large p-d mixing on the vibrations of the
lattice. At room temperature, where the amplitude of the lattice vibra-
tion is large, the energy levels are broadened by as much as 1 eV by

the fluctuating ﬁ—d overlap, At liquid nidyogen (LN2) temperature, where the
amplitude of ionic vibrations is small, the hybridized levels become
sharper and more well defined. We thus associate tﬁe observedAchanges
with a femperature dependent dynamic hybridization of the electronic
states,

The samples studied were epitaxial, thin filmé evaporated onto vacu-
um heat~cleaned silver at less than 3 X 10“-8 Torr;from 99,999% pure AgBr
and AgCl powder,. The films were about 200& thick to eliminate.charging
at low tempepatures. At room'temperature, the phofoemissive properties
of these thin films were essentiaily identical to these of films 0.6y thick.
'Electron microscopy5 and 6ptica1416 studies have\established that evap- .
orated thin films are good model systems for bulk silver halide properties,
Photoemission from these samples was measured in situ at less than

11 Torr using the standard‘ac method7 for photon energies, hv,

5 X 10
through 11.8 eV. New techniques were developed to measure photoemission
at any temperafure between room and liquid nitrogen values, Qzuéng forming
gas and helium in a'liquid nitrogen heat exchanger, the sample tempera-
tufe could be set and maintained to within % 4°K. The experimental rel
sults were reproducible following température cygling and among different
samples,
The most striking feature of the EDCs in the 10 eV photon energy

range (see Fig, 1) is the sharpening of the structure with reduced

temperature, For example, in AgBr, the full width of the central peak
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at 90% of its maximum height decreases from about 0.7 eV to 0.3 eV upon
cooling from 2870K1n SOOK. In both materials, room temperature shoulders
are resolved into well—defineq peaks at SOOK. At higher photon energies
(see Fig. 2), a strong new peak appears in AgBr at 80°K which is not pre-~
sent at room temperature., As seen in Fig. 1, these changes occur gradually
as the temperature is varied.

These changes upon cooling are an order of magnitude larger in the
silver halides than the changes in photoemission ffom most materials, 1In
a wide variety of other solids, the changes in thej photoemi s -
sion EDCs upon temperature reduction are very smalﬁ (comparable to the
change in kT) and for the most part can be explainéd simply by absorption
or emission of a small number of phonons.8 The energies involved in such
events are much too small to cause the giant variations we observe in the
1silver halides, Therefore, the lattice must be greatly affecting the
electronic states directly rather than simply through phonon absorption
and emission by the photoexcited electron, We must thus exgmine the
nature of the filled electronic lévels to understand why this effect
occurs in the silver halides but not in most other materials, As noted
above, the overlap of the halogen p and Ag 4d wave functions has a 1a;ge
effect on the energies of the halogen p-derived states in the solid.
Since this wave function overlap is dependent on the separations of the
ions, the energies of the hybridized states will be affected by changes
in this spacing. Thus, as fhe ions vibrate about their eqpilibrium lat-

tice position, the dynamic changes in ionic separation will cause a

considerable modulation



of the energies of the hybridized states, Such energy broadening will,
of course, be temperature dependent, for as the temperature is lowered

below the Debye temperature, © the dynamical wmotion of the lattice is

D)
significantly reduced. This will result in smaller fluctuations of the
hybridization with a corresponding reduction in broadening of the energy.
Thus, we believe it is the thermal vibrations of the lattice which are
affecting the electronic states. As will be shown, this effect is an
‘order of magnitude larger than the energy shifts caused by the contraction
of the lattice upon cooling. ' |

To obtain’a rough estimate of the magnitude J¢f the dynamic hybridiza-—

9,10,11

tion effect, we made a tight-binding calculation of the AgCl-

valence band maximum, L!, as a function of lattice constant, Though not

3}
directly comparable to any measured EDC structure, the energy of this state
iérovides an order of mggnitude estimate for the experimental broadenings
since its large hybridizationlz makes it particulgrly sensitive to ionic
sepération. From éalculétions made with an unscreened Slater exchange
potential in the course of the woik reported in Refs.10 and 11, Fowler
estimates that éach of the two-center integrals changes by an average of
about 5% upon a 1% change in lattice constant.13 We have calculated the
rms displacement of the.ions as a function of temperature using the De?ye—
Waller theory.14 Assuming an equal displacement for the two types of

ions and one atom per unit cell with a mass which is the mean15 of the

two constituents, the rms displacements are found to be about 0.26A.at

room tempefature for both Ang and AgCl. This is within 10% of the xms
displacement of each ion in AgCl determined from neutron diffraction

1
measurements, 6 Using the calculated rms displacement to estimate maxi-

mum and minimum values



for the lattice constant, we calculate a variation in energy of the AgCl
L! state of about 1.1 eV at room temperature. Because of the similarity

3
' 11,17
of the band structures of AgCl and AgBr,

we would expect the broaden-
ing of the AgBr valence band maximum to be of a comparable magnitude. Our
simple calculation thus indicates that the lattice vibrational modulation
of the overlap produces fluctuations in the energies of the hybridized
states which is of the same mwagnitude.as the observed broadening of the

photoemission EDCs (e.g., 0.7 eV for AgBr at 287OK seen in Fig. 1).

Upon cooling to SOOK, the rms ionic displacement is reduced to 0.14&

t

5 broadening of about 0.6 eV. This

i

resulting in a smaller calculated L

. decrease of 0.5 eV in the dynamic variations of the AgCl L!

e .
5 €nergy is

comparable to the 0.4 eV sharpening of the central AgBr EDC peak in Fig, 1.
It is the‘changing amplitude of vibration of the ions which cagses the
;emperature dependent broadening rather than the AgCl lattice contraction
of 0.033_&18 since the contraction produces an Lé shift of less than 0.1 eV
upon cooling from 2950K to SOOK and, of course, no change in broadening.
Thus, our rough calculations indicéte not only that the dynamic fluctua-
tions in the wave function overlap produce modulations of the electronic
state energies comparable to the observed broadenings, but also that the
changes of these energy variations ypon temperature reduction are of the same order
of magnitude as thé measured EDC temperature depeﬁdences. In addition,
since the broadening depends on the amplitude of the ionic vibration,
the gradual dependence on temperature seen in our experiments (Fig. 1) is
to be expecfed. |

This temperature dependent dynamic hybridization causes the loss of
o 19,20

well-defined structure in the absorption edge above approximately 15 K
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(i.e., for T > approximately 0.1 ®D)', In addition; the large pressure
dependence of the silver halide absorption edge21 is expected from the
strong dependence of the hybridized state energy on ionic spacing in our
model.,

There is another way in which the dynamic broadening can be estimated
from experimental data. The pressure dependence of the indirect bgnd
edgez1 gives a measure of energy level vs equilibrium ionic seperation, One can
utilize this energy versus position data to estimate the dynamic broaden-
ing effects due to the rms displacement of the ions at elevated tempera-
tures, Using the rms ionic displacement to compu#e an equivalent fractional
volume éhange, a total eneréy variation of the valence band makimum at
room temperature of about 0.9 eV in AgCl and 0.8 eV in AgBr is deduced
due to the fluctuation in hybridization produced by the lattice vibrations.
" This broadening is comparable to both the calculated and experimental
Qalues presented above., Consistent with our other findings, it is re-
duced by over 0.3 eV for both halides upon cooling to 80°K. Thus, the
predictions of our dynamic hybridization model for the magnitudes of
both the dynamic broadenings and the changes upon cooling of these broad-
enings are quite comparable to the corresponding EDC magnitudes when
compﬁted either from purely theoretical considerations or by extensién of
other experimental results,

It is important to note that this model predicts that the amount of
change of the photoemission EDCs upon temperature variation will depend

on the amount of hybridization of the states from which the electrons are



photoexcited. This effect is, in fact, seen in the data, In the re-
presentative EDCs presented in Fig. 2 for AgBr, it is seen that only
certain transitions sharpen drastically upon cooling the sample. The
structure on the left side of this figure shows no significant changes
upon temperature variation. Calculations sﬂow that the uppermoét Ag 4d

states produce very flat bands;ll’l7

this is usually indicative of states
which are not significantly hybridized., Since the energy of such "pure"
states does not depend on wave function overlap, one expects from our
model that the energy of these states will not be greatly affected by

the vibrations of the 1atticé. Hence the photoemfssion from these

states will exhibit a much smaller temperature depgndence than for the
hybridized states. 1In fact, this smaller temberature dependence is com-
parable t6 that found in most materials.8 We thus associate the -3.,6 eV
.peak in AgBr2 (and similarly the =3.3 eV structure in Ag0122) with the
highest Ag 4d—derived_states (all energies are referred to the
valence band maximum). The tewperature dependent transitions from initial
states of 0 to -3.2 eV ;n AgB£ and 0 to -3.0 eV in AgCl are believed %o

be from the more hybridized halogen p-derived levels, This -3.6 eV

"pure" Ag 4d location in AgBr-is precisely the energy determined for these
states in high photon energy (h\)max = 26.8 eV) room temperature studies
we conducted.23 In fact, these d locations in both silver halides agree
remarkably well with the corresponding flat»bands in the speculative

v 11
electronic structures of Bassani, Knox, and Fowler,

Further credence for the dynamic hybridization is given by Green's

24 . . '
function approach to this problem by Doniach. This theory, which takes

into account random variations in tight-binding overlaps induced by the
ionic motion, predicts that structure in the density of hybrid -

ized states will not only vary in
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width, but also will exhibit height changeé and shifts upon‘cooling the
solid. This forma;ism may explain some of the more complex features of
the photoemission data which we have not discussed., Such fea-
tures and the detailed dependence of the EDC broadening on temperature
will be fully explored in future work on Agl as well as AgBr and AgCl.
The authors gratefully acknowledge stimulatiﬁg and fruitful discus-
sions with A, D, Baer, F. C. Brown, T. H. DiStefano, S. Doniach, W, B,
Fowler and L. Sutton as well as other colleagues at Stanford University.
We are particulafly indebted to W. B. Fowler for providing the estimates
for_the affect of lattice constant variation on the tight-binding band

parameters,
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Fig. 1

Fig. 2

Figure Captions
Comparison of energy‘distributions, N, normalized to quantum
yield (per incident photon) for electrons photoemitted from
AgBr © 144°K) and AgCl @, ~ 162°K) at 80°K through
287°K for photon energies of 10,2 eV and 10.4 eV respectively,
(The electron energy is referred to thé valence band maximum,
Ev.) Caution should be taken in comparing the heights of the
curves since they are normalized relétive to the incident
rather than the absorbed photon fluxidue to the lack of
low temperature optical data in this;photon energy range,
Comparison of energy distributions, ﬁ, normalized.to quantum
yield (per incident photon) for elecfrons photoemitted from
AgBr at 800K and 2950K for photon energies of 11.0 eV

through 11.8 eV,
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111, Photoemission and Optical Studies of
Ionic Insulators

T. H. DiStefano

Photoemission ﬁeasurements in the vacuum U.V. are reported for the
alkali iodides, with some emphasis upon determining the general nature
of ionic insulators. By a resolution of details in the photoelectron
spectra from very thin films, information was obtained about‘the
electronic states in both the valence and the conduction bands. Also,

a technique of photoinjection was developed to determiné scattering
of hot electrons in wide gap insﬁlators.

In narrow band materials, there is a possibility that electron-
electron correlation will cause a localization of the electronic wave-
function. In Hartree-Fock terms, the Wannier state may lie at lower
energy than the Bloch state. Intensive photoemission measurements on
CsI shows evidence for Bloch valence states. Three salient peaks in
photoemission from CsI are well explained in terms of optical excitation
* from three branches of the valence band dispersion curve. On the other
hand, only a doublet could be pfﬁduced by excitation from localized ionic
levels. Calculated photoelectroﬁ’specgra based upon interpolations of an
existing band structure compare favorably with experiment. No concrete
eviﬁence for either Bloch orllocalized stabes was found in the fcc
alkali iodides. 4 |
e Trends in electron affinity, photoelectric threshold, and #alence
band width are found in the alkali iodides. The average spin-orbit
splitting of the valence bands is seen to range from 0.% eV to 1.6 eV.
In all of these materials but RbI, narrow conduction bands were found in
the first several eV above the band edge. These flat bands quite pos~
sibly comprise d—symmetry wavefunctions concentrated near the ionic cores.

A ﬁechnique was developed for injecting electrons from a substrate,
through a thin insulating film, andvinto vacuum. Scattering properties
of the film were'deduced from the distribution of emitted eléctrons.

In LiF, electrons of 5 - 10 eV were found to havé an attenuation length
of 65 K'i 10 8. Hof electrons in CsI have an attenuation length con-

siderably longer than 80 X.. ,
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