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PHOTOEMISSION STUDIES OF THE NOBLE METALS,
THE CUPROUS HALIDES, AND SELECTED ALKALI HALIDES

by Walter F. Krolikowski

ABSTRACT

The possible presence of the copper d band in the valence band of the
cuprous halides has been 1argely>ignored in the recent literature, and
structure in the optical spectrum of the cuprous halides has been associ-
ated with direct transitions between symmetry points in a germanium-like
band structure. 1In order to test the validit&lof these explanations for
the optical spectrum of the cuprous hélides, the electronic properties of
the cuprous halides have been investigated in detail by use of experi-
mental photoemission techniques. The quantum yiéld and photoemission
data resulting from these photoemission measurements have been interpreted
in terms of the electronic structure of the cuprous halides, and it is
found that the copper d band plays a significant role in the valence band
of the cuprous halides. ,

In order to distingﬁish the copper d band from the halogen p bands
in the cuprous halides, it was found useful to extend the photoemission
studies to the noble metals and the alkali halides. Consequently, this
report’ 1ncludes.not only studles of the cuprous halldes (CuCl CuBr, CuI),
but also detailed studies of the noble metals (Cu Ag, Au) and certain
alkali halides (CsCl, CsBr, CsI, and KI). Some of the most important re-
sults of this wo?k are summarized below:

(1) The experimental quantum yield and photoelectric energy distri-

butions have been measured for all the materials in the range
of photon energies below 11,6 eV. In several cases, the mea-

surements have been extended to photon energies as high as
21.2 ev.

(2) For nearly all of the materials, the optical density of states
has been determined in the range of energies between 11.6 eV
below the fermi level and 11.6 eV above the fermi level.

(3) Nondirect transitions are found to dominate the optical absorp-

' tion process in the noble metals and the cuprous halides.
Direct transitions are found to have secondary importance com-
pared with nondirect transitions.
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(4) For the noble metals and the cuprous halides, a simple mathe-
matical model is found to account quantitatively for the quantum
yield, the photoelectric energy distributions, the electron-

electron scattering length, and €2(w). This mathematical model
is based upon the model of nondirect transitions.

The new information presented in this report should be useful to
theorists making future energy band calculations, and may be helpful in

leading to a unified theory for the 6ptical absorption process in solids.
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I. INTRODUCTION

The energy band structures of silicon and germanium have been rather
well understood for a number of years (Herman, 1955), but accurate energy
band calculations for the zincblende III-V, ITI-VI, and I-VII compounds
are just becoming available. However, germanium and silicon crystallize
in a diamond lattice, which has essentially the same symmetry as the zinc-
blende lattice. Because of the similarity between the diamond and zinc-
blende lattices, peaks in the reflectivity and absorption spectra of the
zincblende III-V, II-VI, and I-VII compounds have been interpreted in
terms of a germanium-like energy band structure (Cardona, 1963; Phillips,
1964). In explaining the optical data in terms of a germanium-like band
structure, a starting approximation was used in which the atomic nature
of the constituent atoms was disregarded; J. C. Phillips (1964) has stated
that "A wide range of experimental data now indicates that wuv structure
depends primarily upon crystal structure and only secondarily on atomic
composition." In this manner, a certain amount of success has been
achieved in explaining the optical data of the III-V and the II-VI zinc-
blende compounds.

Since the cuprous halides are I-VII compounds that crystallize in a
zincblende lattice, peaks in the optical spectra of these materials have
also been identified (Cardona, 1963; Phillips, 1964) with direct tran-
sitions between symmetry points in a germanium-like band structure. In
making these identifications, it has been assumed that the copper 3d band
does not play an important role in the valence band structure of the
cuprous halides. However, an examination of the outer electron configu-
rations of the atoms making up the cuprous halides indicates that the
copper 3d bands could be intimately involved in the construction of the
valence bands of the cuprous halides. For example, in CuBr, the outer
electron configuration of the copper atom is 3d104sl, and the outer elec-
tron configuration of the bromine atom is 4p5. Thus, without a detailed
energy band calculation or experimental information other than reflectiv-
ity, it would seem presumptuous to ignore the possible presence of the
copper 3d band in explaining the optical spectra of the cuprous halides.

The main objective of this work has been to use experimental photo-

emission techniques to study the electron structure of the cuprous
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halides, and thereby to determine whether or not the copper 3d band is
involved in the valence band structure of the cuprous halides. To have
a sound basis for distinguishing between the copper 3d bands and the
halogen p bands in the photoelectric energy distributions, the photo-
emission studies were extended to include the noble metals and certain
alkali halides. The studies of the noble metals provided information on
the character of d bands in photoelectric energy distributions, and the
studies of the alkali halides provided information on the characteristic
features of halogen p bands in photoelectric energy distributions.
Because the photoemission studies of the noble metals and the alkali
halides revealed a wealth of new information about the electronic struc-
ture of these materials, a significant portion of this report has been
devoted to the noble metals and the alkali halides.

The photoemission experiments consisted of measuring the quantum
yield and the photoelectric energy distributions from evaporated films of
the material under study. These films were prepared and measured in an
oil-free vacuum of typically 2 X 10“9 torr at photon energies up to
11.9 eV, the high energy cutoff of the LiF window. In several cases,
windowless low vacuum measurements were made at photon energies up to
21.2 eV. In addition to the photoemission studies, reflectivity measure-
ments were made in cases where adequate experimental data were not avail-
able in the literature. The photoemission data provided much»more useful
information than the reflectivity data, for the following reasons: The
energy of a peak in the reflectivity corresponds fo the energy difference
between electronic levels in the valence band and electronic levels in
the conduction band; however, the absolute energy of these levels cannot
be determined from the reflectivity data. The photoelectric energy dis-
tributions, on the other hand, provide information on the initial &and
final states involved in an optical transition. For the purposes of this
study, the photoelectric energy distributions were by far the single most
important piece of experimental data.

Reliable photoelectric energy distributions and quantum yield data
were obtained by essentially eliminating the possibility of contamination
due to foreign gases. This was done by constructing an oil-free vacuum

system in which the samples could be prepared and tested at a vacuum of
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typically 2 X 10_9 torr. At such a low pressure, at least one photo-
electric energy distribution curve could be measured before a monolayer
of foreign gas could condense on the surface of freshly prepared samples.
Nearly all of the photoemission measurements were carried out in a ver-
satile stainless steel and glass photoemission chamber, which was designed
to provide rapid changenver from experiment to experiment, an impossi-
bility with conventional glass phototubes.

The experimental techniques and equipment are described in Chapter
11, and the mathematical formalism that is used in later chapters as a
basis for interpreting the photoemission data is developed in Chapter
I11. A portion of the formalism presented in Chapter III can be found
in the literature, but this material has been included for the sake of
continuity and convenience to the reader. Chapter III also includes the
description of a simple model that describes quantitatively the photo-
emission process, the optical data, and the electron-electron scattering
length in terms of the optical density of states. This mddel is based
upon nondirect transitions, and uses a semiclassical threshold function
and a modified free-electron-like conduction band. As an example, this
model is used in Chapter III to predict the photoemission properties of
simple metals. This model is used in the subsequent chapters on the
noble metals and the cuprous halides to deduce the optical density of
states, the electron-electron scattering length, and Ez(uQ from the
experimental photoemission data. The studies of Cu, Ag, and Au are pre-
sented in Chapters 1V, V, and VI, and the properties of these noble metals
are compared in Chapter VII. The studies of the cuprous halides are
presented in Chapter VIII, and the studies of the alkali halides are pre-
sented in Chapter IX. 1In Chapter X, the optical densities of states of
the cuprous halides are compared with the optical densities of states of
copper and the alkali halides, and it is shown that the electronic struc-
ture of the cuprous halides seems to be composed of distinct contributions
from the copper and the halogen atoms. A mathematical discussion con-
cerning the uniqueness of the model used in analyzing the photoemission
data and an outline of the computer programs used in processing the

photoemission data are included in the Appendixes.
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PRECEDING PAGE BLANK NOT FILMED.

I1. EXPERIMENTAL METHODS

The experimental techniques and methods used by the author in study-
ing photoemission from a number of different materials are outlined in
this chapter. The innovations made by the author are emphasized; the
reader is referred to the literature for details on equipment and tech-

niques described earlier by other workers.

A. THE BASIC MEASUREMENTS

Three types of measurements are presented in this report:

(1) Photoelectric energy distribution (EDCs) - W(E,w).
(2) Quantum yield - Y(hw).
(3) Reflectivity - R{Hw).

Figure 1 is a block diagram of the apparatus used to measure the energy
distributions and the quantum yield. 1In Fig. la, the material under study
is sealed in a glass photodiode with a LiF single crystal window. The
high energy cutoff of the LiF window is 11.8 eV, which sets the upper 1limit
for high vacuum measurements in our laboratory. 1In Fig. 1b, the material
under investigation is prepared and studied in a continuously pumped, oil-
free vacuum. Almost all of the experimental data presented in this in-
vestigation has been obtained with the use of the continuously pumped sys-
tem sketched in Fig. 1b. The amount of light incident upon the LiF window
is measured by the photocurrent from a calibrated CsSSb tube, which can be
moved in and out of the light beam. The instruments used to measure the
EDCs and the quantum yield are schematically labeled "electronics' in

Fig. 1b.

B. LIGHT SOURCE AND VACUUM MONOCHROMATOR

The light source is a Hinterregger-type gas discharge lamp, and the
monochromator is a McPherson Model 225 Vacuum Ultraviolet Monochromator
with a 600—1ine/mm reflection grating blazed at 1500 A. Details concerning
the discharge lamp and the monochromator can be found in the report of

Kindig [Ref. 1]. The light source and monochromator used in the present
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experiment were essentially the same as those described by Kindig except
that the gas for the discharge lamp was passed through a liquid nitrogen
trap, so as to condense any oil vapors that might be present in the com-
pressed gas tanks.

The range of photon energies used in the experiment varied from 3 to
21.2 eV. The experiments using photon energies greater than 11.9 eV were
done with no window between the sample chamber and the monochromator.
Thus, they were made in a vacuum of no better than 1 X 10‘5 torr. Hydrogen,
neon, and helium were used as gases in the Hinterregger lamp to provide

radiation in the spectral region indicated below:

Hydrogen 3 to 14 eV (continuous spectrum)
Neon 16.8 eV (strong line)
Helium 21.2 eV (strong line).

Because the output slits of the monochromator were never made less than
0.1 mm, the resolution was not sufficient to resolve lines in the hydrogen

spectrum, resulting in an effective continuum,

c. THE VACUUM SYSTEM

The possibility of oil vapor contamination of the material under
study was eliminated by the construction of the vacuum system shown in
the block diagram, Fig. 2. The pumps and the valves are standard com-
ponents purchased from Varian Associates, Palo Alto, California. The
entire system was constructed of stainless steel, glass, and other low-
vapor pressure materials. All vacuum joints were made by compressing a
soft copper gasket in a Varian Conflat Flange, and no rubber or viton
seals were used in the ultrahigh vacuum section. After bakeout of the
experimental chamber and the pump system, an ultimate pressure of
5 X 10_10 torr could be achieved in the experimental chamber. (In this
case, an additional titanium sublimation pump was built into the experi-
mental chamber.) The ultimate pressure of 5 X 10_10 torr was reached
only after many days of pumping, but pressures of 1 or 2 X 10—9 torr were
routinely achieved after several days of pumping. After the pressure
reached about 2 X 10-9 torr, the material under investigation was evap-

orated and studied.
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FI1G, 2, BLOCK DIAGRAM OF VACUUM SYSTEM. Varian Associates vacuum
components used throughout.

The motivation for building a vacuum system that attains a pressure
of less than 2 X 10_9 torr stems from the desirability of being able to
measure at least one EDC between the time of evaporation of a film and
the time required for a monolayer of foreign gas to condense on the sur-
face, Thus, the effect of the foreign gas on the EDCs would be deter-
minable. Figure 3 shows the time required to form a monolayer as a
function of pressure for several common gases. The curves in Fig. 3 were
calculated assuming unity sticking coefficient and the molecular diam-
eters given [Ref. 2]. Since the minimum practical time between evapo--
ration and completion of one EDC measurement was 6 or 7 minutes,
reference to Fig. 3 shows that, for a total pressure of 2 X 10_9 torr,

o, COZ, N

an EDC could be measured before gases such as H and O, could

2 2’ 2
form a monolayer. Note, however, that for unity sticking coefficient,
-10

it is necessary to have a partial pressure of H2 less than 2.3 X 10

torr., (During the course of this research, the partial pressure of the
gases constituting the 2 X 10_9 torr total pressure was not determined.
However, recent partial pressure measurements [Ref. 3] of a similar sys-

tem indicate the partial pressures of light gases such as H2 and He to
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FIG. 3. TIME REQUIRED TO FORM A MONOLAYER OF GAS ON A
SURFACE. Unity sticking coefficient has been assumed.

be considerably less than 2.3 X 10_10 torr at a total pressure of
2 X 10_9 torr.) The vacuum system (Fig. 2) was constructed Ey the author
with the intent of routinely achieving an oil-free vacuum of less than
2 X 10_-9 torr, under the restriction of minimum cost for vacuum components.
Figure 4 is a picture of the basic pumping unit. For maneuverability,
the basic pumping unit and the electronics (necessary to operate the vacuum
pumps, bakeout units, and evaporators) were mounted on a mobile frame, as
shown in Fig. 5. Note in Fig. 4 that the experimental chamber is attached
to the basic pump unit with a single Varian Conflat Flange. This flange
can be quickly unbolted, and a new experiment can be rapidly attached and
evacuated. The mobility of the pump station and the convenience of the
Conflat Flange made the vacuum system a versatile and flexible unit that
was used for many applications in the course of this research. Several

of these applications are shown in Figs. 6, 7, and 8,
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FI1G. 4. THE BASIC PUMPING UNIT EVACUATING AN APPARATUS FOR
PURIFYING CUPROUS BROMIDE.

D. THE PHOTODIODE

The photodiodes used to measure the velocity distributions and the
quantum yield were of the simple cylindrical type described by Apker
et al [Ref. 4] and Spicer [Ref. 5]. The geometry and dimensions of the
collector and emitter are shown in Fig. 9. Although this configuration
is quite different from the ideal geometry of a small emitter in a large
spherical collector with a small light hole, Spicer [Ref. 6] found little
difference in the EDCs obtained from either geometry. Because the cylin-
drical collector is much easier to manufacture than the spherical collec~-
tor, the eylindrical collector was used in all the experiments reported
here,

The emitter was usually a highly polished piece of copper that was

hydrogen-fired before it was used as a substrate for an evaporated film.
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MOUNTED ON A MOBILE FRAME.
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FIG. 6. EVACUATING A PHOTOTUBE. The phototube is continuously
pumped while the material under investigation is being
evaporated. The phototube is then sealed off, and photo-
emission studies are made as in Fig. 1.

For the materials studied, identical results were obtained for copper,
silver, or gold substrates. The collector can (in glass photodiodes)
was usually made of molybdenum, although no difference was found between
molybdenum and nickel collector cans. (Nickel is ferromagnetic and can
have a small residual magnetic field., Kindig [Ref. 1] showed that a
magnetic field of a few gauss can be detrimental to accurate measurement

of EDCs, so the use of magnetic materials was strictly avoided by the

author whenever possible.)

SEL-67-039 12




Fi1G. 7.

BELL JAR USED IN CONJUNCTION WITH THE BASIC PUMP UNIT. This
bell jar was used for many experiments of a minor nature that required
an oil-free vacuum, but did not require a pressure less than 5 X 10-8

torr. The gasket was made of viton, and the base was a machined (not
polished) monel plate.
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THE PHOTOEMISSION CHAMBER (SECTION F) BEING CONTINUOUSLY PUMPED

8.
DURING A PHOTOEMISSION EXPERIMENT PERFORMED AS IN FIG

FIG.

1b.

E,

THE SEALED GLASS PHOTOTUBE

ield measurements

ted number of cases, EDC and quantum y

imi

In al

Fig. 10.

in

were made with a sealed glass phototube such as that shown

itter substrate and a

ically of an em

ists bas

The glass phototube cons

indow

in a glass envelope with a LiF w

collector can mounted

iF purchased from the

le crystal of cleaved L

a sing

?

The LiF window

ion for

t

la

iolet rad

transparent to ultrav

cal Company, is

i

Harshaw Chem

ide was used because

fluor

Lithium

9 ev.

ies less than 11

photon energ

1 known.

ia

ical mater

ighest cutoff frequency of any pract

t has the h

i

14

SEL~67-039
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BOTTOM PLATE OF CAN

HOLE FOR PUTTING
EMITTER [INTO CAN

FIG. 9. GEOMETRY AND DIMENSIONS OF COLLECTOR AND
EMITTER OF THE PHOTODIODE.

Using a process described earlier by Berglund [Ref. 7], the LiF crystal
was sealed by a silver chloride "glue" to a silver flange that was sealed
into the glass body of the tube. Such seals are vacuum~tight and have a
very low vapor pressure. The use of a LiF window permits preparation and
study of a material under ultrahigh vacuum at photon energies up to 11.9
eV. Exposure to the atmosphere has a severe effect on the EDCs and the
quantum yield of most materials; therefore, ultrahigh vacuum is essential
for meaningful photoemission studies. Structure in the EDCs was found
to be much more sensitive to contamination than the quantum yield, and
the smearing of such structure in the EDCs was usually interpreted as a
sign of an inadequate high vacuum.

The tube shown in Fig. 10 was used to measure EDCs and quantum yield
from CuBr. The CuBr powder was evaporated onto the polished metal sub-

strate outside the collector can. The substrate was mounted on a rail,
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FIG. 10. SEALED GLASS PHOTOTUBE USED TO CHECK THE EFFECT OF THE
COLLECTOR LIGHT HOLE ON ENERGY DISTRIBUTION CURVES FOR CUPROUS
BROMIDE.

so that it could slide into the collector can for the photoemission ex-
periment. To assure uniformity of the work function on the inside of
the collector can, an aluminum bead was evaporated inside the collector
can,

Note that in this "typical" phototube, the light hole in the col-
lector is quite large and that the LiF window is quite close to the‘

collector. To test the effect of the large light hole and the close
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proximity of the LiF window on the experimental EDCs, the tube in Fig. 10
was fitted with a molybdenum wire mesh that could be moved over the light
hole. The mesh served, in effect, to make the collector light hole elec-
trically much smaller, since the mesh was in good electrical contact with
the collector can, and the potential of the collector was essentially ex-
tended over the light hole. The fine wire minimized the photoemission of
electrons from the mesh. The result of the experiment was that the same
EDCs were measured with or without the mesh over the 1light hole. This
result suggests that the LiF window and the glass tube had charged up to
such a potential that all the electrons that were photoemitted through
the open light hole were repelled by the glass envelope and eventually
collected by the collector can. Whatever the detailed nature of the
charging phenomenon, the experiment with the mesh supports the contention
that the cylindrical diode geometry used in the photoemission experiments
does not distort the EDC or the quantum vield measurements. 1In some
phototubes, however, distortion occurred in the EDCs because the LiF
window did not (apparently) charge up sufficiently. This effect was
corrected by using a 15-V battery to bias the silver flange negative with
respect to the collector can.

The tube of Fig. 10 was prepared in the following manner: Purified
CuBr powder was placed in the quartz boat, and the tube was sealed to the
high vacuum pump station in the manner of Fig. 6. After bakeout at about
175°C and several days of pumping, the pressure in the pump system was
less than 5 X 10_9 torr. (The pressure inside the phototube was not
monitored.) At this time, the CuBr was evaporated onto the substrate,
the aluminum bead was evaporated inside the collector can, and the tube
was sealed off with a torch. During the seal-off process, the pressure
inside the phototube was not monitored, but any possible pressure rise
had been minimized by heating the glass at the seal-off point to its
softening temperature prior to the evaporation of the CuBr. After seal-
off, photoemission studies were made and found to be stable for six
months, after which the structure in the EDCs became smeared, indicating
contamination due to a poor vacuum within the phototube. The poor vacuum
after six months appeared to be due to diffusion of air through the silver

chloride seal, since the life of a tube could be extended far beyond six
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months by coating the silver chloride seal with "glyptol" (as suggested
by W. E. Spicer).

The sealed glass phototube described above was not used extensively
to study the materials presented in this study because of the following

disadvantages:

(1) During evaporation, the pressure in the phototube may be
much higher than the pressure in the vacuum pumps, due to
the small size of the glass tubulation at the seal-off
point,

(2) The torch seal-off might contaminate the sample before it
is studied.

(3) The tube is sealed, so that the pressure inside the tube
cannot be monitored during photoemission measurements.,

(4) Construction of the tube is time-consuming and difficult,
especially if a number of evaporators, heaters, baffles,
and motions must be incorporated into the tube.

Because of these disadvantages,1 it was decided to abandon the use of
glass phototubes for general photoemission studies and to construct a
versatile, continuously pumped photoemission chamber that would have none
of the above disadvantages of a glass phototube. Such a chamber was con-

structed (see Section F).

F. THE PHOTOEMISSION CHAMBER

Nearly all of the photoemission data presented in this report has

been obtained with the use of the continuously pumped photoemission

1Several of the disadvantages enumerated above can be overcome to a
certain extent by the use of special techniques. For example, the pres-
sure rise at seal-off can be eliminated by use of a soft copper "pinch-
off" instead of a glass seal, as described in Section G. Also, the
phototube can be used to study photoemission while being continuously
pumped, by use of a technique developed by Eden [Ref. 8]. 1In this method,
a vacuum-tight LiF window is placed at the exit slit of the vacuum mono-
chromator, and the phototube is aligned on the pump station so that light
can pass out of the monochromator, through a few centimeters of air and
into the phototube. Because air severely attenuates the ultraviolet
light, the region between the phototube and the monochromator is filled
with He gas, which is sufficiently transparent to ultraviolet radiation
to permit a significant amount of light to reach the phototube. Eden
has been successful in making photoemission measurements by use of this
technique.

SEL-67-039 18
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chamber sketched in Fig. 11, This versatile chamber consists basically
of a photodiode mounted in a large stainless steel chamber with a LiF
window. The schematic of Fig. 11 is intended to portray the basic fea-
tures of the photoemission chamber, and does not include all of the elec-
trical feedthroughs, liquid nitrogen feedthroughs, and linear motions that
exist in the actual chamber. For a more detailed description of the
chamber and the design concepts, the reader is advised to contact either
the author or W. E. Spicer, Stanford Electronics Laboratories. The major

features of the photoemission chamber are described below:

(1) Rapid changeover from experiment to experiment is easily
accomplished. The entire photoemission apparatus is at-
tached to the top flange, which is a Varian Conflat Flange
sealed by compressing a soft copper gasket. A new ex-
periment can be installed in the chamber in a matter of
hours, compared with the weeks or months required to
build a glass phototube. The substrate clips into its
holder (see Fig. 12) with four wires, and a new polished
substrate can be mounted in the emitter assembly in a
matter of minutes.

(2) Ultrahigh vacuum is readily achieved. All components are
stainless steel, glass, and other low vapor-pressure
materials. No organic materials are used in the chamber.
All seals are made with soft copper gaskets and Varian
Conflat Flanges that can be quickly assembled and dis-
assembled, The system is pumped externally by use of
the basic pump station of Fig. 2, as shown in Fig. 8.

In addition, a titanium sublimation pump is built into the
chamber, as shown in Fig. 11. With the use of these pumps,
a pressure of 2 X 10~9 torr is routinely attained in the
chamber after a two-day bakeout at a temperature of 150°C.
The pressure is measured with a Bayard-Alpert jionization
gauge that is mounted in the side of the photoemission
chamber (not shown in Fig. 11). The ultimate pressure of
5 x 10710 torr can be reached only after many days of
pumping, (Future use of larger pumps should lower the
ultimate pressure and decrease the pumpdown time.)

(3) Two linear motions, each with a travel of more than 2
inches, were built into the top flange of Fig. 11. One
linear motion is used to move the substrate in and out
of the collector can, and the other linear motion is
(usually) used to move a metal evaporator bead in and
out of the collector can.

(4) The temperature of the substrate can be varied from 77°K
(1iquid nitrogen temperature) to over 900°K, As seen
from Figs. 11 and 12, the substrate is directly connected
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FIG. 11. SCHEMATIC OF THE PHOTOEMISSION CHAMBER.
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PHOTOEMISSION CHAMBER COMPONENTS (FIG. 11)

<:> Top Flange

Glass insulator.
Stainless steel liquid nitrogen pipe for cooling the collector.

Liquid nitrogen tube for cooling the substrate. This is a
copper tube that is brazed (in place of a solid conductor) into
a Varian 150 ampere current feedthrough.

® GO

Ceramic insulator.

Linear Motion

Screw.

Rotary disk (rotating this disk causes the screw to move up
and down. The disk turns freely in the teflon bearing)

Teflon bearing (removable for bakeout ) .
Alignment plunger.

Stainless steel bellows (welded diaphragm type, purchased from
Varian Associates, Palo Alto, calif.).

Stainless steel rod.

0 BOee® O

Rigid support rod (three of these guide the alignment plunger).

Movable Emitter Assembly

OB © ®

Linkage arm.

®©®

Liquid nitrogen bellows (stainless steel, welded diaphragm type,
purchased from "Metal Bellows Corporation, 20977 Knapp St.,
Chatsworth, Calif.).

Ceramic insulator (to insulate emitter from linear motion).
Support arm.

Emitter assembly (in position for evaporation outside the
collector can) (see Fig. 12 for details).

Fixed pivot point.

® OO

Evaporator outside collector can (example shown: CuBr powder in
quartz cone in tantalum heater coil).

Metal bead evaporator inside collector can (after evaporation, this
bead is taken out of the collector can with the second linear motion
not shown in Fig. 11).

Collector can (1/8—in. thick, for good heat conduction.

Evaporator shield covering hole in back of collector can (a small
piece of soft iron is connected to the shield mechanism. After
evaporation, the shield is rotated away from the hole using a magnet
external to the photoemission chamber.)
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PHOTOEMISSION CHAMBER COMPONENTS (FIG. 11) (CONTD)

(:) Evaporator shield covering hole in front of collector (magnetically
actuated in the same manner as ).

Flange that is bolted to the vacuum monochromator.

LiF Window Assembly

D)
&

@

LiF window in silver flange, which is clamped between two
conflat flanges

Assembly of two conflat flanges which hold LiF window. This
asgembly can be removed from the photoemission chamber without
breaking the vacuum seal on the silver flange. (The LiF window
is removed and the transmission measured for each photoemission
experiment. )

Bolt that clamps two conflat flanges around silver ring which
holds the LiF window.

Bolt that attaches assembly @ to the photoemission chamber.

Glass viewport.
Bottom flange.

@
2
&3

SEL-67-039

Copper plate to shield photoemission apparatus from Ti filament,
Ti filament (used as a titanium sublimation pump in the chamber).

Current feedthroughs for Ti filament.
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to a small liquid nitrogen reservoir. The problem of pos-
sible nitrogen gas buildup in the liquid nitrogen reservoir
has been avoided by constructing the liquid nitrogen reser-
voir with an input and an output pipe. Liquid nitrogen
under slight pressure can thus be made to flow through the
reservoir. The problem of getting liquid nitrogen to a
movable substrate under ultrahigh vacuum was solved by the
use of stainless steel bellows., These bellows were strong
enough to withstand atmospheric pressure, yet flexible
enough so that the substrate could be moved with liquid
nitrogen in the bellows. As shown in Fig. 11, the copper
pipes carrying the liquid nitrogen to the bellows were
connected to the top flange‘by means of a novel, compact,
and very inexpensive liquid nitrogen feedthrough that was
insulated from the top flange. This feedthrough consists
simply of a Varian medium-current feedthrough whose solid
center conductor has been replaced by a hollow copper pipe.

The substrate can be heated to a temperature of over 900°K
by passing current through the alumina-coated heater wire
embedded in the "substrate box" shown in Fig. 12. To pre-
vent magnetic fields from distorting the EDCs, this heater
wire is surrounded with "netic" and "conetic" magnetic
shielding material. Since the curie point of these mate-
rials is only about 700°K, they provide no magnetic shield-
ing above this temperature.

The collector can is also coolable to liquid nitrogen
temperature, since it consists of a massive copper cylinder
connected to a rigid liquid nitrogen feedthrough. This
feedthrough is insulated from the top flange, as shown in
Fig, 11,

(5) Evaporated films and materials that can be fashioned into
the form of a substrate are easily studied in the photo-
emission chamber. Since the substrate can be moved out
of the collector can for evaporation, there is little space
limitation on the type of evaporator that can be used to
deposit a film onto the substrate. The author has used
quartz boats and filament evaporators, and Yu [Ref. 9] has
used an electron gun for very high temperature evaporations.

(6) Because of the large number of electrical feedthroughs and
the movable substrate, several photoemission experiments
can be made during a single pumpdown. For example, during
the course of this research, the author made it a practice
to study photoemission from a metal and from an insulator
on each pumpdown. The procedure was as follows: The first
experiment was made by moving the substrate into the col-
lector can and by evaporating the metal bead in the collector
can. This evaporation served two purposes: to evaporate
the metal under study onto the substrate and to coat the
collector can with a fresh metal, thus assuring a uniform

SEL-67-039 24



collector work function. After photoemission studies were
made on the metal, the substrate was moved out of the col-
lector can, and an insulator (such as CsI) was evaporated
from a quartz boat onto the substrate. After photoemission
studies were made on the insulator film, the top flange of
the photoemission chamber was removed, and a new experiment
was prepared simply by washing the insulator off the old
substrate (which was usually still highly polished), and
installing new evaporators. In a matter of hours after

the previous photoemission experiments, the chamber was
being pumped down for another set of experiments.

(7) The photoemission chamber was mounted on a mobile table that
could be rigidly bolted to the vacuum pump station; thus,
a single unit could be rolled up to the vacuum monochromator
for photoemission measurements, as shown in Fig. 8,

The stainless steel body of the chamber was built by Varian, but the
rest of the chamber was constructed in the facilities of the Stanford
Electronics Laboratories., The author is indebted to P. McKernan of the
Stanford Electronics Laboratories Tube Shop for his assistance in the
construction and assembly of the photoemission chamber. Mr. McKernan
is responsible for the many construction details that made the chamber a
reality. Also, the author would like to thank Barry Schechtman for his
assistance in building the mobile table and in designing the removable
LiF window flange.

Figure 13 is a photograph of the photoemission chamber.

G. THE KNOCK-OFF TUBE

As discussed earlier in this chapter, ultrahigh vacuum photoemission
experiments are limited in our laboratory to photon energies less than
11.9 eV, the high energy cutoff of the LiF window, In many instances,
it is desirable to obtain photoemission data at photon energies higher
than 11.9 eV. One solution would be to construct a windowless light
source-monochromator-test chamber apparatus in which the test chamber
could be maintained at a pressure of 10—9 torr and the lamp pressure
maintained at 10“3 torr. Unfortunately, a rather elaborate differential
pumping scheme [Ref. 10] would probably have to be used to realize such
a system, and this is not presently feasible in our laboratory. In this

section, an alternative solution is described; it has, in many cases,
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FIG. 13, THE PHOTOEMISSION CHAMBER AS SEEN FROM THE
GLASS VIEWPOINT SIDE., The LiF window on the opposite
side cannot be seen in this photograph. The exotic
apparatus on the top of the chamber is a simple system

for recirculating liquid nitrogen through the emitter
assembly.
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resulted in good photoemission data from evaporated films at photon
energies greater than 11.9 eV.

This alternative solution, called a knock-off tube, is a specially
constructed photodiode with a LiF window that will allow a material to
be prepared and studied in ultrahigh vacuum, in the usual manner., How-
ever, the knock-off tube has the additional feature that the LiF window
part is connected to the tube body by a neck of very thin glass, so that
the LiF window can be broken off, and photoemission studieg can be made
at photon energies greater than 11.9 eV, Figure 14 is a sketch of this
tube., Note that the glass in the neck of the tube is only about 0.010
inch thick. Thicknesses between 0,005 and 0.020 inch have been found
strong enough to withstand the pressure of the surrounding atmosphere,
yet fragile enough for the LiF window to be broken off easily. Note also
that the tube has a soft copper 'pinch-off" (made by Palmer Larson Co.,
Redwood City, Calif.). By use of this pinch-off, the tube can be sealed
off with a single stroke of a bolt cutter, thus avoiding any gas contami-
nation that might occur if the tube were sealed off in the conventional
manner of melting the glass tubulation with a torch.

The knock-off tube is used in the following manner: First, the
tube (Fig. 14) is evacuated to a pressure of typically 5 X l()_9 torr,
and then the material under study is evaporated onto the substrate. This
processing is done with the oil-free ion pump system described in Section
C, to insure that the material under study is free of oil and contaminants.
The tube is then placed in a chamber that is attached to the vacuum mono-
chromator, as shown in Fig. 15. When gas is not flowing through the
lamp, the pressure in the vacuum monochromator is less than 1 X 10"7 torr.
When the gas (Hz, Ne, or He) flows through the lamp into the monochromator,
the pressure rises to 1 X 10_4 torr in the monochromator, The only con-
nection between the chamber surrounding the knock-off tube and the in-
terior of the vacuum monochromator is the slit opening, which is typically
1 cm X 1 mm, Thus, if no auxiliary pump is used (dashed lines in Fig,.
15), the pressure in the chamber around the knock-off tube is about
2 X 10_4 torr. If the auxiliary pump is used, the pressure in the cham-
ber falls to about 2 X 10_5 torr. Note that both the vacuum monochromator

pump and the auxiliary pump systems have liquid nitrogen traps and
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molecular sieve traps. The purpose of these traps is to minimize the
amount of 0il vapor in the vacuum monochromator and the experimental
chamber. Note also the large "cold finger" that replaces a "hatch-cover"
in the monochromator. This cold finger is filled with liquid nitrogen
several hours before the experiment, and is intended to condense any
oxygen and oil vapor that may be in the monochromator,

In the actual experiment, photoemission data are first taken at
pbhoton energies up to 11.9 eV, while the LiF window is still intact and
the material under study is in an oil-free ultrahigh vacuum. Then, with
all measuring equipment in readiness, the plunger in the top of the ex-
perimental chamber is pushed down, and the guillotine (which should have
a sharp point) chops off the LiF window. Energy distribution curves
are then quickly taken, because the sample will often tend to contaminate
rapidly in a vacuum of 1 X 10-4 torr., 1In practical cases, it appears
that the best data are obtained in the time between knock-off and 5 to
30 minutes after knock-off. In addition, contamination effects are
apparently most severe when the hydrogen gas is used. This may occur
because the small hydrogen atoms (or ions) can diffuse interstitially
into the material under study, thus increasing the internal scattering
of electrons photoexcited in the bulk of the substrate. Thus, it is re-
commended that the LiF window be chopped off in the presence of neon
(a line at 16.8 eV) or helium (a line at 21.2 eV), rather than in the
presence of hydrogen (continuum up to 14 eV). The quality of the data
in the "windowless" experiment can be checked by comparison with the
high vacuum data taken with the LiF window intact at energies less than
11.9 ev,

This knock-off method has the advantage that a high quality film
is first prepared in ultrahigh vacuum, and then studied in a poor vacuum,
often before gas diffusion and other contaminating effects occur, 1If the
material was not first prepared in ultrahigh vacuum but was prepared in
the vacuum of the monochromator, foreign gas would be included in the
film, and the material would be contaminated to start with.

Figure 16 is a photograph of an experimental knock-off tube in its
holder before placement in the experimental chamber, and Fig. 17 is a
photograph of the knock-off tube and the guillotine apparatus after the

experiment,

SEL-67-039 28



"\‘\«.w*';

STANDARD 8-PIN HEADER

SILVER
FLANGE

LiF CRYSTAL
WINDOW

7

/—~ SUPPORT

COLLECTOR
CAN

SUBSTRATE
(EMITTER)

-

THIN GLASS SECTION

/_

EVAPORATOR

SOFT COPPER
“PINCH-OFF "

FIG, 14. SCHEMATIC OF THE KNOCK-OFF TURE SHOWING BASIC FEATURES.

The actual tubes are more complicated.
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The author is indebted to Frank Peters and David F. Mosher of the
Stanford Electronics Laboratories Tube Shop for developing the techniques
necessary for the construction of the delicate knock-off tube. Without
their skills, the important results deduced from knock-off experiments

would never have been obtained by the author.

H. PREPARATION OF FILMS

All of the photoemission experiments presented in this paper were
made on evaporated films several thousand angstroms thick. The methods
used to evaporate these materials are described in this section. In all
cases, these materials were evaporated onto a polished substrate of
either copper, silver, or gold. The substrate was at room temperature.
In all cases, the photoemission data were independent of the substrate

material,

1. Copper, Silver, and Gold

Copper, silver, and gold beads were formed by wrapping wire of
at least 99.99 percent purity onto a 0,010-inch-diameter molybdenum wire,
and then melting the wire into a bead in a vacuum bell jar. The resulting
bead and molybdenum wire took the shape shown in Fig. 18a.

Before evaporation of these beads for photoemission studies in
the stainless steel chamber, the pressure was typically 1.5 to 2.0 x 10_9
torr, and during evaporation, the pressure rose to a maximum of about
5.0 X 10_9 torr. The following technique resulted in films that had
more detailed structure in the photoelectric energy distribution curves
than did other methods: The current through the bead was increased a
few tenths of an ampere at a time, and there was a small pressure rise
associated with each current increase. The current was then held at a
constant level for several minutes, until the pressure had dropped back
to nearly its original value. This procedure was continued slowly and
gradually until the bead began to evaporate slightly (at a current of
3 or 4 amperes). At this time, the current was increased abruptly to
5 or 6 amperes, so that the bead evaporated very rapidly. In about 30
seconds to 1 minute, about 90 percent of the bead had been evaporated.

At this point, the heater current was shut off, leaving a small bead still
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SUBSTRATE
l },/F- Lzzuz%:szzzzJ
EVAPORATED

FILM
Cu
Ag BEAD SMALL AMOUNT
Au OF BEAD
REMAINING
0.010" DIAMETER
MOLYBDENUM WIRE
a. Before evaporation b. After evaporation

FIG. 18, EVAPORATION OF COPPER, GOLD, AND SILVER.

on the molybdenum wire, as shown in Fig. 18b, Inferior photoemission
data sometimes resulted when the bead was entirely evaporated. The in-
ferior results may have been due to material that was evaporated from
within the molybdenum filament. The purpose of the rapid evaporation
was to insure that only a small amount of foreign gas could be buried
in the metal film, After the evaporation, the pressure fell rapidly to

its original value.

2, Cuprous Chloride, Cuprous Bromide, and Cuprous Iodide

The cuprous halide materials were purchased in powder form

from two sources: (1) Fisher Scientific Co., U.S.A.; (2) B. D. H.
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Laboratory Chemicals Division, Poole, England. As purchased, the cuprous
halide powders were only about 98-99 percent pure, and were greenish-~
brown-white. Before use in an experiment, these powders were purified

by the sublimation technique (Fig. 19). Using the oil-free pumping

——GLASS CATCHER

L ]

PURIFIED FILI\‘A\&
LARGE AMOUNT OF

COMMERCIAL
CUPROUS HALIDE
POWDER
TANTALUM
HEATER
ColL QUARTZ BOAT
(CONE

a. Purification of commercial cuprous halide

POLISHED
SUBSTRATE
(Cu,Ag, or Au)

SMALL AMOUNT OF
QUARTZ BOAT PURIFIED CUPROUS
(CONE) HALIDE (enough to
evaporate a film
several thousand
A° thick)
TANTALUM
HEATER
COIL

b. Evaporation of film for photoemission studies

FI1G. 19, PREPARATION OF CUPROUS HALIDE FILMS.

station described in Section C, a large amount of the powder was sub-
limated from the quartz cone onto the glass "catcher” at a vacuum of about
5’X 10f7 torr. A pure white film (with a faint yellowish tinge) was

found to condense on the "catcher,'" leaving a dark residue in the quartz
cone. X-Ray powder patterns indicated that the purified films consisted
of crystallites with a zincblende (znS) crystal structure (see, for
example, Fig. 20). For use in a photoemission experiment, the purified
cuprous halide was quickly scraped from the glass catcher and placed in

the quartz cone (ﬁig. 19). To minimize the amount of water vapor absorbed
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FIG. 20, X-RAY POWDER PATTERN OF AN EVAPORATED FILM OF CUPROUS
BROMIDE, The pattern identifies the evaporated film as
polycrystalline cuprous bromide with a zincblende structure.

by the hydroscopic cuprous halides, the stainless steel photoemission
chamber (Section F) was immediately evacuated. As shown in Fig. 19, the
cuprous halides were evaporated from a quartz cone onto a polished Cu,

9 and 5.0 x 10”2 tore.

Ag, or Au substrate in a vacuum between 2.0 X 10
The current through the tantalum heater coil was increased slowly in
increments of a few tenths of an ampere; after an hour or two, a current
of several amperes would be reached, and the cuprous halide would evapo-
rate. The rate of evaporation was quite slow, and typically 15 to 30
minutes of evaporation time was necessary to deposit a layer several
thousand angstroms thick. The thickness of the film could be estimated
during the evaporation by counting interference fringes.

Earlier bell jar experiments had determined the film thickness
that would result from a given volume of packed cuprous halide powder.
In these experiments, a cuprous halide film was evaporated onto half of
a glass microscope slide, and the resulting step aluminized, as shown
in Fig. 21. The thickness of the film was determined by placing an
aluminized (2 percent transmission) quartz flat on the step, and observing
the interference fringes, which were similar to those shown in Fig. 21.
It the monochromatic light was of wavelength A, the height of the step
(and consequently the thickness of the film) was found from the relation-

ship

e (2

where b and a are defined in Fig. 21. Details of this process can
be found in Tolansky [Ref. 11] and Beck [Ref. 12].
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t t (2% TRANSMITTING)
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CUPRQUS HALIDE —=Z77/ 70 THICK ALUMINUM FILM
FiLM % ? ) 2 (HIGH REFLECTING)
— MICROSCOPE SLIDE

a. Enlarged view of step in film

il

b. Observed interference fringes
used to detlermine step heights (t)

FIG. 21, THICKNESS MEASUREMENTS OF CUPROUS
HALIDE FILMS USING THE TOLANSKY METHOD.

3. Cesium Chloride, Cesium Bromide, Cesium Iodide, and Potassium
Iodide

Cesium chloride, cesium bromide, and cesium iodidé were pur-
chased in powder (small crystallite) form from Electronic Space Products,
Inc., Los Angeles, Calif. The potassium iodide was purchased in small
crystallite form from Baker and Adamson, General Chemical Division,
Allied Chemical Division, New York. These materials were evaporated
without additional purification from a quartz boat (Fig. 19). The
temperature of the heater coil was increased very slowly until the evapo-
rating temperature was reached. (This time was typically one hour. )
When the material began to evaporate, the heater current was increased
to accelerate the evaporation, which took place at a pressure of about
5 X 10_9 torr (in the stainless steel chamber). About five minutes were

necessary to evaporate a film several thousand angstroms thick.
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I. MEASUREMENT OF PHOTOELECTRIC ENERGY DISTRIBUTIONS

The most important measurements presented in this report are the
energy distribution curves (EDCs) of the photoemitted electrons. These
EDCs were measured by use of a method in which the EDCs were recorded
directly by differentiating the I-V characteristic with a small ac voltage
superimposed on a retarding potential between the collector and emitter.
The circuit used to make these measurements is shown in Fig, 22, where
the EDCs are plotted directly on a x-y recorder. Figure 23 is a photo-
graph showing an EDC being recorded.

This ac method has at least two significant advantages over the
conventional method of making a dc measurement of the I-V characteristic,

and then mechanically differentiating to obtain the EDC:

(1) To obtain good resolution in the EDCs by the dc method, the
I-V characteristic must be known to great precision. This
precision is limited by noise in the electronics and light
fluctuations. In practice, the noise limitation is prob-
ably orders of magnitude less in the ac method than in the
dc method,

(2) vUsing the ac method, the experimentalist has immediate
access to the EDCs and can immediately investigate phenomena
that might be of a transient nature.

A more complete description of this ac method can be found in Refs.

13, 14, and 15.

g MEASUREMENT OF THE QUANTUM YIELD

During the course of this research, measurement of the quantum
yield proved to be considerably more difficult than measurement of the
EDCs. Because of the small amount of light available from the vacuum
monochromator, the total photocurrent was small, typically between 10"9
and 10—12 amperes. However, these small currents were routinely
measured by use of the circuits of Fig. 24,

The difficulty in measuring quantum yield in the vacuum ultraviolet
lies not in measuring the small photocurrents but in measuring the very
small number of photons in the light beam. During the earlier stages of

this research, the relative quantum yield in the region between 4 and
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FIG. 24, MEASUREMENT OF QUANTUM YIELD.

11.9 eV was based upon the assumption of constant quantum efficiency from
a layer of sodium salycilate mounted on a photomultiplier. Sodium salicy-
late is a material that fluoresces with (supposedly) constant quantum
efficiency at a wavelength of 4300 A for incident radiation in the region
of photon energies between 3000 and 500 A. In the actual measurement of
photoelectric yield, the sodium salicylate was not used directly. 1In-
stead, the number of photons in the incident light beam was determined

by measuring the photocurrent from a conveniently small Cs_Sb tube,

3
which could be moved in and out of the light beam, as shown in Fig. 24.

The CsBSb tube did not have a constant quantum efficiency, but the re-

lative quantum efficiency of the Cs_Sb tube could be calibrated by com-

3
parison with the fluorescence from a sodium salicylate film. The absolute

quantum efficiency of the Cs_Sb tube was obtained by comparison with

3
bolometers and "standard" tubes at photon energies less than 5 eV,
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In addition to the calibration of the CsSSb tube, corrections were
made for the reflectivity of the material under study and the transmission
of the LiF window on the experimental phototube (or on the photoemission
chamber). Thus, the absolute quantum yield Y(Hw) was experimentally

determined using the relation

Y(Hw)

quantum yield (electrons photoemitted per absorbed photon)

1, (hw)

1
Toagnthe) 1 - R(u) (0]

X Qg gp (2.2)

3

where
IM(w) = measured photocurrent from the material under study
ICSSSb(w) = measured photocurrent from the Cs,Sb tube
R(w) = reflectivity of the material under study
T(w) = transmission of the LiF window
QCSBSb = absolute quantum efficiency of the Cs3Sb tube.

During the course of experimentation, the various Csssb tubes used were
calibrated vs the sodium salicylate layers. A definite aging effect was
found in some of the CsSSb tubes, so occasional calibration was necessary.

Unfortunately, an exhaustive study of sodium salicylate layers by
Koyama [Ref. 16] has shown that the sodium salicylate layers do not
necessarily have constant quantum efficiency and that the characteristics
of these layers vary with time and with such variables as exposure to
atmosphere and methods of preparation,

During the latter part of this research, Koyama successfully cali-
brated a C53Sb tube and several sodium salicylate films with a thermopile.
Those quantum yields that have been made using these standards are prob-
ably quite accurate. The accuracy of some of the earlier measurements
is subject to some doubt; this uncertainty is pointed out wherever such
data are presented in this report.

Additional information concerning the measurement of quantum yield in

the vacuum ultraviolet can be found in Refs, 1, 7, 13, and 16.
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K. MEASUREMENT OF REFLECTIVITY

A limited number of reflectivity measurements were made where reli-
able data were not available in the literature. Both high vacuum and
windowless measurements were made using the light pipe apparatus described
by Yu [Ref. 9]. The optical constants were deduced from this reflectivity
data by use of a Kramers-Kronig analysis. The Kramers-Kronig analysis
was done on the Burroughs B5500 computer using a computer program written

by Shay [Ref. 17].
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PRECEDING PAGE BLAKIK NOT FILMED.

IITI. ANALYSIS AND INTERPRETATION OF PHOTOEMISSION DATA

The material presented in this study can be divided into two main
categories: (1) the experimental measurement of new photoemission and
optical data and (2) the analysis and interpretation of these data in terms
of the electronic structure of the material.

The new experimental data consist largely of photoelectric yield and
photoelectric energy distributions for a number of metals, semiconductors,
and insulators. In addition, reflectivity measurements have been made
where good measurements were not available in the literature. The tech-
niques used in obtaining these measurements have already been presented
(Chapter II).

This chapter is devoted to presenting several methods of analysis that
can be used to interpret these photoemission and optical data in terms of
the electronic structure of the material. These analytical methods rely
heavily upon the availability of good photoemission and optical data that
are representative of the bulk material. Relevant background material is
condensed and reviewed in the first part of the chapter. Using this back-
ground information and several important simplifications, an analytical model
is then constructed; this relates the experimentally measured photoemission
data to other electronic and optical properties of the material. The im-
portance of the electron-electron scattering length is emphasized in this
model; several cases are given in which the relative magnitude of the
electron-electron scattering length permits simplification of the analytic
equations and subsequent interpretation of the photoemission data. This
model is applied without simplification to the important case where the
envelope of the conduction band1 can be approximated by a free electron

2 . .
density of states that has a E energy dependence. With a minimum

In this report, the term "valence band" will be used to refer to filled
electron states, and the term "conduction band" will be used to refer to
the empty electron states. Thus, a metal will be described as having a
"conduction band" and a "valence band," even though there is no energy
gap.

In this important case, the conduction band density of states consists
of experimentally observed peaks superimposed upon an envelope that has
a VE energy dependence,
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number of arbitrary parameters, this model permits quantitative calculation
of the photoelectric yield, the photoelectric energy distributions, the
electron-electron scattering length, and the imaginary part of the dielectric
constant (ez) from the density of states. The density of states is deter-
mined by an iterative technique, in which the final density of states must

be consistent with these experimentally observed quantities. For the special
case of a free-electron-like metal, the density of states is theoretically
specified, and the quantities listed above can be calculated in an a priori
manner if experimental data are available for (1) the absorption coefficient
at all photon energies of interest and (2) the electron-electron scattering
length at one energy several electron-volts above the fermi level.

The model described above is obtained from a conventional analysis of
optical transitions by making two very important assumptions: (1) the mo-
mentum matrix elements are constant; (2) the "conservation of the wave
vector k" is not an important selection rule. When these two approxi-
mations are made, it is found that the relative probability of an optical
transition is determined solely from the density of states, and is not de-
pendent upon the wave vector ﬁ. The conventional analysis of optical
transitions that is used as a starting point is based upon a one-electron
approximation, in which it is assumed that an optical transition involves
only a single electron and a single photon; the possible many-body inter-
actions with the other electrons and the phonons are neglected. In this
sense, the simplified model used in this chapter can be considered to be
consistent with the one-electron model for optical absorption.

Thus, any successes of the analysis will tend to support the validity
of the assumptions made and the one-electron approximation. Any failures
must then be attributed to either (1) erroneous simplifications of the one-
electron model or (2) inapplicability of the simple one-electron model to

the process of optical absorption.

A. THE FREE ELECTRON MODEL

The "nearly free electron approximation" of an electron in a crystalline
solid states that the electron wavefunction has the periodicity of the lat-
tice, but that the potential experienced by the electron is nearly constant,

as approximated by the potential well of Fig. 25a, This simple potential
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FIG. 25. FREE ELECTRON MODEL OF A METAL. (a) Potential
well; (b) density of states; (c) group velocity.

well, called the Sommerfeld model, will be adequate to demonstrate the free
electron characteristics that will be useful in subsequent analyses.1

Let us consider a cube of edge L that is described by the potential
well of Fig. 25, The solution of Schrodinger's equation for the energy of

an electron in such a well is given by Dekker [Ref. 18].

2 2 2
ik h
E=—— =5 (% + k +k ) (3.1)
where
n, _
k, =, n, = integer (3.2)

We see that in k-space, the surfaces of constant energy are spheres. Each
set of integers (nx, D nz) defines an allowed wavefunction, which can

accept two possible electrons, when spin is taken into account. The number

Later on in this chapter, the VE energy dependence of the free electron
density of states will be used to analyze photoemission data from simple
"free-electron” metals such as sodium and potassium. In addition, the
VE energy dependence will be used to approximate the envelope of the
conduction band density of states in a number of materials that are not
strictly "free-electron metals." The functional form of the threshold
function and the group velocity appropriate to a free electron metal will
also be used in the analysis of photoemission data from metals such as
Cu, Ag, and Au.
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of allowed states in the energy range between E and E+dE is called the

"density of states," N(E), and is given by

]
N(E)dE = CE” dE (3.3)
where C 1is a constant:
3,, 13/2
C =M_. (3.4)

h

The functional dependence of N(E) is sketched in Fig. 25b. For the pur-
poses of this analysis and all subsequent analyses, we shall assume that
all the states below the fermi level are filled and that all the states
above the fermi level are empty. This approximation corresponds to solving
the problem at a temperature of T = 0°K, but for the phenomena of inter-
est, the error is negligible even at 300°K., The shaded areas of Figs. 25a
and 25b indicate the occupied states. The group velocity of an electron

wave packet at energy E is given by

(@) = 130 = 1599 =12 V2 vE (3.5)

For a free electron metal, the group velocity has the same energy depend-

ence as the phase velocity, vp, since

vl =g = V& vE (3.6)

B.  SEMICLASSICAL ESCAPE FUNCTION, T.(E)

If an electron is excited to an energy E that is greater than
(Ef+¢) in the model of Fig. 25, then the electron can escape if the energy
associated with the velocity component normal to the surface is greater

than (Ef+¢), or

m(v )normal
= > (E,+8) (3.7)
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For the purpose of our discussion, we shall not be interested in the nature
of the work function @, but shall consider # as a phenomenological
potential that must be overcome for the electron to escape the metal. For
the case of a parabolic conduction band, the energy distribution of the
electron is spherical in velocity space, so only a fraction of electrons
at energy E > (Ef+¢) satisfy the escape criterion of Eq. (3.7), as shown

in Fig. 26, Choosing the x-direction to be normal to the surface, we

require that

(vg)x Z.(Vg): =/2m (Ef +’55 (3.8)

(vg)z

gly = VgdnormaL

|
Q
l
I %
(vghy = VZm(E;r ) = ¥EmW

FIG. 26. VELOCITY CONE USED IN CALCULATION OF SEMI-
CLASSICAL ESCAPE FUNCTION. The surface of the
material is in the positive x-direction,.

The fraction of electrons at energy E that satisfy Eq. (3.8) is given
by the fraction of the surface that is intersected by the velocity cone
of Fig. 26. Defining eo as the maximum angle with respect to the x-axis

that will still permit escape, we find that
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(v ) E +0
cos 6 = l% T = :; , E> (Ef+¢) (3.9)
g

Tf(E) = fraction of electrons with (Vg) > (v )°
x =

g %
L . °
Tf(E) =3 (1 - cos eo) 0<s6, <90 (3.10)
E_+0
1 £
Tf(E) =5\l -y E > (Ef+¢) (3.11)

The quantity Tf(E) is the semiclassical threshold function for
electrons in a parabolic (free electron) band. Thus, if the electrons
encounter no scattering processes on the way to the surface, Tf(E) gives
the fraction of electrons excited to energy E (at any depth x) that
can escape the solid. The (%) factor occurs because one-half of the el-
ectrons are going away from the surface, and the solid is assumed to be
infinitely thick in the minus x-direction. Once the electron escapes the
solid into vacuum, it has a velocity given by

) = om (BEp) (3.12)

v
g’ vacuum

(

Those electrons not in the escape cone but with a component of velo-
city in the positive x-direction may eventually strike the surface. These
electrons will then be reflected back into the solid. The cases of
gspecular and diffuse reflection from the surface have been treated by
Spicer et al [Ref. 19]. )

Tf(E) is plotted as a function of [E/(Ef+¢)] in Fig. 27. Note that
even at E = 2(Ef+¢), Tf(E) is only about (0.15). This small value
helps to explain the small photoelectric yield of metals such as Cu, Ag,

and Au.

C. THE ELECTRON-ELECTRON SCATTERING LENGTH L(E)

To begin, let us assume that an electron is somehow excited to a state
in the conduction band above the fermi level. The excitation mechanism

could be light, an applied electric field, hot electron injection, or any
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FIG. 27. SEMICLASSICAL ESCAPE FUNCTION, Tf(E),
FOR A FREE ELECTRON MODEL.
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other means. This analysis will be restricted to the case in which the
number of "hot" electrons in the conduction band is very small compared
with the number of electrons in the filled valence band. The excited
electron, or wave packet, will assume some state of the crystal, and move
through the crystal with a group velocity vg. For the case of a free
electron metal, Eq. (3.5) shows that vg ~VE . Eventually, the electron
will have an interaction or "collision" with another electron, a phonon,
an impurity, or a vacancy. In this analysis, we shall assuﬁe that the
electron-electron interaction dominates in the region of interest, which
is from 1.5 to 12 eV above the fermi level. Thus, we shall consider only
the case of electron-electron scattering.

The detailed nature of the electron-electron interaction in solids
is not well known, and the wavefunctions describing the interacting elec-
trons are difficult to formulate. However, a good deal can still be said
about the interaction if a number of simplifying approximations are made.
With reference to Fig. 28, let us assume that an electron at energy E
in the conduction band "collides" inelastically with an electron at energy
E: in the valence band. If the conduction electron at energy E 1oées
an amount of energy, AE, then the valence electron at Eg must gain an

energy, AE, if energy is to be conserved.
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FIG. 28. CALCULATION OF ELECTRON-ELECTRON
SCATTERING LENGTH L(E) FROM THE DENSITY
OF STATES.

Let us now consider the relative probability of a collision of a "hot"
electron at energy E with a valence electron at energy Eg. - If the en-
ergy loss of the collision is given by AE, the relative probability of

collision is given by P'(E,ES,AE), where

P'(E,Eg,AE) = (Kl) (number of valence
electrons at Eg)

X  (number of conduction band states
at (E-AE) to which the electron
at E can fall)

X  (number of conduction band states at
(E® + AE) to which the electron at

Eg can be excited)

= (Kl)NV(E:)NC(E—AE)NC(E: + AE) (3.13)
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1
In Eq. (3.13), K is a proportionality constant, NV is the val-

ence band density of stites, and NC is the conduction band density of
states. Equation (3.13) states that the relative probability of a collision
with energy loss, AE, is simply proportional to the total number of
possible collisions that conserve energy. Since the nature of the inter-
action is not well known, no constraint is put upon quantum mechanical
seléction rules; only the density of states is involved in the analysis.

For materials such as silicon, a detailed analysis [Ref. 21] involving
gquantum mechanical selection rules seems to reduce to the approximation of
Eq. (3.13). To obtain the total relative probability of collision for an

o

electron at energy E, we must sum P'(E,E:,AE) over all possible E

and AE, We shall call this total probability P(E), which is given by

2F -E E-E,
P(E) = K, ~/' d(Es) d(AE) Nv(Eg)NC(E-AE)NC(Eg + AE) (3.14)
E, Ef—Eg

Since the "hot" electron from energy E and the valence electron from
energy E$ are indistinguishable after the interaction, we need only sum

o 1 o
values of AE from (Ef—EV) to E(E—Ev)’ or

2E -E %<E'E3>
P(E) = 2K, '/' d(E?) Jf d(AE)NV(Eg)Nc(E—AE)Nc(E: + AF) (3.15)
Eg B -E)

Equation (3.15) is the form most useful for computer calculation, since
this equation involves half as many terms as Eq. (3.14). The limits on
Eq. (3.14) and Eq. (3.15) are relevant to the notation of Fig. 28.

The lifetime, T(E), of a "hot" electron is the inverse of the

collision probability per unit time, or

1

7(E) = 6 (3.16)

1 Note that Eq. (3.13) is of the same form as given earlier by Berglund
and Spicer [Ref. 20].
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Defining the electron-electron scattering length, L(E), as the mean

distance an electron travels before colliding inelastically with another

electron, we have
L(E) = <|vg(E)l> T (3.17)

where the brackets indicate an average overall directions. Using Eq. (3.16)
and Eq. (3.15) in Eq. (3.17), we obtain for the electron-electron scat-
tering length

<lvk(E)f>
L(E) = L T : g (3.18)
© 2E,-E E(E—Ez)
f d(E?) f a(2E)N_(E0)N_(E-AE)N (B0 + AF)
E, Ef—Eg

where LO is a normalizing constant. The same expression has been ob-
tained independently by Berglund [Ref. 7]. Equation (3.18) gives only the
shape of L(E), and not the magnitude. The magnitude of L(E) must be
obtained by adjusting the constant L0 so that L(E) agrees with an ex-
perimental point at some energy BE.

As an example of Eq. (3.18), let us calculate L(E) for the model
density of states shown in Fig. 29. This simplified model, which is
actually a rough approximation to many practical cases1 consists of a
narrow valence band of filled core states at energy E = O, and a free-
electron conduction band at energies E > 0. The electron velocity is

given by Eq. (3.5) for a free-electron conduction band, so Eq. (3.18)

becomes
L(E) = L' I VE (3.19)
° -5 _<E_EO)
f d(Ef;) f d(AR) N:(E:) VE-AE \/Eg + A
0 “E°

In actual practice, Eq. (3.18) is evaluated using a digital computer,
and no approximations are made. The simple model of Fig. 29 is pre-
sented solely for the purpose of illustrating the basic physics of the
calculation for L(E).
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ENERGY (eV)

FIG. 29. HYPOTHETICAL DENSITY OF
STATES WITH A FREE ELECTRON
CONDUCTION BAND AND DELTA FUNCTION
VALENCE BAND.,

FERMI LEVEL

i | 1

3 2 I o
N(E)

where Lé is a normalizing constant. Since & is very small, the val-
ence band density of states is essentially an impulse function, and we

can approximate Eq. (3.19) by

L(E) = L E‘fﬁ (3.20)
2
(0)o) [ alem) vEm Vv
0
Changing variables, let AE = (AE' + E/2), so that
L(E) = L 5 VE (3.21)
(2 [ ate) BT - ()2

E/2
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Using integral (109) of Ref. 22, we can evaluate the integral in the
denominator of Egq. (3.21) and obtain

1
Lo 1

(x°)(8)(x/16) | ()%

L(E) = (3.22)

Thus, we see that for the model of Fig. 29, L(E) ~ E_3/2, and that the

magnitude of L(E) is inversely proportional to the total number of val-
ence electrons [(Ns)(ﬁ)].

Equation (3.22) has practical significance, since it gives an analytic
expression for a simple model that approximates several real cases at
energies well above the fermi level. Three of these cases are shown in
Fig. 30, where curve (a) shows a free electron metal, curve (b) shows a
metal with a free electron conduction band but with a highly structured
valence band, and curve (c) shows a semiconductor with a free electron

conduction band. One would expect that Eq. (3.22) would be a fairly good

approximation in cases (a) and (b) for E > |W|, and in case (c) for

E > (]W] + ng!), where W denotes the width of the valence band, and

Eg the energy gap. Thus, at energies well above the fermi level, Eq.
(3.22) would predict an (E)~3/2 dependence for L(E) in metals and
semiconductors that have a free electron-like conduction band. At energies
close to the fermi level, Eg. (3.22) will be very inaccurate. In addition,

Eq. (3.22) predicts that a material with more electrons in the valence

band should have a shorter scattering length, all other factors being equal.

These conclusions rest on the assumption that only conservation of
energy and the total number of possible collisions are important in deter-
mining the electron-electron scattering 1ength.1 However, the validity
of Eq. (3.18) and the specific example of Eq. (3.22) can be tested when
the difficult task of actually measuring L(E) as a function of energy
in the energy range between the fermi level and 10 or 12 eV above the

fermi level is performed in future experiments.

1 E. O. Kane [Ref. 21] has found that, for the case of silicon, the L(E)

calculated from Eq. (3.18) is in remarkably close agreement with the
L(E) calculated from an analysis based upon k-conservation and the
detailed band structure of silicon.
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FIG. 30. DENSITY OF STATES MODELS APPROXIMATED BY THE MODEIL OF FIG. 29.
(a) free electron metal; (b) metal with a free electron conduction
band; (c) semiconductor with a free electron conduction band. At
energies above the solid dotted line the energy dependence of L(E)
is given approximately by L(E) ~ (E)‘3 2,

At this writing, the only reliable experimental values for L(E)
known to the author are for gold [Ref. 24]. These values are in excellent
agreement with the predictions of Eq. (3.18), as will be discussed in
Chapter V.

Equation (3.18) gives the hot electron mean free path in terms of
only electron-electron scattering. As we shall see from numerical examples
of metals in later chapters, electron-phonon énd/or electron-impurity
scattering will tend to dominate over electron-electron scattering in the
energy range between the fermi level and about 1 eV above the fermi level.
At energies greater than 2 eV above the fermi level, electron-electron
scattering tends to dominate; it is in this region that the net electron
mean free path is described by Eq. (3.18) alone. In the intermediate
region between 1 and 2 eV, the magnitude of the electron-electron scatter-
ing length will be found to be comparable to the magnitude of typical
electron-phonon scattering length. In this intermediate region, the net
electron mean free path is determined by a combination of electron-phonon

and electron-electron scattering lengths. This problem has been treated

at length in Ref, 19. 57 SEL-67-039



At energies several volts above the fermi level, there is another
possible electron scattering mechanism--that of electron diffraction at
the edges of the Brillouin zone. As a specific example, let us consider
the case of gold, which has a face-centered cubic lattice. The first

Brillouin zone for a material with a fcc lattice is shown in Fig. 31.

F1G. 31, BRILLOUIN ZONE FOR FACE-
CENTERED CUBIC LATTICE., Points
and lines of symmetry are
indicated.

If we consider the I' point to be at (0,0,0), then the reciprocal lattice
vector in the X-direction is given by [Ref. 25] [(2x/a)(1,0,0)], in the
L direction by [(2n/a)(%,%,%)], and in the W direction by
[(2/a)(1,%,0)], where a is the lattice constant. The surface of the
first Brillouin zone bisects each of these reciprocal lattice vectors;
thus, for example, at the X point we find |k| = %[(2n/a)(1,0,0)| = (n/a).
Let us now assume that the conduction bands of gold can be approximated
by nearly free electron bands. The solution of Schrodinger's equation is

given in this case by [Ref. 25];

2
A > o (2
where k has the form
- 27
k = —;— (X’y,Z) (3.24)

and where Eﬁ is any reciprocal lattice vector given by
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n ,n_,n
o 2m 1’72?73
K = (=
n ( a/‘nl’nz’nS) (are integers> (3.25)

The lattice constant for gold is tabulated [Ref. 26] to be a = 4.07 X.
With this information and the use of Eq. (3.24) and Eq. (3.25), we can
solve Eq. (3.23) for the free electron conduction bands of gold. The

results of such a calculation are shown in Fig. 32 for several principal

12
1+
1o}
9_.
8_
3 7+ FI1G. 32, FREE ELECTRON ENERGY BANDS
2 FOR A FACE-CENTERED CUBIC STRUCTURE
by 8 1 WITH LATTICE PARAMETER a = 4.07 A,
€ (B7————— THE LATTICE CONSTANT FOR GOLD AND
z 5| SILVER. [Ref. 96] The heavy bands
(4.5)—————— correspond to points on the surface
4t~ of the Brillouin zone.
(B4 —— e — —|——
3_
2_
l._.
0
r X W L r

symmetry directions. The heavy lines indicate the points where a surface
of energy E intersects the edge of the Brillouin zone. In the real case
of a periodic potential, the bands would split at the zone edges, and the

slope of the E vs (E) curves would be zero at the edge of the Bril-

normal
louin zone, and not finite, as in Fig. 32; however, the deviation from the
parabolic curves (Fig. 32) is quite small. Thus, the heavy lines (Fig. 32)
indicate the energies at which diffraction from the edges of the Brillouin

zone occurs, since SE

1
(Vg)normal = z'<5§>norma1 =0 (3.26)

at the edge of the Brillouin zone.
59 SEL-67-039



Equation (3.26) tells us that if an electron is excited to an energy
E on the surface of the Brillouin zone, the electron will not have a group
velocity given by Vg = V2mE, but will have Vg = 0, and will not propa-
gate through the crystal. For these electrons, the electron-electron
scattering length will be zero, since L(E) = vg(E)T(E) = 0. This could
have a profound effect on the electron-electron scattering length as
calculated from Eq. (3.18), if a significant portion of the free electron
sphere at energy E intersected the edge of the Brillouin zone, L(E)
would be different in different crystallographic directions, but the
average value of L(E) would not change appreciably if only a small
portion of the constant energy surface intersected the Brillouin zone edge.
If we imagine the bottom of the free electron bands in gold to be at the
fermi level, then Fig. 32 shows that the spherical energy surfaces do not
intersect the Brillouin zone for energies less than 3.4 eV above the fermi
level. At energies above 3.4 eV, the heavy lines indicate that the energy
surfaces do indeed intersect the Brillouin zone in the region of interest,
which extends up to 12 eV, Thus, one might expect some change in L(E)
due to diffraction effects at energies above 3.4 eV. The most significant
effect seems to be.in the energy range from 4.5 to 6.0 eV, where the free
electron sphere tends to merge with the faces of the Brillouin zone. In
the actual case of gold, it is possible for this effect to be accentuated
if the constant energy surface is not a sphere, but is fairly close to
the truncated octahedron shape of the Brillouin zone. At energies higher
than about 6 eV, the diffraction effect seems to be smaller, since it
appears (at first glance) that a smaller portion of a constant energy
sphere intersects thé edge of the Brillouin =zone.

In the analysis of photoemission data later in this study, Eq. (3.18)
will be used to calculate the electron-electron scattering length; other
effects, such as the electron diffraction discussed above, will not be
included in the formal analysis. The possible presence of these other
effects will be pointed out where anomalous deviation from the predictions

of Eq. (3.18) seems to occur.
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D. DIRECT AND NONDIRECT TRANSITIONS

The optical conductivity cb(w) is the number of photons absorbed
per unit time per unit volume, and is given in terms of the dielectric

susceptibility by [Ref. 27]:

o (0) = w e (w) (3.27)

Here, ez(w) is the imaginary part of the dielectric susceptibility e(w),

which is given by Eq. (3.28), where we follow the notation of Refs. 28
and 29:

e(w) = ef(w) + eb(w) (3.28)

The quantity ef(wl is conventionally called the intraband or free-charge

contribution, given by

2
ew)=1- —FB (3.29)
t w[w + 1(%_—)]
u? u?
€l = S - R .
glw) =11 Ry R UD (3.30)

For angular frequencies, (w), corresponding to photon energies greater

than about 2 eV, the interband contribution & (w) tends to dominate

B
over ef(w). The quantity eb(w) is given in Ref. 30 as

™~

2
1 (e> e .71 -1 ol -1
= - = (= =) - w = w
eb(w) m \x 25 fvc(k)[wvc * 1(T) ] [wvc * 1(T) *
v,C,k (3.31)
where

¢ = a conduction band

v = a valence band

W o=EW - W

ve v c

fvc(ﬁ) = interband oscillator strength, which is given by
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, 2
£ (K) = = l<vk’vlvwk’°>‘ (3.32)
EV(I:’) - EC(K)

Equation (3.31) is usually solved by assuming that the relaxation time

T is long enough so that the condition

w o T>>1 (3.33)
ve

In obtaining Eq, (3.31), the relaxation time T was artifically introduced
into the time-dependent perturbation theory by assuming that the coeffi-

cient of the wavefunction Wj is given by [Ref. 29, pp. 223 and 646 |

, k i t
aac(t) e_ E(EO_EC)t e_'?
5t = Heo (3.34)

Rl

Thus, we see that the occupancy fac(t)fz is associated with the lifetime
T. In a later chapter, we shall find that, in a free-electron-like con-
duction band, the electron-electron scattering length at an energy of

10 eV above the bottom of the free electron band is typically about 10 A.
At 10 eV,

E 10 eV 16 -1
- E_10ev ., .35
W= = 7 1.5 x 107 sec , (3.35a)
10 & 16
t=2 o294 53510710 sec (3.35b)

wt = 8 (3.36)

Now, the largest terms in the sum of Eq. (3.31) are for « =~ w, 50 we

can say that as far as Eq. (3.31) is concerned,

= .37
W,  T=8 (3.37)

Thus, we see that at 10 eV the approximation of Eq. (3.33) is not very good

when the lifetime for inelastic collisions is evaluated. In addition, it
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is conceivable that the electron interacts in an inelastic manner with the
electrons of each atom that it passes, so that the effective inelastic
scattering length would be on the order of a lattice constant, or L = 23.
If it is this value of L that determines the lifetime T to be used in
Eq. (3.31), then wr = 1.5, and the approximation W, T>>1 is indeed
incorrect. However, it is difficult to say exactly how a relaxation time
T should be incorporated into theé quantum mechanical expressions without
any accurate knowledge of the mechanism that determines 71, so with
tongue in cheek, let us assume that the approximation w. T >> 1 is valid,
and proceed in the conventional manner. With a certain amount of manip-

ulation, the imaginary part of Eq. (3.31) can be written as [Ref. 31 ]

2 2 E E
eop(®) = iﬂ?e—zE Z '/I;Z {(;)3 l<“k,vlvl“'k,c>|2 8(k, - k) 6<;,13 -5 - u>} aK’
v,cC o .

3m w

(3.38)

In obtaining the delta function S(Kc - KV), it was assumed that the

electron in the initial state is described by a Bloch function of the form

. > -
. 1(kv)°r
1]'(1{’,", = Hk,v(r) e ?

and in the final state by a Bloch function of the form

i(k )er
b= (F)e 7
k,c Mk,c
(The photon momentum is neglected, since it is small compared to the range
of i.) I1f these functions are indeed the proper description of the el-
ectron wavefunction during the optical absorption process, then the matrix

element <Wk vlvlwk c> is zero unless
H ’

- -
k =K, (3.39)

Equation (3.39) corresponds to a "vertical' transition in the Brillouin
zone, and is called a "DIRECT TRANSITION." If, for the moment, we neglect

the matrix element in the integral of Eq. (3.38), then the contribution
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from a given pair of bands to e2b(w) is given by the joint density of

states J_ (w), where
c,v

(m)—f 2 S(E—k’)aEc—EV—w k> (3.40)
B.7Z. (2n)3 vi\R B

C

The quantity Jc,v(w) is called the joint density of states for bands
indexed ¢ and v. The quantity JC’V(QOAw is equal to the number of
pairs of states in bands ¢ and v that have the same ® value and are
separated by an energy E__, where [(hw) - (Aaw/2)] <E, < [(Aw) + (Aw/2)].
One can imagine that the joint density of states is calculated by searching
the Brillouin zone with a "wvertical" arrow of length Ecv’ at each point
multiplying the number of states at the tip by the number of states at
the tail, and then summing these products over the entire Brillouin zone,
Brust [Ref. 31] has found that for a pair of bands (c,v) in silicon

and germanium, the momentum matrix element is approximately independent

of k, or
<“k,vlvl“k,c> = <“vlvl“c> (3.41)

Thus, Brust pointed out that a knowledge of the properties of J_ V(w)
’

is all that is necessary to understand the properties of eZb(w) for
Si and Ge.

Another approach to evaluating €2b(w) has been suggested by W. E.
Spicer, who has been led to his conclusions by a number of convincing
photoemission experiments. In some materials [Ref. 32), Spicer has found
that the photoelectric energy distribution curves (EDCs) are inconsistent
with Eq. (3.39), which states that "conservation of the wave vector K"
is an important optical selection rule. This implies that the initial
valence state and/or the excited conduction state of the electﬁqg are not
well described by simple Bloch functions of the form pk(r) T This
would be the case if the electron was very localized, or if the lifetime
was very short. 1In both of these cases, the periodicity of the wave-
function would be destroyed. Consequently, Spicer has proposed that the
"conservation of the wave vector K" as described by Eq. (3.39) is not

an important selection rule, and we can rewrite Eq. (3.38) as follows:
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o

2 E E —

4ne A 2 2 c v 3
e (w) = \ f —— <y Vv, > 6(——-— - — - w> dk 3.42
2b 22 L Jy g {(2:1)3 v, k! V¥ K E ( )

where V_ and ¥, are the (unspecified) wavefunctions describing
H

k
;
the electron in the initial valence state and in the final conduction

state. Let us define the momentum matrix element M(v,c,k) as
M(v,e,k) =¥y VIV, o > (3.43)

Since we are uncertain as to the exact description of Wv,k and wc,k’
let us now make two basic assumptions concerning the matrix element
{M[Z: (1) ]M]z is independent of Kk and of the band indices c and
v; (2) ]M[z is only a function of ww, the energy difference between
states. (In a later chaptér, we shall see that this assumption is in

accord with the photoemission experiments for certain materials.) We

now have
2 2
'M(Vrc’k)l = ‘M(w)l (3'44)
and
2 E E .
egp(©) =i’l§—§‘- () | z f ———2——58—53-—5‘5— o) dk’ (3.45)
3m~ W o UB.Z. (2x)
b4

Let us now rewrite Eq. (3.45) in terms of an energy integral: Expanding

the sum in Eq. (3.45),

E E — — — E. B
2_ 5 (.E L A > ax® - 2 ax> N (%) a° NS (k) 5(“ i “’> (3.46)
ch L.Z. (2n)? CE (25)3 fB.z. i g i L.z. 3 ; J oo

2

In Eq. (3.46), NZ(K) means the number of states in the volume dk
that come from the valence band labeled "i." Thus, Eq. (3.46) equals

E_+HAWw it —_—

2 T 4 k> Z No(E, k) f ax> Z N(E - fiw, k) (3.47)
z. I J B.Z. *

(2::)3 E, T 3j i
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Now, the conduction band density of states NC(E) gives the number of

states per unit volume between energies E and E + dE, or

2 ’v3 c
N (E) = dk” N, (E,k) (3.48)
c 3 J i
(27)” “B.Z. -
J
Similarly,
2 3
N (E - fiw) = _ dk" NAE - #w,E) (3.49)
v 3 i i !
(27)” “B.Z.

i

Using Eq. (3.46), Eq. (3.47), Eq. (3.48), and Eq. (3.49) in Eq. (3.45),

we obtain

i E_+Aw

321> e2h 2 (1

(W) = 5= 5= (m(w)| N_(E)N (E - #uw) dE (3.50)
m w Ef

Equation (3.50) is a very important relationship for the purpose of this
investigation, since it describes a type of transition called a nondirect
transition, as first coined by W. E. Spicer.

The density of states N(E) can be found from an integral over a

surface of constant energy, and is given by [Ref. 331

N(e) = —2 j( [V%g?k)[ (3.51)

(21)°

Note that N(E) will be large where |V, E(k)| is small,
2
In the approximation of Eq. (3.50), we know that IM(w)I cannot
be independent of w, but must decrease as w 1increases, since a sum

rule states that [Ref. 99]:

0
1 2
= = 3.52
L we,(w)dw = 3 iCR ( )
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e 5

where ub is the plasma frequency for the total electron density of the
system. If |M(w)[2 was a constant, then the integral of Eq. (3.52)
would diverge for the ez(w) given by Eq. {3.50).

The' interband optical conductivity is given by Eq. (3.27), so

Ef+ﬁw
32 h
crb(w) = —é-’-‘— £ ] M( )) f N (E)N (E - hw) dE (3.53)
c v
E
£
The differential conductivity, Ub(w,E)dE, represents the portion of

the conductivity due to transitions to energy E, or

o, (w,E)dE = = (M(w)]z N (E)N_(E - fiw) dE (3.54)

For nondirect transitions, ab(w,E)dE gives the probability per unit
time that a photon will be absorbed by a valence electron at energy
(E - AWw). The functional dependence of this transition probability is

stressed in Eq. (3.55):

( transition probability

for nondirect transitions) _ [M(w)l N (E N (E - huO (3°55)

The fractional number of electrons excited to energy E for nondirect

transitions is thus

fractional number of o, (w,E) N (E)N_(E - hw)
. b c v
electrons excited to | = ) TN (3.56)
energy E % f
NC(E)NV(E - fiw) dE
Ef

Thus, if N photons are absorbed by N electrons per unit time per unit

volume, then Eq. (3.56) gives the fractional number that are excited to

energy E. Note that for a given 4w, the number of electrons excited

to energy E is proportional to NC(E)NV(E - huﬂ. This proportionality

characterizes the type of optical transition called a nondirect transition.
The characteristics of DIRECT and NONDIRECT optical transitions are

summarized below:
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Nondirect Transitions

a. Theoretical implications

(1) A1l electron states involved in the optical absorption

process are not well described by Bloch waves.

(2) Conservation of the wave vector § is not an important

selection rule.

(3) The momentum matrix element [Mlz is independent of K

and band indices, but may be a function of w.
b. Photoemission characteristics (energy distributions)

(1) At photon energy #Hw , a peak in the valence band density
of states at energy (E1 - hu&) will cause a peak in the
EDC at'energy”El. If the photon energy is increased to
hué, the peak in the EDC will appear at energy

E, = E + ﬁ(“b - ui) or

(E, - E.) = A(w, - w)
2 1 peak 2 1 photon

Thus, an increment (HAw) in photon energy will result
in an equal increment in the energy of a peak in the EDC,
if the peak is due to structure in the valence band

density of states.1

(2) Structure in the conduction band density of states remains

at the same energy E for all values of photon energy.

These statements apply if there is no structure in the conduction band
density of states. 1If there is structure in the conduction band, this
structure will modulate the EDCs, and in the region of the conduction

band)peak, AEp # Mfw, as seen by the example of Fig. (33a) and Fig.

(33b).

A stationary peak in the EDCs can also be due to electron-electron
scattering. A scattering peak is often characterized by a large number
of slow electrons that appear in the EDCs at high photon energies. An
example of such scattering can be seen in the case of silver covered
with a monolayer of cesium, as will be discussed in Chapter VI.
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Direct Transitions

a. Theoretical implications

- ~>
(1) k =k

(2) Simple Bloch waves adequately describé valence and con-

duction electrons involved in the optical transitions.
b. Photoemission characteristics (energy distributions)

(1) Characteristic b(1) (nondirect transitions) is observed
from a very narrow valence band that has the same

ehergy for all values of K.

(2) In other cases, an increment (h&w) in photon energy
will cause peaks in EDC to move in increments that are

either larger than (BAw) or smaller than (BAW).

(3) Peaks can appear or disappear with small changes in

photon energy.

The measurement of photoelectric energy distributions over a wide
range of photon energies can be a very important technique in determining
whether the optical transitions in a material are of a direct or a nondirect
nature, since the two types of transitions have such different character-
istics in the EDCs.

We have not discussed another possible type of transition, which
involves the emission or absorption of a phonon. This type of transition
is commonly called an indirect transition,1 and is thoroughly discussed
in a number of texts {Refs. 34]. Phonons typically have energies less
than 0.1 eV, but can have any value of k. Thus, indirect transitions
could cause the same effects as nondirect transitions, except that there
would be a pronounced temperature dependence, since the probability of
emission or absorption2 of a phonon becomes very small as the temperature

decreases., Such temperature dependences have not yet been observed in

It should be emphasized that direct and nondirect transitions are a
first-order process, whereas indirect transitions are a second-order
process, with a smaller probability of occurrence.

Neglecting the zero-point vibration.
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photoelectric energy distributions, so we shall restrict our attention to
direct and nondirect transitions.

The illustrative example of Fig., 33 serves to depict the character-
istic differences between direct and nondirect transitions as seen in the
photoelectric energy distributions. A hypothetical energy band diagram
of Fig, 33a will serve as the basis for this example, Note that in the
(ﬁi - EO) direction, there are no bands between energies 5 and 15 eV
above the fermi level, and in the (Eé - KO) direction, there are no
bands below 5 eV above the fermi level, Let us assume that 10 electrons
occupy the filled valence bands in the energy range between O and (-)6 eV.
The density of states N(E) that corresponds to this energy band diagram
is shown in Fig. 33b. Note that there is a valence band peak of height
5 electrons/photon/ev in the region 0 to (—)1 eV below the fermi level,
and a conduction band peak of height 6 electrons/photén/ev in the region
15 to 16 eV above the fermi level. These peaks are due to the "flat"
bands in the (ﬁi - §0> direction. The density of states is easily

obtained from the energy band diagram, since in this simple case, Eq.

N(E) = z (g—g—)—l (3.57)

where the sum is over all bands (i) at energy E, and the units of &

(3.51) reduces to

are given in Fig. 33a. In the photoemission process, let us assume that
all electrons excited to an energy E above the vacuum level will escape
the surface of the solid and be measured in the EDC. Let us also assume
that all electrons excited to an energy E below the vacuum will not
escape the solid, and will not be measured in the EDCs.

First, we shall consider the case of direct transitions shown in
Fig. 33c. The optical transitions are governed by Eq. (3.39), which says
that only "vertical" transitions in which kinitial = kfinal are allowed.
Thus, the threshold for photoemission is at a photon energy hy = 2.4 eV,

as indicated by the transition Q:) in Fig. 33a. At a photon energy of

2.4 eV, electrons at
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are excited from the valence band to a conduction band at 2 eV above the
fermi level. Let us assume that the bandwidth of the incident light is
not zero, but is 0.1 eV, and that the incident photons are evenly dis-
tributed such that 2.4 eV < hy < 2,5 eV, 1If all the excited electrons

get out, then the measured EDC is that indicated by (:) in Fig. 33c. The
width of this EDC occurs because of the finite bandwidth. Note that the
area under EDC (:) is one electron/photon, which is the case since all

the excited electrons are at energy E greater than the vacuum level and
will be photoemitted. If we increase the photon energy to 3.9 eV < hy

< 4.0 eV, the EDC is given by curve (:) in Fig. 33c. At a still higher
photon energy, 5.2 eV < hy < 6.0 eV, the direct transition occurs at

T{)O’ as seen by transition in Fig. 33a, and there is a corresponding
peak of photoemitted electrons at E = 5 eV, as shown by EDC (:) in

Fig. 33c. Observe that while the photon energy has increased by an incre-
ment of 4.0 eV from EDC (:) to EDC (:), the peaks in the EDC have increased
in energy by only (E - E ) = 3.0 eV. Thus, the increment in peak
energy is not equal to the increment in photon energy, as pointed out
earlier., At a photon energy of exactly 4.0 eV, the only possible trans-
ition is between two parallel bands, as shown in Fig. 33a by transitions
. Note that in this case, all values of Kk between I{)l and KO
are possible. The resulting EDC is flat and extends between E = 2 eV
and E = 5 eV, as shown by EDC (:) in Fig. 33c. Note that the area of
EDC (:) is only 0.6 electrons/photon, since 40 percent of the electrons
are excited to energies below the vacuum level. »

In the range of photon energies between 6.0 and 16.0 eV, no direct
transitions are possible, so no electrons are photoemitted, and there are
no EDCs, At a photon energy of exactly 16.0 eV, transitions can occur
between two parallel bands, as indicated by transition @g» in Fig. 33a.
This transition corresponds to EDC (:) in Fig. 33c, which has a width of
1.0 eV and an area of one electron per photon. As the photon energy is
increased to 16.0 eV < hy < 16.1 eV, a narrow peak suddenly appears in
the EDC at an energy of 15 eV, as shown by EDC (:) in Fig. 33c., The
width of this EDC is only 1/60 eV, but the area is one eleetron/photon.
As the photon energy is increased, the energy of the EDC peak slowly
increases, and at a photon energy 21.9 eV < hv < 22.0 eV, the peak is at

16 eV. Note that the photon energy has increased an increment of 6.0 eV
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in going from EDC (:) to EDC (:), but the peak in the EDC has moved only
an increment (E<:> - E ) = 1.0 eV. Again, we see that the increment
in peak energy does not equal the increment in photon energy. For photon
energies greater than 22.0 eV, there are no possible direct transitioms,
and the peak in the EDC disappears.
The EDCs for the case of nondirect transitions are quite different

from the EDCs for direct transitions, as seen from Fig. 33d, which shows
. EDCs for nondirect transitions. First, let us focus our attention on
the dashed curve, Fig. 33b, which is for a photon energy of hv = 9.5 eV.
The fractional number of electrons excited to energy E 1is given by

Eq. (8.56). Since the denominator of Eq. (3.56) is constant for a given
hv, then the number of electrons excited to energy E is N (g),

where

ﬂ}(E) = (;onstant)Nc(E)Nv(E - hv) (3.58)

for all E. This calculation is equivalent to raising the valence band
density of states by an energy hy, and at each energy E, multiplying
by Nc(E)’ The result is the energy distribution of excited electrons
in the material, and is indicated by the dashed curve in Fig. 33b for

hv = 9.5 eV. Since NC(E) =1 for O<E< 15 eV, the dashed curve of
Fig. 33b is an exact replica of the valence band density of states.
Since all the electrons are excited to energies higher than the vacuum
level, all are photoemitted, and the corresponding energy distribution
curve EDC (:) of Fig. 33d is also an exact replica of the valence band
density of states.

Figure 33d shows EDCs for several photon energies. In contrast to
the casé of direct transitions, the photoemission threshold is at 2.0 eV
for the nondirect transitions, whereas it was 2.4 eV for the direct
transitions. Note that for a photon energy of 3.0 eV, the leading edge
of the EDC is at 3.0 eV, and that for a photon energy of 22.0 eV, the
leading edge of the EDC is at 22.0 eV. Thus, we see that for nondirect
transitions, the increment in photon energy is equal to the increment in
peak energy, in contrast to the direct transitions. Note that for

hy = 18 eV, EDC (4) of Fig. 33d is modulated by the peak in the
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conduction band density of states. This modulation remains fixed in
energy for all photon energies, a characteristic of nondirect transitions.

. The effect of the modulation of the conduction band density of states
on the location of a peak in the EDCs is shown in Fig. 33d, where the
energy Ep of the center of a peak is plotted as a function of photon
energy for both the direct and the nondirect transition. 1In the range of
photon energies between 3 and 15 eV and above 17 eV, the nondirect
transition follows the rule AEp = Mw, However, near the vacuum level
(v < 3 eV) and in the vicinity of a conduction band (15 eV < hy < 17 eV),
the location of the peak does not follow the rule AEp = Aﬁw, and the
distinction between the direct transition curve and the nondirect trans-
ition is not very great.

Later in this paper, AEp vs Mw plots of the type shown in Fig. 33d
will be found to bé quite useful in the analysis of EDCs from real
materials.

Figure 33 has been used to illustrate some of the major features
that distinguish direct from nondirect transitions in the EDCs. Thus, we
see that experimental measurement of the photoelectric EDC at different
photon energies can tell us whether direct or nondirect transitions occur
in a specific material. Unfortunately, the photoemission process in a
real material is quite complex, and all the excited electrons are not
photoemitted, as was assumed in the model of Fig. 33d. In the next
section, we shall attempt to describe the photoemission process in a more

realistic manner.

E. THE PHOTOEMISSION PROCESS

In this section, we derive a mathematical model describing the photo-
emission process for a material with a free-electron-like conduction band
and a semiclassical threshold function. The model is based upon nondirect

transitions. The method of analysis will proceed as follows:
(1) Calculate the probability of exciting an electron at a depth
x from the surface;

(2) Calculate the probability that the electron will then be excited

to an energy E in the conduction band;
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(3) Calculate the probability that the electron excited to energy
E will then travel to the surface without suffering an in-
elastic electron-electron scattering event, and escape into

the vacuum,

The result will yield the photoelectric energy distributions and the
photoelectric yield for nonscattered electrons in terms of the density
of states, the electron-electron scattering length, and other physical
parameters,

Let us begin the analysis by assuming that a monochromatic beam of
photon energy hv ‘travels through vacuum and is normally incident upon
a solid or liquid sufféce, as shown in Fig. 34a., Some of the light
will be reflected and some of the light will be absorbed within the
material; we assume that the sample is much thicker than the optical
absorption length (é), so that we need not consider reflections from a

back surface. Let us consider only light of energy hv such that

(1) The photon energy is-high enough so that band-to-band trans-

itions dominate over other optical absorption mechanisms;

(2) The wavelength A 1is appreciably longer than the lattice

spacing.

If the incident photon flux is given by I;(w), then the flux that

penetrates the surface is given by Io(w), where
Io(w) = [1 - R(w)] IZ(w) (3.59)

In Eq. (3.59), R(w) is the magnitude of the reflection coefficient,
Io(w) represents the total number of photons per unit area per unit time
that are absorbed in the material. The electromagnetic wave propagates
into the material with a phase velocity Vp(w) = ¢/n(w), where n(w) is
the index of refraction. However, in the energy range corresponding to
band-to-band absorption, the photons are strongly absorbed. The prob-
ability of absorpfion per unit time is given by the optical conductivity
a(w), and is a property of the material. Thus, at any point x in the

material [Ref. 27],
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FIG. 34. THE PHOTOEMISSION PROCESS: (a) DISTRIBUTION
OF PHOTON FLUX IN THE MATERIAL: (b) TOTAL GENERATION
RATE OF ELECTRONS G(x,w) AS A FUNCTION OF DEPTH x
FROM THE SURFACE; (c) MOVEMENT OF ELECTRONS GENERATED
AT POINT (xo,yo,zc) TO AN ENERGY e ABOVE THE VACUUM
LEVEL. The direction of an arrow represents the
direction of the velocity, and the tip of the arrow
indicates where the electron scatters with another
electron. The dashed line shows the velocity cone.
Electrons in the velocity cone can escape from the
solid if they do not scatter before reaching the surface.
(d) Geometry used in calculating the escape probability.
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o(w) = 20 n(w)k(w) (3.60)

where k(w) is called the extinction coefficient. The permittivity of
free space eo has been set equal to unity in obtaining Eq. (3.60).

(For a discussion of the optical constants and their interrelations, see
Ref. 27.) The absorption coefficient per unit o{w) is related to k(w)
by

a(w) = 3f§i91 (3.61)

and

n(w) ﬁm (3.62)

Av

ii
[e]

(3.63)
Using Eq. (3.61), Eq. (3.62), and Eq. (3.63) in Eq. (3.60), we obtain

aw) Vp(w) = g(w) (3.64)

* (3.65)

Probability of Absorption)

(Probability of Absorption
per unit time

per unit length ) (Phase Ve1001ty) = <

Thus, the probability of absorption per unit length oa(w) is directly
related to the optical conductivity c(w). Since the probability of
absorption per unit length ofw) is the same at every point x, the
number of photons absorbed per unit area between x and x+dx 1is pro-
portional to (the number of photons in the increment dx) times (the

probability of absorption per unit 1ength), or
di(x,w) = - o(w)i(x,w) (3.66)

S0 -

1(x,0) = 1_(w)e ™™ | (3.67)
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where x = 0 1is taken at the surface as in Fig, 34. The spatial dis-
tribution of the flux 1I(x,w) is sketched in Fig. 34a. If we assume that
each absorbed photon corresponds to an excited electron, then the spatial
distribution of excited electrons G(x,w) is given by

_di(x,w)

(5,9) _ 1 () ofw)e (W)X

G(x,w) = (3.68)
G(x,w) is a generation rate, giving the number of electrons generated in
the increment between x and (x+dx) per unit area per unit time, and

is sketched in Fig. 34b. The electrons represented by G(x,w) are
excited from filled states in the valence band to empty states in the
conduction band, According to the model of nondirect transitions, the
fractional number of electrons excited to an energy E in the conduction
band is given by Ed. (3.56). Thus, if we denote the total number of

electrons excited to energy E by the quantity G(E,x,w), we have

NC(E)NV(E - Aw)

G(E,x,w) = o G(x,w) (3.69a)

Ef+hw
NC(E)NV(E - fw) dE

Ef »

or

NC(E)NV(E - hw)

Ef+ﬁw

-0 w)x

G(E,x,w) = Io(oﬂa(w)e (3.69b)

NC(E)NV(E - fiw) dE

t=

Equation (3.69) gives a mathematical expression for the generation rate
of electrons to the state E in the conduction band at depth x from the
surface. G(E,x,w) is sketched in Fig. 34b. Once these electrons are
excited to energy E, they take on some state V(E) of the crystal,
and move in various directions through the crystal. It is difficult to
proceed further than Eq. (3.69) unless we can say something about how
these excited electrons move through the crystal.

In the discussion to follow, we shall restrict the analysis to the

case where the final state in the conduction band is a spherical band,
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so that all directions are equivalent. Thus, electrons originating at
the point (xo,yo,zo) in Fig. 34c will travel in all directions with a
group velocity appropriate to a free electron band, as given by Eq. (3.5)
to be

]vg(E)l = v€§.vrﬂ:_ﬁgl’ (E>E) (3.70)

where the quantity EB denotes the energy of the bottom of the free
electron band.

Let us now proceed to calculate the number of electrons that will
travel to the surface, overcome the potential barrier (W), and escape
into the vacuum, The velocity cone of Fig. 26 gives the fractional
number of electrons at energy E that are moving toward the surface and
have %m(vg)i > W, Thus, according to Eq. (3.9), all those electrons

in the solid angle

6, = cos_l‘/% , E>W (3.71)

are candidates for escape into vacuum. However, some of these electrons
will suffer inelastic electron-electron collisions on the way to the
surface. We shall calculate the number of electrons that reach the
surface without encountering such a scattering event,

An electron, starting at point ro(x,yo,zo) and travelipg at an
angle 6 with respect to the x-axis must travel a distance (; - ?0)
before reaching the surface, where
i X

.
r - =
o cos O

(3.72)

as seen from Fig. 34d. The probability that an electron does not scatter

before reaching the surface is given by

~([F-%,1)

L(E) " I(E) cos 6

(probability of not colliding) - e = e (3.73)

before reaching surface
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where L(E) is the electron-electron scattering length. From Fig. 34d,
the fraction of the electrons in the solid angle between © and (6+de9)
is given by the ratio of the area of the sphere between 6 and (e+de)

to the total area of the sphere, or

2
£ .
area between 6 and 6+df - 271 X sin 6d6 _ l sinodo (3.74)
area of sphere 4ﬂx2 2

Thus, the fraction of electrons from (x,yo,zo) that can escape is given

by F(E,x), where

fraction of electrons eo 1 (s xcos 5
F(E,x) = at E and depth x that = f 3 sine e de
escape without scattering 8=0

(3.75)
The generation rate at depth x and energy E is G(E,x,w) so the total

number of nonscattered electrons that escape is given by ﬂf(E,x,w), where

p:4

o —
n'(e,x,w) = G(E,x,w) f -;— sin g e E/cOS 8 49 (3.76)
8=0

Summing up contributions from all possible values of x, we obtain

X
co

0 —
N'(E,w) = f dx G(E,x, w) f % sin g e B/ €08 045 (3 77)
x=0 8=0

where ﬂf(E,w) is the number of electrons photoemitted at energy E due
to the light flux Io(w). Substituting Eq. (2.69) for G(E,x,w), Eq.
(3.77) becomes

' 1 N_(E)N_(E - #w) ® %o - o) + vt x
N'(E,w) = Io(m) Ea(“’) Ef+Ec LO dx_é;o sin 8 e [ L(E) cos e] a6 (3.78)
A NC(E)NV(E - Aw) dE
£
We now let
1
N(E,w) = L{E0) (3.79)
o

where n(E,w) is the number of electrons photoemitted at energy E per

absorbed photon per-eV. By making the substitution f = cos 6, and
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changing the order of integration, Eq. (3.78) becomes

n(e,u) =  o(w)

NC(E)NV(E ~ Aw) 1
E +hw jr
Nc(E)Nv(E - fw) dE

foo . -[oc(w) T ﬁ] x
x=0

ax{ap (3.80)

cos O
o

The integrals are easily evaluated with the use of integral 47 of Ref. 22,

and we obtain

| 1 1 . 1 NC(E)NV(E - hw)
nE,0) = 3 {(1 - <08 8) - FomWEy 1 {a(w%‘(‘)%:l)d(cg;eo ¥ 1}} | E e (3.81)
’ f NC(E)NV(E - #w) dE

Eg

Equation (3.81) is actually the final objective of this derivation, but
the expression can be put into a more understandable form if we factor

out the quantity i 1l - cos O —QE— to obtain
2 0 oL+1/?

_ /L oL OL+1 1 oL+l oLl \ NC(E)NV(E - hw)
E,w) =(|5(2 - I oL
(E, ) [2(1 cos 8y) aL+1] [aL GL(T - o5 6,) of. 1a (aL cos eo+1/:] E (3.82)

L NC(E)NV(E - hw) dE
The quantity %(1 - cos 90) is just the semiclassical threshold function

Tf(E) given by Eq. (3.10), so we can rewrite Eq. (3.82) as

- N (E)N (E - hw) -
W(E,w) = C[oc(w)L(E),Tf(E)}(a%&;)g%S?_J Em’z AA (3.83)
: f NC(E)NV(E - Aw) dE

E . .

£
where the correction factor C a(w)L(E),Tf(E) is given by

+ +1
C[o&(w)L(E),Tf(E)] = O‘;zl + Z(Zi‘):(LoaL)z in (ongL— mLTf) (3.84)

_o(w)L(E)
a{&ﬁLiE$+1
if all the electrons in the velocity cone had velocities directed normal

The factor Tf(E) in Eq. (3.83) is just what would be obtained

to the surface. The correction factor C of Eq. (3.84) gives the
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adjustment that must be made when the actual angular distribution of

electrons is taken into account. Figure 35 gives a plot of the correction

T
T, (E120.000!

.o

Ty {£)=0.10
0.9 o o
Ty (E)=0.20

0.8

0

T, (E10.30

f 3
S orf ° i
5 T (E)=0.40
£ osl- o -
z Ty (£1=0.4999
£ 0.5F o o |
prl
E oal . © CALCULATED POINTS
o
o

0.3 . 4

0.2 .

al

FIG. 35. CORRECTION FACTOR C [o(w)L(E), T¢(E)] FOR
VARIOUS VALUES OF (QL) AND T,.

factor C as a function of the quantities (aL) and Tf. Note that for
any oL, the magnitude of C can vary only between 0.5 and 1.0,

In many cases of interest, the range of E is such that the semiclassical
threshold function Tf is always small, say Tf(E) < 0.2, In this

case, the range of the correction factor C is 0.8 < C < 1.0 for

any value of «Q(w)L(E) whatsoever. Thus, for cases near the thres-
hold, the velocity cone is sufficiently small so that it is a good
approximation to assume that the velocity component of all the electrons
that escape is essentially normal to the surface. Setting C =1, we

obtain for the case of the "small angle approximation"1

1 It is to be emphasized that the correction factor C does not include
the effect of phonons. In the cases where the electron-phonon scat-
tering length is shorter than the electron-electron scattering length,
Eq. (3.85) would not apply.
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(3.85)

. NC(E)N§(E - hw)
N(E,w) = T (E) (a%ﬁ,)l)‘%é};J),l) E_+ho

NC(E)NV(E - hw) dE

B

Equation (3.83), the important equation we have sought to derive,
gives the energy distribution of nonscattered electrons in terms of the
density of states, NC(E) and NV(E), the electron-electron scattering
length L(E), the absorption coefficient «(w), and the semiclassical
threshold function Tf(E). It must be emphasized that Eq. (3.83) applies
to the case of a material with a free-electron-like conduction band,
and is based upon thé theory of nondirect transitions.

The total photoelectric yield Y(w) is given by finding the area
under the EDC, or

Hw

Y(w) = jg N(E, w) dE (3.86)

where ¢ is the vacuum level, and the energy zero is taken at the top
of the valence band. Equation (3.86) gives the quantum yield Y(w) in
terms of the total number of electrons photoemitted per absorbed photon
of angular frequency W,

Equations (3.83) and (3.86) give two quantities that can be measured
by experiment. In the next section, we shall describe several methods by
which the quantities NC(E), NV(E), L(E) and ez(w) can be calculated
from an experimental knowledge of MN(E,w) and Y(w).

The results of this section appear to be consistent with the relations
of Berglund [Ref. 7], which were derived earlier.

In the analysis thus far, we have considered only the electrons that
escape without suffering a scattering event. Berglund [Ref. 7] has
calculated the number of electrons that escape after one electron-electron
scattering event to be R'(E',E,w) dE, where E is the energy at which
the electrons escape, and E' 4is the energy of the primary electrons.

Berglund finds that [see Eq. 80, Ref. 7]

SEL-67-039 84



S

(E',E)
R'(E',E,w)dE z{ (clafw)r(e), () ]) T(E)G (E',w) a(w‘j‘i‘f}um pf, &Y

. [m 1n [1+(w)L(E')] + LLél?) in (1 + %)J dE
(3.87)

where

GO(E',w) ‘Io(uﬂ o (probability of being excited to energy E')

p (E',E) = number of primary electrons that scatter from E' to E
s

total number of electrons at energy E' that scatter

PS(E')
before reaching the surface

In the case of nondirect transitions, the quantity (probability of being
excited to energy E') is given by Eq. (3.56). Berglund has pointed
out that the term

is due to those electrons initially excited to E' which are moving away
from the surface.

Equation (3.87) accounts for those electrons that originate in the
bulk of the material. In addition, there may be a large number of elec-
trons that do reach the surface without scattering, but are reflected
from the surface because their velocity direction is not in the velocity
cone, Thus, if we assume spherical scattering from the surface, these
electrons act as a source of primary (unscattered) electrons generated
at the surface. The total number of electrons that arrive at the surface
without scattering is given by setting the velocity cone equal to 90°,
or setting Tf(E) = 0.5 in Edq. (3.83). Thus, the total number of unscat-

tered electrons incident upon the surface is given by

1 (W)N(E", 0Ty = 0.5)

£
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or

I (wn(E', 0T, = 0.5) = clo(w)L(E'),T, = 0.5] Ly a%.l_

5 GO(E‘,w) (3.88)

The total number of reflected electrons [Io(w)nR(E',w)] is found by
substituting the number of photoemitted electrons from the total number

of electrons incident upon the surface, or

Io(bonR(E"w) = C§%$ii> Gy (E', w) {(%)CBxL‘, T, = 0.5] - 1 (E')clow’,T (E')]} (3.89)

where L' = L(E') and o = a(w). Now, Eq. (3.87) can be adapted to take
into account these reflected electrons by letting o —» . This corre-
sponds to the case where all the electrons are excited very near the
surface, In addition, we must replace the generation rate GO(E',w)

in Eq. (3.87) by [Io(w)‘ﬂR(E,w)] of Eq. (3.89). Letting R;(E‘,E,w)dE
denote the number of electrons that are photoemitted at energy E due

to primary electrons at energy E' that have been reflected from the

surface, the adaptation of Eq. (3.87) gives

p (E',E)
R '(E',E, 0)dE = (ch,Tf(E)] T, (E)e (&', w) “§7E‘T>

. (% clont,r, = 0.5] - T(E') C{OtL':Tf(E')D

. <%E§_27 in [1 + %—%—?D}cm (3.90)

The total number of once-~-scattered electrons that are photoemitted at
energy E due to primaries at E' is thus R’tot(E',E,w), where

R'tot(E',E,w)dE = [R' (E',E,w) + R' (E',E,w)] dE (3.91)

To obtain the total number of once-scattered electrons that are photo-
emitted at energy E, we must sum Eq. (3.91) over all energies E' > E,

Let us compare the magnitude of R'S (E’,E,w)dE to the magnitude
of R'(E',E,w) for the case of a free electron metal with the work
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Svigpii’”

function ¢ = 4 eV, and the bottom of the band at 4 eV below the fermi
level. We shall use the parameters below:
E' = 8 eV above fermi level (primary electrons)

E = 5 eV above fermi level (once-scattered electrons)

L(E) (§) = 2.03

L(E") ~
o(w)L(E') = 0.125

a(w)L(E) = 0.254

i

cla(w)L(E), Tf(E)] 0.91

N
o
©
©

cla(w)n(e!), TféE')]

IR
=
o
@

clo(w)L(E"), T, = 0.5]
Tf(E) = 0.029

Tf(E‘) = 0.092

Using the above parameters, the result is

R '(E",E,0)

R(E B0 7

where R'S denotes the electrons that have been reflected from the sur-
face. Thus, we see that for typical values, Edq. (3.91) provides about
a 50 percent correction to Eq. (80) of Berglund. Most of the once-
scattered electrons are photoemitted at energies considerably lower than
the primary electrons, and the majority of the once-scattered electrons
will tend to appear near the threshold of the EDC. 1In the photoemission
studies of this investigation, secondary electrons are seen in the EDCs
only for photon energies greater than 11 or 12 eV. Thus, the once-
scattered electrons will not be included in the formal analysis of photo-
emission data in this report.

However, in cases where secondary electrons are observed, the energy
distribution of once-scattered electrons can easily be obtained by eval-

uating Eq. (3.91) on a computer. The scattering probability pS(E',E)/P(E‘)
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could be obtained by the theory of electron-electron scattering presented
in Section C, which involves only the density of states and conservation

.of energy. One would calculate

. total number of ways an electron can be
p (E ’E) t s .

s _ \scattered from E to a specific energy E/ (3 92)
PS(E‘) - <tota1 number of ways an electron can be) :

scattered from E' to any energy E

The total number of once-scattered electrons at energy E 1is proportional
to [2pS(E',E)/PS(E')] where the factor (2) is due to excited valence
electrons. The EDC, including primary and once-scattered electrons, is

given by

Ef+ﬁw
(3.93)

primary-

[n(E’w)]primary and ~  ~ J_- RY ot

E',E,w)dE' + [NW(E,w)]
once scattered

where (E,w) is given by Eq. (3.83), and R', ¢ (E',Ew) is given
by Eq. (3.91). ‘

F. METHODS FOR OBTAINING THE DENSITY OF STATES AND OTHER PARAMETERS

FROM PHOTOEMISSION AND OPTICAL DATA

In this section, we describe several methods of obtaining the density
of states and other parameters from experimental photoemission data. In
all cases, the analysis is based upon nondirect transitions, and can be
applied to any metal, semiconductor, or insulator that satisfies the con-
ditions of the specific method. In no case is any restriction put upon
the nature of the valence band. In all cases phonon scattering effects on

the excited electrons are neglected.

Case I.

[o(w)L(E) >> 1; ISOTROPIC CONDUCTION BAND ]

In this case, one half of the electrons excited to energy E above
the vacuum level will have velocities in the direction of the surface,
and all of these will eventually strike the surface, In this case, the
nature of T(E) and Nc(E) are unspecified, except that the velocity

distribution of electrons excited to energy E is spherical. (A more
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complicated analysis would be necessary for the case in which the photo-
emission data depend strongly upon the crystal orientation.) Instead

of Eq. (3.83), the EDC curve is

NC(E)NV(E - Aw)

N(E,w) = T(E) T3
£

(3.94)

NC(E)NV(E - Aw) dE
E

b
where T(E), Nc(E)’ and NV(E) are to be determined from the experi-
mental N(E,w).. Using Eq. (3.50), we can rewrite Eq. (3.94) as

(%) T(E) [u(w)|* N _(B)N(E - fu)
N(E,w) = 5 (3.95)
()% € ()

(w

where (K) 1is a constant described by Eq. (3.50). To proceed further,
we assume that ]M(w)|2 is a constant in the region of interest, and
that ez(w) has been obtained from experimental reflectivity measure-
ments. Let us now fix the variable E, and measure the EDCs at many
different photon energies. Next, we take the ratio for two different

photon energies (hu&) and (hub) as

N(E,w) N (E-Ra) ep(w,) ()
E,w,) =N (E - Bw,) * W) * (“i)z

(3.96)

which is obtained from Eq. (3.95). Solving Eq. (3.96) for the ratio of

valence band density of states,

N(B - Hu,)  ep(u)  (u)7 (E,w,)
N(E - B0) ~ e, (w) ’ (‘”1)2 ’ WE, v )

(3.97)

All the quantities on the right hand side of Eq. (3.97) are experimentally
obtained, so we can determine the ratio of two different points in the
valence band. If we use Nv(E - hnﬁ) as a "base," and let (wz) be

any other photon energy, then Eq. (3.97) can be used to plot out the
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shape of the valence band density of states Nv' The same shape nmust
result for any value of E, if the theory behind the method is correct.
‘The closer to the threshold we choose E, the deeper into the valence
band we can calculate Nv'

Having determined the shape of the valence band density of states,
the conduction band density of states can be calculated by the use of

Eq. (3.50), which states that

g [pthw
eZb(w) = E'E\zﬂ" _é NC(E)NV(E - fiw) dE (3.98)
" £

Knowing e2b(w) and NV(E), we can "unfold" Eq. (3.98) and determine
the shape of NC(E). For the sake of example, let us consider a semi-
conductor with band gap Eg and energy zero at the top of the valence
band. At the edges of the gap, we set Nc(Eg) = NV(O) = 0. We solve
Eq. (3.98) by dividing the energy scale E into small increments AR,
and solving in a cumulative manner, starting with w = h(Eg + 2AE), and
increasing w in steps of #HAE, in the following manner: (We let

(K]M‘z)/(ﬁz) = K = constant)

K(E, + 27E)2 ezb[ﬁ(Eg + ZAE)] = N (B, + 2E)N (-4F) . (3. 99a)
K(Eg + 30m)2 eZb[n(Eg + 3AE)] = Nc(Eg + 20E)N (-0E) + Nc(Eg + AE)N (-20E) (3 . 99b)

]<(1~:g + aag)> e%{h(ng + m)] = Nc(Eg + BAE)N_ (-0E) + Nc(Eg + 2AE)N (-20) + Nc(Eg + LE)N_(-30E) (3. 99c)

K(Eg + NAE)z €2b[ﬂ(r:g + NAE)J = i Nc(Eg + mAE)NV[(m—N)AE] (3 . 99N)

m=1

We first solve for Nc(Eg + AE) using Eq. (3.99a), next solve for

Nc(Eg + 2AE) using Eq. (3.99b), and continue until we have covered the
range of interest. Equation (3.99) can be easily solved by computer for
arbitrarily small values of (AE). Note that Eq. (3.99) is in the form

of a matrix equation with all the elements above one diagonal set equal
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to zero. Thus, Eq. (3.99) could be solved in a straightforward manner by
use of a "library computer program" for a matrix equation. [However, a
"cumulative" solution in which the computer first solves Eq. (3.99a),
then uses the result to solve Eq. (3.99b), etc., would probably be much
less time—consuming.] Since the solution is of a cumulative nature, it
is possible that small errors in €2b(w) near the band gap could cause
large errors in the final NC(E).

Having now obtained NC(E) and NV(E), we can obtain T(E) from
Eq. (3.94), and the analysis is complete, if the deduced values of
NC(E), NV(E), and T(E) are consistent with Eq. (3.94) for all the
different EDCs.

An example of how the method explained above can be used to deduce
the density of states and the threshold function from the experimental
EDCs and ez(w) is shown in Fig. 36. The EDCs must be normalized, and
in units of (electrons photoemitted/absorbed photon/eV). In the range
5 eV < Hw < 12 eV, the experimental EDCs are described by N(E) = (.08)
(E-5), E < fw, as shown in Fig. 35¢c for several values of hw. The
experimental ez(w) is given in Fig. 35e. The procedure of analysis is

as follows:

(1) Assume |M(w)|Z = CONSTANT = 1.

(2) From the EDCs of Fig. 35c and wzez(w) from Fig. 35e the use
of Eq. (3.97) yields the valence band density of -states NV(E)
as shown in Fig. 35a; note that in this case, the shape of

NV(E) is very different from the shape of the EDCs.

(3) Next, the conduction band density of states NC(E) is ob-
tained by unfolding Eq. (3.98) by the technique of Eq. (3.99),
using the experimental €2(w) and the valence band density of

states NV(E).

(4) T(E) is obtained from Eq. (3.94) or from Eq. (3.95), testing
all of the experimental EDCs for consistency, and making sure that
agreement is achieved for both shape and magnitude of the EDCs.
If such a T(E) exists, then a consistent solution for NC(E),

NV(E), and T(E) has been obtained. Since the magnitude of
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|M(w)l2 is arbitrary, we can only determine the shape of Nc(E).
In the special case of a metal, we can match NC(E) to NV(E)

at the fermi level, and thus obtain the magnitude of Nc(E)

as well as the shape. The magnitude of Nv(E) can be obtained
by normalizing NV(E) to contain the total number of valence

electrons.

In the case in which ]M(w)|2 is a constant, the experimental value
of ez(w) puts a constraint upon NC(E) and NV(E), with the result
that if a set [NC(E), NV(E), T(E)] is found that is consistent with
Eq. (3.94) and Eq. (3.50), then such a solution is unique. A proof of
this statement is presented in some detail in Appendix A.

Although the method outlined above involves the use of ez(w) to
obtain Nc(E) and NV(E), the photoemission process depends only upon
NC(E) and NV(E), as seen from Eq. (3.94). Agreement with ez(w) is
not required to find a set [NC(E), N (E), T(E)] that satisfies Eq.
(3.94). Thus, instead of using a systematic technique, we could have
first approached the problem by guessing both NC(E) and NV(E), and
then taking the ratio

Ef+ﬁ°§
f NC(E)NV(E - ﬁwz) dE
n(E,uﬁ) NV(E - ﬁuﬁ) E,
WE,w,) N (E ~ Bu,) ) E_Bw
./P NC(E)NV(E - hwl) dE

B

(3.100)

A trial and error procedure might eventually yield an NC(E) and an
NV(E) that satisfies Eq, (3.100), and then T(E) could be calculated
from Eq., (3.94). However, this set [NC(E), NV(E), T(E)] would not be
unique, unless agreement was obtained with the experimental ez(w),
using lM(w)lz = constant in Eq. (3.50).

It may occur that the assumption !M(w);z = constant does not lead
to consistent results with the photoemission equation (3.94). The
problem may be that ]M(w),z is not a constant, but is a function of
frequency. In this case, we must use a trial and error method to see if

we can find a set [NC(E), NV(E), T(E)] that is consistent with
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Eq. (3.100) and Eq, (3.94). If we are indeed successful, then we can
calculate the frequency dependence of IM(w)[z from Eq. (3.50) using the
experimental value of €2(w). Thus if ]M(w)]z is not a constant, then

a knowledge of ez(w) is of no assistance in the analysis of photoemission
data., In fact, an [M(w)!z can be chosen to make Eq. (3.50) agree with

an arbitrary ez(w), as shown in Fig. 37. Unfortunately, if lM(w)]z

30-F-—-1
\
8 _ \
3 20- \
Sg \
I e
° B,
o T H 1 T ] |H
o 2 4 6 & 110
fw (eV)
12K 1
/'\\
3 / \\ 2
ek ] A I{USE wwnl/l’/(w)II}
2 ax- / .
i n{use WITH |M(w)ln}
o 1 1 1 T T N
0 4 & 8. 10

fw (eV)

FIG. 37. SIMPLE EXAMPLE SHOWING TWO ARBITRARY
CHOICES OF €5(w) THAT CAN BE MADE CONSISTENT
WITH THE PHOTOEMISSION EDCs OF FIG. 36 BY A
PROPER CHOICE OF |M(w)]|2.

is not a constant, then the experimental ez(w) does not sufficiently
constrain NC(E) and NV(E), and the set [NC(E), NV(E), T(E), ]M(m)]z]
is not a unique solution. This conclusion is proved in Appendix A,

where it is found that if [NC(E), NV(E), T(E), |M(w)f2] is one solution,

then an infinite set of solutions can be generated by the formulas
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W(E) = g(0) ) x (v) (3.1010)
No(B) = =5 )y (&) (3.101b)
™(£) = 1(E) (3.101c)
P(0) | = & &P ju(w) | (3.1014)

where B is a real number (positive or negative). The reader can satisfy
himself that the above relations are true by substituting into Eq. (3.94)
and Eq. (3.50) or by using the specific example of Figs. 36 and 37 where
lM(w)!z is not a constant,

However, it must be emphasized that a great deal of information can
still be obtained from the model of nondirect transitions even in the
cases where the matrix elements are not constant, The location of the
peaks in the valence band and conduction band density of states can still
be determined, the only uncertainty being in the relative strength of
these peaks. In many practical cases, the nature of the individual problem
may very well put a limit on the uncertainty in the relative peak heights,
so that even though the density of states is not unique, the uncertainty
in the density of states falls within certain well defined limits. The
analysis of the cuprous halides (Chapter VIII) is a good example of such
a situation,

A severe problem can arise in the systematic method discussed above
if ez(w) is composed of both band-to-band transitions and other types
of transitions (such as excitons or "free electron" transitions). In this

case, w) may be difficult to separate from the total ez(w) at low

€an(
energies near the band-to-band threshold. 1If €2b(w) cannot be obtained
accurately enough to "unfold" Eq. (3.98), then we cannot calculate NC(E).
Consequently, we have no check on fM(w)]z, and the assumption that
lM(w)Iz = constant cannot be verified, at least in the threshold region
for band-to-band transitions. A possible approach would be to guess an
NC(E) in this difficult region, and then use this NC(E) in the unfold
process of Eq. (3.99) to obtain an estimate of Nc(E) for energies above
this difficult region.
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If no values of NC(E) and Nv(E) can be found that are consistent
with Eq., (3.94), and if we are confident that either (1) the model of
nondirect transitions as formulated in Section D does not apply, or
(2) the one electron approximation is not appropriate for analyzing
photoemission data in the case at hand. However, if the peaks in the EDCs
move in increments of energy equal to the increments in photon energy, the
optical transitions are of the nondirect type, and we can still locate the
positions (but not the relative heights) of peaks in the valence band
density of states. Similarly, we can still locate the positions of peaks

in the conduction band density of states.

Case 1II.

[c(w)L(E) << 1 ; ISOTROPIC CONDUCTION BAND,
SMALL -"VELOCITY CONE"]

In this case, the electron group velocity vg(E) is unspecified,
except that the velocity distribution is spherical in real space at every
energy E above the vacuum level, If only those electrons that are going

in a direction normal to the surface escape, then the EDCs are given by

NC(E)NV(E - hw)

Ef+hw

N(E,w) = a(w)L(E)

To(w)L(E) + 1 T(E)

(3.102)

NC(E)NV(E - hw) dE

where T(E) 4is to be determined. Equation (3.102) is found in the same
manner as Eq. (3.83), except that no restriction is put upon the nature
of NC(E) and T(E). If we assume o(w)L(E) << 1, then Eq. (3.102)

becomes

NC(E)NV(E - hw)
Ef+hw
f NC(E)NV(E - hw) dE

Eg

WE,w) = a(w) [L(E)T(E) ] (3.103)

Using Eq. (3.50), Eq. (3.103) becomes
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a(w) |m(w)]? [L(E)T(E)] N (E)N_(E - fw)
N(E,w) = > c ¥ (3.104)
w ez(w)

Since the absorption coefficient «(w) can be obtained from experiment,

we can proceed just as in the method of Case I for the condition

]M(w)lz = constant, since L(E) will cancel out in Eq. (3.96). The only
difference from the method of Case I is that we can calculate only the
product [L(E)T(E)], and cannot calculate T(E) unless we have additional
information for the energy dependence of L(E).

If an independent measurement of L(E) is available, then we can
calculate the threshold function T(E), and all the quantities of interest
will have been determined.

Just as in Case I, if a consistent solution can be found for the
shapes of NC(E), NV(E), and T(E), then the solution is unique, as

shown in Appendix A.

Case III.

FREE ELECTRON CONDUCTION BAND,
SEMICLASSICAL THRESHOLD FUNCTION

We now consider the case in which the following restrictions apply:
(1) the conduction band density of states consists of occasional peaks
superimposed upon a free-electron conduction band with an (E)g energy
dependence; (2) the threshold function is the semiclassical escape function
Tf(E) given by Eq. (3.11). From the nature of these restrictions, this
case is probably most applicable to metals with a free electron-like
conduction band, and will be applied to the analysis of Cu, Au, and Ag
later in this study. By specifying the functional form of NC(E) and
T(E) from theories that are simple but that retain the basic physical
character of the problem, we have essentially specified two independent
variables in the equation describing the photoemission process.

The energy distributions for a material with a free electron con-

duction band and a semiclassical threshold function have already been

derived, and are given by Eq. (3.83). Although the nature of Nc(E)
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and Tf(E) have been specified, the position of the bottom of this
"average free electron band" will be considered as an arbitrary parameter
in the analysis. In practice, we shall find that the position of the
bottom of this "free electron band" is not completely arbitrary, but must
be placed above flat bands that represent tightly bound electrons. In the
sense used in this investigation, this "free electron band" is not to be
associated with any individual band in the actual energy band diagram,

but should be located so that it can represent in an "averaging'" or
"smoothing” manner the nature of bands that tend to be free-electron-like.
Thus, for example, in the cases of copper, silver, and gold, we shall find
it reasonable to place the bottom of this free electron band a few eV
above the flat d-bands (see Chapters IV, V, and VI).

For cases of practical interest, we shall find later that the quantity
a(w)L(E) is typically of the order of unity for E = 4 eV, but may vary
by nearly two orders of magnitude in the region between 1 and 12 eV above
the fermi level due to the rapid variation in L(E). Thus, it is of
primary importance that no approximation be made in the quantity
(aL/aL+1) that appears in Eq. (3.83). Since the electron-electron scat-
tering length plays such an important part in the analysis, it would be
best to use good experimental values for L(E). However, the measurement
of L(E) is a difficult task in the region 1 to 12 eV above the fermi
level, and no reliable experimental curves of L(E) are presently avail-
able in this energy region for most metals. Thus, we shall calculate the
shape of L(E) from the density of states using Eq. (3.18), and adjust
the magnitude of L(E) by arbitrarily adjusting the constant Lo' In
actual practice, it may be found convenient to adjust Lo to fit the
experimental quantum yield at one photon energy. In the event a good
experimental value for L(E) becomes available at even one energy, L(E)
as calculated from Eq. (3.18) can be normalized to agree with this single
peint, and a degree of arbitrariness can be removed.

The method of analysis is an iterative approach that involves the use
of a maximum of three arbitrary parameters. The approach that applies if
lM(w)]z is a constant is outlined in Table 1.

The lower the work function of the material, the better the conduc-

tion band structure can be specified from the EDCs, and the smaller the
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TABLE 1.

ANALYSIS OF PHOTOEMISSION DATA FOR CASE III.

Step

Procedure

Consequences and Comments

Locate peak positions from EDCs., Peaks that "move
with hv" correspond to peaks in the valence band at
energy (E-hv). Peaks that stay fixed correspond to
peaks in the conduction band if not due to electron-
scattering.

Adjust relative peak heights; sketch the valence
band density of states. A good first guess might be
to duplicate the EDCs in the region 3 to 8 eV above
the vacuum level, as EDCs in this region often tend
to be replicas of NV(E).

Choose position for bottom of free electron band.
This specifies N (E) and T.(E). Choose this point
above any core-lfke states in the valence band.,
Good energy band calculations can be useful as a
qualitative guide.

Superimpose conduction band peaks on free electron
envelope., Make a smooth curve.

Pick an arbitrary value for L, in Eq. (3.18). This
value is usually chosen to obtain proper agreement
with the photoelectric yield Y{hv) at one photon
energy. If a good experimental value of L(E) is
available at some point, adjust L  to make L{E)
agree with the experimental value.

Calculate the following quantities, using the com~
puter program of Appendix B:

A. Shape and magnitude of L(E). [Use Eq. (3.18)
and free electron group velocity.]

B. ©Shape and magnitude of EDCs (Eq. 3.83).

C. Shape and magnitude of Y(hv) (Eq. 3.86).

D. Shape of €, (w). (Eq. 3.98), assuming
M2 =1, %

Compare calculated quantities of Step 6 with exper-
iment. Separate "free electron"” and "exciton" ef-
fects from experimental ez(w) before comparison with
calculated ezb(w). If only fair agreement is ob-
tained, go back to Step 2 and repeat iteration. 1If
good agreement has been obtained for EDCs, yield
L(E), and ez(w), then calculation is finished.

If no consistent solution is possible, then either
(1) the free electron conduction band is not appro-
priate, or (2) the theory of nondirect transitions
does not apply, or (3) the one-electron model for
optical absorption does not apply.

Peak positions fixed to within roughly
0.1 eV by experimental EDCs.

Arbitrary parameter No. 1 introduced.

Arbitrary parameter No. 2 introduced.

Arbitrary parameter No. 3 introduced
(this parameter is not arbitrary if an
experimental point is used).

B. This calculation for nonscattered
electrons only. Use Eq. (3.93) to
include first scattered electrons.

Analysis must be self-consistent to be
valid.

1f o{w)L(E) >> 1, then the analysis of
EDCs and yield is insensitive to L(E),
and an accurate calculation of L{E) is
impossible by this method.

1f the final N.(E) and Ny(E) are in
agreement with the results of theo-
retical energy band calculations, this
method of analysis and the theory of
nondirect transitions are justified.
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uncertainty in the analysis outlined in Table 1. If the work function ¢
of a metal is high, and if there is structure in the conduction band a
volt or two above the fermi level, it is unlikely that the method of
Table 1 Will require a priori inclusion of this structure to obtain a
consistent solution, unless the structure is indeed large, because the
integrals used to calculate the EDCs, yield, and electron-electron scat-
tering length are rather insensitive to small structure in the conduction
band. Thus, it is highly recommended that in cases of high work function
¢, the work function be lowered by the careful application of a monolayer
of a material such as Cs or Ba. If the Cs or Ba does not react with the
material, then photoelectric energy distributions can reveal structure
down to 1.5 eV above the fermi level (in the case of Cs on a metal).

In a later chapter, the method of Table 1 will be applied to the analysis
of photoemission data from Cu. In this case, we shall see that Berglund's
photoemission data [Ref. 7] for Cu with a monolayer of Cs provides im-
portant information about conduction band structure near the fermi level.

In all cases, the method of Table 1 should be checked for uniqueness
by changiné important parameters, and seeing if a good fit can be made
by more than one combination of parameters. Appendix A shows that if an
exact solution is found, it is unique, if the conditions oL >> 1 and/or
0L << 1 prevail., However, in practice, it is unlikely that the adjust-
ment of two or three parameters in a very simple model would result in an
exact fit to experimental data, although in some cases, such as Cu, the
success of the method of Table 1 is remarkable., TIf it is possible to get
an equivalent "fairly good fit" with several quite different combinations
of parameters, then the answers obtained by this method are of little
consequence,

The amount of arbitrary adjustment afforded by the method of Table 1
is very little, as the assumptions of a free electron conduction band and
a semiclassical threshold function almost completely specify the photo-
emigssion process. Any successes of this simple model and the method of
Table 1 are no guarantee that the results are correct. It is possible
that there exists a much more sophisticated theory and method of analysis
that would also account for the photoemission data with a different

density of states. However, it is likely that such a theory would have
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many more than two or three adjustable parameters, and could be used to
"fit an elephant." The present model has the virtue that it contains the
basic physics of the problem, requires a straightforward analysis, and has

a unique solution, all of which lend to the credence of the results.

G. THE "OPTICAL DENSITY OF STATES"

Thus far in the discussion, we have assumed that NC(E) and NV(E)
indeed represent the "true" density of states that would be obtained by
a one-electron energy band calculation. Under the assumption of nondirect
transitions, the transition probability G(w) was found to depend upon
the "true" density of states, NC(E) and NV(E), as seen from Eq. (3.53).
Using these results, we have developed equations describing the photo-
emission process in terms of NC(E) and NV(E). These equations are
consistent with the equations of the one-electron theory. If the momentum
matrix element ]M(w)]z is constant, we can assume that the density of
states deduced from photoemission is the "true" density of states, and
use Eq. (3.98) to calculate EZb(w). If agreement was obtained with the
experimental ezb(w), then it would be likely that the density of states
deduced from photoemission studies is indeed the "true" density of states,
since Eq. (3.98) requires the use of the "true" NC(E) and NV(E).

It is possible that the one electron approximation does not properly
describe the optical absorption process in all materials. Thus, the
formalism used to obtain the expression describing the photoemission
process would be inappropriate., However, it is possible that the equations
describing the photoemission process [e.g. Eq. (3.94), Eq. (3.102), and
Eq. (3.83)] still have the correct functional form for describing the
experimental EDCs and the photoelectric yield, In such a case, NC(E)
and NV(E) would not necessarily be the "true" density of states, but
would be an effective or "optical density of states" describing the
photoemission process. Since recent investigations [Ref. 35] have sug-
gested that this is a distinct possibility, we shall henceforth refer to
the density of states that is deduced from photoemission data as the
"optical density of states,” with the understanding that the "optical

density of states™ may also be the "true" density of states.

101 SEL-67-039



H. ANALYSIS OF PHOTOEMISSION DATA FOR FREE ELECTRON METALS

The use of Eq. (3.83) to analyze photoemission data is most easily
done for the case of a free electron metal, such as Na or K. If the free
electron mass is used to describe the density of states, as in Eq. (3.4),

then the position Ef of the bottom of the free electron band is found

from the relationship

Ef
2 3/2
Noo¢ = .£. N(E)dE = 3 CE, (3.105)
where Ntot is the total number of electrons in the band, C 1is given

by Eq. (3.4), and E is defined by Fig. 25b. Thus, the quantities

NV(E), NC(E), and if(E) are completely specified by the theory. (It

is possible that the free electron mass is not appropriate; then the value
of the effective mass would be used as an arbitrary parameter.) Equation
(3.83) also requires a knowledge of «f(w), the absorption coefficient.
This quantity can be readily obtained from either direct measurement, or
from reflectivity measurements, as discussed in Chapter II.

Thus, there remains only one unspecified quantity in Eq. (3.83)——the
magnitude and energy dependence of the electron-electron scattering length
L(E). 1If reliable experimental data are available for the metal under
study, then L(E) is specified, and Eq. (3.83) must then predict the
magnitude and shape of the EDCs and photoelectric yield for uhscattered
electrons, without any arbitrary parameters. If no good experimental
values of L(E) are available, then Eq. (3.18) can be used to calculate
L(E). The normalizing constant Lo would then be taken as an arbitrary
parameter. If one experimental point is available for L(E), then Eq.
(3.18) would be normalized to this point, leaving no arbitrary parameters,

Since there are at most one or two arbitrary parameters involved in
the analysis of photoemission data from free electron metals, very good
agreement must be obtained between the experimental photoemission data and
those predicted by Eq. (3.83), if the theory upon which Eq. (3.83) rests
is to have any validity. Thus, application of Eq. (3.83) to free electron
metals is a strict test of the theory used to derive Eq. (3.83). 1In the

event that scattered electrons will appear in the EDCs for free electron
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metals with low work functions, Eq. (3.91) can be used in place of Eq.
(3.83) to predict the EDCs.

Unfortunately, in the course of this investigation, time did not
permit experimental photoemission data to be taken for a free electron
metal, so Eq. (3.83) was not "put to the test." However, it is at this
point instructive to see what Eq. (3.83) would predict for a hypothetical
free-electron metal with "typical" parameters. The two examples that we

shall consider are sketched in Fig., 38. The metal of Fig. 38a has a work

¢ =4.0ev 12
Eg = 6.0eV S
IC
-8 5
o
w
Nacuum_Lever \ |, &
_FERMI_LEVEL__ o
--4
-6
N(E)~—r7 . N(E )t—y :
2 1 0 2 0
{a) ‘ (b)

FIG. 38, DENSITY OF STATES PARAMETERS FOR TWO EXAMPLES OF FREE
ELECTRON METALS. (a) A "typical' free electron metal; (b)
Sodium,

function ¢ = 4.0 eV, and a valence band depth EB = 6.0 eV. These pa-
rameters are a numerical average of the parameters for different metals
as given by Table 9-1 of Dekker [Ref. 18], and thus represent a "typical"”
free electron metal. The metal of Fig. 38b is intended to represent
sodium (Na), which has parameters ¢ = 2.3 eV, and EB = 3.1 eV,
according to Table 9-1 of Ref. 18.

Let us first consider the case of the "typical" metal of Fig. 38a.
For the sake of example, let us choose ofw) = 5.0 X 10°em™!  for all (w)
of interest, and let us normalize the electron-electron scattering length
by choosing L(8.6 eV) = 25 K. Both of these values are typical of metals.

Using these parameters in the computer program of Appendix B, we obtain
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the shape and magnitude of the following quantities: the threshold function
Tf(E), the effective threshold function EFFTH(E), the EDCs, and the
photoelectric yield Y(w). 1In addition, we obtain the relative shape of
€2b(w), assuming that lM(w)fz is a constant.

The shape of EZb(w) is shown in Fig. 39, where eZb(w) is plotted
in arbitrary units. This shape is compared to the (w)™3 dependence ex-

pected from the Drude free electron model of Eq., (3.30). These two curves

——-—— ¢, (COMPUTER CALCULATION)
———— ¢ ~5)®

8- \ T €2Ff2ftezp
|

€, (ARBITRARY UNITS)

PHOTON ENERGY (eV)

FIG. 39. CALCULATED SHAPE OF €2 FOR FREE ELECTRON
METAL OF FIG. 38.a.

are arbitrarily chosen to intersect at a photon energy of 1.5 eV, which
is a typical value. The total dielectric constant €z(w) is obtained by
adding the free electron contribution ezf(w) to the density of states'
contribution e2b(uo, and is also sketched in Fig. 40. At lower photon
energies, the free electron term dominates; at higher energies, the
density of states term dominates. We note that the total ez(w) is

a rather smooth curve, and that experiment gives only this value. To

-3
obtain an experimental €2b(w), one must fit an (w) curve to the
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experimental ez(w) at low energies, and set €2b(w) equal to the dif-
ference between ez(w) and the fitted (w)_3 curve., Such a procedure
is likely to give a large error in eZb(w) at low photon energies, unless
the experimental value of ez(w) is very accurately known. It is this
experimental €2b(w) that is to be compared with the computer calculations
of Appendix B in the analysis of a real material. Note that there is no
pronounced structure in €2b(w). In many so-called "free electron" metals,
Al, Cd, and Zn, there is considerable structure [Ref. 30] in EZb(w) in
the vicinity of 1 to 2 eV. This may be due to direct transitions, de-

viations from a true free-electron nature, or some other factor.

At very high energies, Eq. (3.98) can be approximated by

e (w) = ElEiﬂQli Ntotﬁhw)l/z

2b( 2
w

2
() = BN, % (3.106)

Thus, if !M(w)fz were a constant at large w, then €2b(w) as given by
Eq. (3.106) would cause the sum rule of Eq. (3.52) to diverge. Thus, we
require that for large w, the momentum matrix element fM(w)[z should

decrease at least as fast as

() [? ~ () 2 (3.107)

where A is a positive number.

The calculated electron-electron scattering length L(E) is plotted
in Fig. 40. The shape of the curve is determined by the density of states
of.Fig. 38a, and in the region above 6 eV, is found to be closely approxi-
mated by an energy dependence of (E)_s/z, just as predicted by the model
of Fig. 29 and Eq. (3.22). We see that at 1 eV above the fermi level, the
electron-electron scattering length is about 1500 ﬁ, whereas at 11.6 eV
above the fermi level, the electron-electron scattering length is only 16 A.
Note that L(E) varies by a factor of about six between the vacuum level

(4 eV) and 11.6 eV, the region of interest for photoemission studies. Since

the mean free path for electron-phonon scattering is typically [Ref, 18}
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about 400 3, electron-phonon scattering tends to dominate over electron-
electron scattering in the region between the fermi level and 1.5 eV above
the fermi level. At energies higher than the 3 eV above the fermi level,
the electron-electron scattering length is much shorter than the electron-
phonon scattering length.

The free electron threshold function Tf(E) is plotted in Fig. 41.
Note that in the region of interest between 4 and 12 eV, Tf(E) is well
approximated by a straight line, and has a value of only 0.117 at 11 eV
above the fermi level., Thus, most of the photoexcited electrons that
strike the surface are reflected back into the bulk, and only a few are
photoemitted. The small value of the free electron threshold function
helps to explain why the photoelectric yield of many metals is so small,
typically on the order of 1 X 10_2 electrons photoemitted per absorbed
photon at a photon energy of 10 eV. Note that for the "typical" case at
hand, the free electron function of Fig. 41 represents only the extreme

left-hand portion of the curve in Fig. 27.
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FIG. 41. THRESHOLD FUNCTION Ts(E) AND EFFECTIVE
THRESHOLD FUNCTION EFFTH(E) FOR FREE ELECTRON METAL
OF FIG. 38a.

Because of the severe modulation effects of a nearly linear threshold
function in the region between 4 and 12 eV, it would seem at first glance
that the EDCs would not closely resemble the valence band density of
states. However, it is not the threshold function alone that determines
the shape of the EDCs, but the "effective threshold function" EFFTH(E),

which is given by

o(w)L(E)

EFFTH(E) = Cla(w)L(E), T (E)] T (E)N_(E) TOTL(E)T

(3.108)
The "effective threshold function" or "shape factor" EFFTH(E) is the
factor that modulates the shape of NV(E—hw) in Eq. (3.83), and is plotted
in Fig. 41. We note that in the region between 4 and 5.5 eV, EFFTH(E)

is approximated by a straight line of steep slope, but in the region be-
tween 7 and 12 éV, EFFTH(E) is nearly constant., Thus, we would expect
that the portion of the EDCs in the region between 7 and 12 eV would be

a faithful reproduction of the valence band density of states. That this
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is indeed the case is seen from Fig. 42, which shows the calculated EDCs
for a number of different photon energies. Note that the maximum peak

height in the EDCs occurs at a photon energy of 8.5 eV. At higher energies,
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FIG. 42. CALCULATED ENERGY DISTRIBUTIONS FOR FREE ELECTRON METAL OF
FIG. 38a (PRIMARY ELECTRONS ONLY).

the rapidly decreasing electron-electron scattering length prevents the
peak height from increasing further. Figure 43 compares the EDC for a
photon energy of 11.5 eV with the shape of the free electron density of
states, The agreement is quite close, just as would be expected from
the "shape factor" of Fig. 41.

The "flatness" of the shape factor at energies greater than 3 eV
above the vacuum level may explain why, in some cases, successful analyses
have been carried out by deducing a step-like threshold function, and
finding the analysis to be consistent with such an assumption. Thus, one

might expect that for many free-electron-like metals, that portion of the
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FIG. 43. COMPARISON OF ENERGY DISTRIBUTION WITH SHAPE OF VALENCE BAND
DENSITY OF STATES FOR FREE ELECTRON METAL OF FIG. 38a.

experimental EDC that is more than several volts above the vacuum level
would be a close replica of the valence band density of states. It is
important to realize that a constant shape factor EFFTH(E) - determines
the shape of the EDCs, but does not determine the magnitude of the EDCs,
Strong transitions to points in the conduction band below the vacuum

level could change the magnitude of the quantity

Ef+ﬁw
NC(E)NV(E - hw) dE

in Eq. (3.83), and consequently change the magnitude of the EDCs.
However, the shape of the EDCs would not be affected.

The photoelectric yield for primary electrons is shown in Fig. 44,
and seems to saturate at slightly less than 10_2 electrons photoemitted

]
per absorbed photon. This low quantum yield is a consequence of the 200 A
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FIG. 44. PHOTOELECTRIC YIELD FOR FREE ELECTRON
METAL OF FIG. 38a (PRIMARY ELECTRONS ONLY).

absorption depth [1/a(w)], the short electron-electron scattering length,
and the small value of the threshold function Tf(E).

As a final example, let us consider the case of sodium, which is shown
in Fig. 38b. Let us assume that a(w) = 5.0 X 1050m_1 for all w, and
normalize L{E) by assuming that L(8.6 eV) = 25 A. A computer calcula-
tion using the program in Appendix B gives the results shown in Figs. 45
through 48,

The electron-electron scattering length is shown in Fig., 45, where
L(E) is very well approximated by an (E)—S/z energy dependence for
E > 3 eV, just as would be predicted by Eq. (3.23).

The calculated EDCs for primary electrons are shown in Fig, 46 for a
number of different photon energies. A significant feature of the EDCs is
that the maximum peak height occurs at a photon energy of only 5,0 eV,

The peak height decreases at photon energies greater than 5.0 eV; at a
photon energy of 11.5 eV, the peak height is only 2/3 of the peak height
for the curve at hv = 5.0 eV,

Because of the low work function of only 2.3 €V, a large number of

scattered electrons would be expected to appear in experimental EDCs.
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In this case, the total EDC would consist of the sum of the primary elec-
trons and the scattered electrons, as shown in Fig. 47, where the number
of scattered electrons is to be interpreted as no more than an educated
guess, Secondary electrons might be expected to appear in the EDCs at
photon energies greater than 4 or 5 eV. However, the width of the valence
band density of states is only 3.1 eV, so it is likely that the energy
distribution of scattered electrons will not overlap significantly with
the EDC for the primary electrons. If this is the case, the analysis can
be carried out in terms of the primary electrons alone, In the case of a
wide valence band and a low work function, the scattered EDC would overlap
the primary EDC, and Eq. (3.93) would have to be used in the analysis,
rather than Eq. (3.83). [Eq. (3.90) includes the effects of only the
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primary and the once-scattered electrons; a more complete analysis would
include all orders of electron-electron scattering, and also phonon effects.]
Figure 48 gives the calculated photoelectric yield due to primary
electrons for our hypothetical model of sodium. ©Note that the photoelectric
yield peaks at a value of about 1.8 X 10_2 electrons photoemitted per ab-
sorbed photon for a photon energy hy = 6.5 eV, The magnitude of the yield
is greater for sodium, the metal of Fig. 38b, than for the metal of Fig.
38a, because the work function is lower. The appearance of scattered
electrons could cause an appreciable increase in the photoelectric yield
of Fig. 48 for photon energies éreater than 5 eV, and it is likely that the
total photoelectric yield (primary + scattered electrons) would slowly
increase with iﬁcreasing photon energy, rather than decrease as in Fig. 48,
It has been recently called to the attention of the author that

experimental EDCs have been obtained by Dickey [Ref. 36] for sodium,
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These experimental data have been presented in Refs. 36-38. The similarity
between the experimental data and the crude predictions of Fig, 46 and

Fig. 47 is remarkable. Note that the EDCs predicted in Fig. 46 and Fig,

47 differ considerably from the "rectangular" distributions calculated by
Berglund and Spicer [Ref. 37], which were obtained assuming a step-like
threshold function.

J. C. Phillips [Ref. 39] has apparently interpreted the peak at the
leading edge of the sodium EDCs as due to an "s-wave resonance" that cannot
be explained by a one-electron density of states. However, the EDCs cal-
culated in this chapter are based upon a simple one electron model, and
are found to be in good qualitative agreement with the experimental EDCs
for sodium. Thus, it appears unlikely that Phillips' "s-wave resonances"

play a significant role in the EDCs from sodium,
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IV. PHOTOEMISSION FROM COPPER

New photoemission data obtained from copper films evaporated and
tested at a pressure of about 2 X 10_9 torr, using the oil-free vacuum
system and the photoemission chamber described in Chapter I1I, are presented
in this chapter. The possible effect of contamination has been essentially
eliminated because, at such a low pressure, several EDCs could be measured
on a freshly prepared film before a monolayer of gas could form on the
surface. The EDCs taken within minutes after evaporation had slightly
sharper features than the EDCs taken on the same film hours or days later.
However, the difference in structure between a fresh film and an old film
was on the order of 1 percent, a negligible amount of deterioration.

A considerable amount of structure is found in the experimental EDCs
on clean copper, and this structure is found to differ in certain details
from the earlier results of Berglund [Ref. 7] and Berglund and Spicer [Ref.
37]. This earlier work was done with a layer of cesium on the surface of
the copper, and there may have been some interaction between the copper
and the cesium in these experiments. However, the general features of the
new photoemission data on clean copper are consistent with the earlier
work on cesiated copper, and much of the data obtained from the experiments
on cesiated copper is incorporated into the analysis presented in this
chapter.

The photoemission data is analyzed according to the method outlined
in Table 1 of Chapter III. From this analysis, which is based upon non-
direct transitions, an optical density of states is deduced that is found
to be in remarkably good agreement with the experimental EDCs, the experi-
mental photoelectric yield, and the experimental €2.

The optical density of states is one of the most important pieces of
information that can be deduced from photoemission experiments, and many
of the calculations presented in this chapter involve the optical density
of states. Thus, the optical density of states for copper will be dis-
cussed first, in Section A'of this chapter. 1In Section B, this optical
density of states will be compared with the results deduced from experi-
ments other than photoemission, and in subsequent sections, calculations
based upon the optical density of states will be compared with experi-

mental data.
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A. THE OPTICAL DENSITY OF STATES FOR COPPER

Figure 49 shows the optical density of states for copper that has been
deduced from the photoemission data, using the analysis described in Table
1 of Chapter III.

In the valence band, the location of the peaks labeled (:), (:), (:),
and ‘. has been obtained from the new photoemission data on clean copper.
The location of peaks (:) and (:) is taken from the data of Berglund and
Spicer [Ref. 37], which were obtained from cesiated copper. The location
of all these peaks ((:) through (:)) is accurate to within about #0.1 eV.
The experimental EDCs show that peaks (:) through (:) move in the manner
of nondirect transitions, in which AEp = Ahv, where Ep is the energy
of the peaks in the EDCs, and hyv 1is the photon energy. The direct trans-
itions associated with peak (:) have been discussed in detail by Berglund
and Spicer [Ref. 37]. The relative heights of peaks @ through @ were
determined by direct comparison of the experimental EDCs with those cal-
culated from the density of states of Fig,., 49. The uncertainty in the
relative heights is difficult to estimate, but is probably on the order
of 10 percent. The strength of peak (:) was adjusted so that a close
match was obtained between the calculated €2 and the experimental €2
in the region of photon energies between 7 and 11 eV. (Actually, a better
fit would be obtained in this region if the strength of peak (:) was re-
duced, perhaps by about 25 percent.)

- Reference to Fig. 50 strongly suggests that the valence bénd density
of states in the region between 2 and 8 eV below the fermi level is assoc-
iated with the "flat" bands that are derived largely from the 3d atomic
wavefunctions, and that the region between the fermi level and 2 eV below
the fermi level is associated with the bands that are derived largely from
the 4s and 4p atomic wavefunctions. Having made this association, we shall
find it convenient to refer to the\valence band density of states corres-
ponding to the "flat" bands as the "d-~band optical density of states.”

The conduction band consists of several peaks superimposed upon a
free-electron-like conduction band envelope. The free-electron density of
states has a Virlenergy dependence, and is labeled (:) in Fig. 49. As
seen from the band structure of Fig. 50, most of the bands above the fermi

level have a parabolic nature, which is characteristic of a nearly free
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FIG. 50. CALCULATED BAND STRUCTURE OF COPPER.

electron metal. In the analysis presented in this chapter, the free-
electron-like conduction band density of states is intended to represent
in an "averaging" manner the character of the actual conduction band, which
is composed largely of parabolic bands derived from the 4s and 4p atomic
wavefunctions. The location of the bottom of the free electron band is
arbitrarily chosen to be at the fermi level, which is about 2 eV above

the top of the d-bands. Moving the location of the bottom of the free
electron band by as much as *1 eV about the fermi level changés the mag-
nitude of the free electron threshold functions by only about *20 percent
in the region of interest, and does not significantly change any other
parameter. The group velocity vg used in calculating the electron-
electron scattering length, L(E), and the conduction band density of
states are, of course, dependent upon the location of the bottom of the
free electron band. However, at energies greater than about 4 eV, these
parameters are not significantly changed by moving the bottom of the free
electron band *1 eV about the fermi level., It is, however, important that
the bottom of the free electron band be located at an energy that is
"natural”™ for "averaging' the parabolic bands in the actual energy band

calculation.
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The large, sharp peak labeled (:) is taken from the work of Berglund
and Spicer [Ref. 37]. In their data, this peak is clearly seen at an
energy only a few tenths of a volt above the vacuum level; since only a
very strong peak is likely to be seen so near the vacuum level, the
"strength" attributed to peak (2) is justified. The peak labeled B is
not a true peak; i.e., it is not experimentally observed, but is a histo-
gram intended to represent a smooth transition between peak (:) and the
free electron conduction band envelope. The effect of the presence of
"peak" (:) on 62 is discussed in Section H of this chapter.

In the analysis used to determine the optical density of states, the
magnitude of the entire conduction band density of states can be scaled
by the same arbitrary constant without affecting any of the results. In
Fig, 49 the conduction band density of states is scaled to match the
valence band density of states at the fermi level.

The vacuum level of 4.5 eV shown in Fig. 49 is the vacuum level
appropriate to the experimental data presented in this chapter. The vacuun
level was found to vary by several tenths of an electron volt from sample
to sample, but with no effect on the shape of the experimental EDCs.
Hagstrum [Ref. 40] has suggested that the variations in wvacuum level may
be due to different crystalline orientations in different evaporated
films.

An important question to consider in evaluating the density of states
of Fig. 49 is its uniqueness. As can be seen from the discussions in Chap-
ter III and in Appendix A, the analysis of the noble metals allows the ad-
justment of only a few parameters to fit many pieces of experimental data.
Because of the excellent agreement with the available experimental data,
the optical density of states of Fig. 49 is probably quite accurate, and
changes of greater than about 20 percent in any single parameter or combi-
nation of parameters have resulted in poorer fits to the experimental data.
The locations of all the peaks are accurate to within *0.1 eV, and in the
region between the fermi level and 6 eV below the fermi level, the relative
peak heights are probably correct to better than *10 percent. The greatest
uncertainty lies in the strength of peak (9}) and in the shape of the con-
duction band in the region between the fermi level and 1.5 eV above the

fermi level, a region which cannot be directly investigated by photoemission.
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In addition, the leading edge in the experimental EDCs is usually somewhat
blurred, so that the valence band density of states cannot be accurately
determined in the region between the fermi level and a few tenths of an
eV below the fermi level.

For the case of copper, there are no good experimental data for the
electron-electron scattering length L(E) in the region several eV above
the fermi level. However, the L(E) that is calculated for copper is
found to be quite close to the L(E) calculated for gold, and the calcu-
lated L(E) for gold is found to be in remarkably good agreement with

available experimental data.
B. COMPARISON OF THE OPTICAL DENSITY OF STATES FOR COPPER WITH OTHER
EXPERIMENTAL DATA

Figure 51 shows a comparison of the shape of the optical density of

states obtained from photoemission data with the density of states obtained

OPTICAL. DENSITY OF STATES (FIG.49) {

2}
T

~———DENSITY OF STATES DETERMINED BY / \
ION NEUTRALIZATION (REF.4I] / \ -

[ARBITRARY UNITS]
(6]

H

DENSITY OF STATES N(E)

0 ) 1 1 ! I 1 ! 1 i I )
=1 -0 -9 -8 -7 -6 -5 -4 -3 -2 = ¢}
ENERGY BELOW FERMI LEVEL (eV)

FIG. 51. COMPARISON OF THE OPTICAL DENSITY OF STATES OF FIG. 49
WITH THE DENSITY OF STATES DETERMINED FROM ION NEUTRALIZATION
EXPERIMENTS (HAGSTRUM, REF. 41).

+ .
by Hagstrum [Ref. 41] using ion-neutralization spectroscopy with He ions.
Hagstrum has pointed out that the resolution of the ion-neutralization

experiment is not better than several tenths of an electron volt, and that
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the density of states due to the d-electrons is de-emphasized compared

with the density of states due to the s and p electrons. This de-

emphasis occurs because the localized nature of the tightly bound d

electrons results in a smaller tunneling probability for the d electrons

than for the less localized s and p electrons. Thus, in the region

between the fermi level and 2 eV below the fermi level, Hagstrom's density
of states should be reduced relative to the d band density of states, which

seems to extend from 2 to 8 eV below the fermi level. If this adjustment
is made, we see that the density of states obtained from ion-neutralization
experiments is in fairly good qualitativekagreement with the optical den-
sity of states obtained from photoemission experiments. In both cases,
the most pronounced structure is a large peak located in the vicinity of

2.5 eV below the fermi level. However, the optical density of states
contains much more detail, and is considerably more accurate than the
density of states deduced from ion-neutralization experiments.

Figure 52 compares the optical density of states for copper with the

soft X-ray emission spectrum for copper obtained by Clift et al [Ref. 42],

OPTICAL DENSITY OF STATES i g \
(FROM FIG. 49)

| ———= SOFT X-RAY EMISSION
SPECTRUM [REF.42]

/
!
1
/
!
{
!
/
{

RELATIVE INTENSITY
N
I

65 70 75
ENERGY (eV)

FiIG. 32. COMPARISON OF SHAPE OF OPTICAL DENSITY OF STATES FOR
COPPER WITH THE SOFT X-RAY EMISSION SPECTRUM FROM COPPER

[REF. 42].
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As seen from Fig, 52, the soft X-ray spectrum from copper does not even
remotely resemble the shape of the optical density of states. Some authors
[Ref. 51] have recently interpreted the soft X-ray spectrum from nickel as
closely representative of the density of states in the valence band a few
eV below the fermi level. However, in the soft X-ray experiment an elec-
tron is removed from a core level, thus causing a drastic change in the
core potential, and probably a correspondingly drastic change in the energy
band structure near the fermi level, For this reason, the soft X-ray
emigsion spectrum is not likely to bear any close resemblance to the true

unperturbed density of states.

C. COMPARISON OF THE OPTICAL DENSITY OF STATES FOR COPPER WITH
THEORETICAL CALCULATIONS

Figure 53 compares the d-band optical density of states in the region

between 2 and 6 eV below the fermi level with the density of states obtained

f

l‘
8| —— OPTICAL DENSITY OF STATES |!
[FOR 1l ELECTRONS ,
OCCUPYING AREA (A) A
OF FIG. 49]

~
T

——— DENSITY OF STATES
FROM ENERGY BAND
CALCULATION BY
PHILLIPS AND MUELLER
[REF. 43]

[

FIG. 53. COMPARISON OF THE OPTICAL
DENSITY OF STATES WITH THE
DENSITY OF STATES OF REF. 43 IN
THE REGION BETWEEN 2 AND 6 eV
BELOW THE FERMI LEVEL. Both
curves are normalized to hold
10 electrons.

o »
I T

DENSITY OF STATES N(E) [ELECTRONS7eV-ATOM]
~n (6]
T I

6 2 I

5 4 3
ENERGY BELOW FERMI LEVEL (eV)

from an early tight binding calculation by J. C. Phillips and F. M. Mueller
[Ref. 43]. Both curves are normalized to contain ten 3d electrons. The
calculation of Phillips and Mueller was done by use of an interpolation

scheme [Ref. 52)], and the energy band calculations of Brudick [Ref. 53].
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Because of the close agreement between the two curves in Fig. 53 in the
region 2 to 6 eV below the fermi level, it was at first thought that the
deeper lying peak (:) in the optical density of states of Fig. 49 was not
representative of the true density of states, but might perhaps be due to
a many-body resonance, as proposed by J. C, Phillips [Refs. 38, 39]. How-
ever, recent calculations [Refs. 44, 52, 54, 55] show that the width and
character of the d bands can be changed by introduction of s-d hybridi-
zation into the energy band calculations. Figure 54 compares the optical

density of states for copper with the density of states for paramagnetic

45 T T T T T T T T T T T
"OPTICAL" DENSITY OF STATES FOR COPPER A
a0 |- FOR Ul ELECTRONS OCCUPYING AREA (A+B) / B
OF FIG. (49) I
—————— CALCULATED DENSITY OF STATES.FOR H
35 NICKEL FROM REF. (44) . ! N
B |
T30 | ; g i
|
< P !
o5l Lo i |
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% h \ I’ N,
i [}
Geot ! -
| 1
S, 1
— !
st ]
10 1~ -
05 -
o 17 1 1 1 ] ] ] | { ! !
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ENERGY BELOW FERMI LEVEL (eV}

FIG. 54, COMPARISON OF OPTICAL DENSITY OF STATES FOR COPPER WITH
CALCULATED DENSITY OF STATES FOR NICKEL (REF. 44).

nickel, as calculated by Hodges et al [Ref. 44] with the inclusion of s-d
hybridization. (According to the rigid band model, the density of states
for nickel should not differ appreciably from the density of states for

copper.) Figuré 54 shows a remarkable similarity between Hodges' [Ref. 44]
nickel density of states and the optical density of states for copper.

If Hodges' nickel density of states was uniformly "stretched" so as to
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increase the overall bandwidth by about 1 eV, the similarity would be even
closer. However, Marshall [Ref. 56] and Wood [Ref. 57] have recently found
that the width of the d bands can be changed significantly by manipulating
exchange terms in the potential used for energy band calculations. Con-
sequently, it seems possible that by adjusting both exchange and s-d
hybridization in the energy band calculations, the width of the d bands
will be found to be somewhat wider than the nickel density of states in
Fig. 54, and considerably closer to the optical density of states. Thus,
it now seems likely that peak (:) of Fig. 49 is not due to many-body
resonances, but may actually represent the true density of states. 1In
fact, the striking similarity between the calculated nickel density of
states in Fig. 54 and the optical density of states suggests that the
entire optical density of states below the fermi level may be a very close
replica of the true density of states.

However, because of the present activity in improving the band calcu-
lations for nickel and copper, it would seem to be too early to make a
detailed comparison between the optical density of states for copper and
the '"best" energy band calculation presently available. A detailed com-
parison involving the bandwidth, peak locations, and relative peak heights
will be significant only when the theoretical energy band calculations for
these materials have improved considerably beyond the present state of

sophistication.

D. THE PHOTOELECTRIC YIELD FROM CLEAN COPPER

The experimental photoelectric yield and the calculated photoelectric
yieldlare compared in Fig. 55. The experimental yield has been corrected
for reflectivity and the transmission of the LiF window, and the calculated
yield was obtained by use of the density of states of Fig. 49 and the
analysis described in Table 1 of Chapter III. Both the magnitude and the
shape of the calculated yield are in remarkably good agreement with the
experimental results, attesting to the validity of the optical density of
states and the simple model used to calculate the photoemission data. In
the actual analysié, the magnitude of the electron-electron scattering
length L(E) was arbitrarily set equal to 22 R at an energy 8.6 eV above

the fermi level. No experimental value is available to use as a check on

lsee Chapter III for a description of this calculation.
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(from thermopile data of Shay Ref. 17). Relative yield was
obtained by comparison with sodium salycilate (V—l), which was
calibrated by thermopile measurements of Koyama [Ref. 16]
above 8 eV.

L(E) in copper, but the value of 22 A is very close to the value of 20 A
which Kanter [Ref. 49] has experimentally observed to be the electron-
electron scattering length in gold at 8.6 eV above the fermi level. Since
the density of states for copper is very similar to the density of states
for gold, the arbitrarily chosen value of 22 A for copper is probably very
close to the actual value. The vacuum level pertinent to the calculation
was 4.5 eV, which was determined by taking the energy difference between
the photon energy and the well-defined width of the resulting EDC. No
attempt was made to accurately measure the photoelectric yield in the
threshold region between 4.5 and 5.0 eV above the fermi level, since the
photoelectric current in this region was too low to measure EDCs.

One of the most significant features of the photoelectric yield for

copper is that, even at a photon energy of 11,6 eV, the yield is only
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1 X 10_2 electrons photoemitted per absorbed photon. At lower photon
energies, the yield is even lower, showing that for a metal such as copper,
more than 99 percent of the excited electrons are not photoemitted in the
range of hy wused in this study. It is indeed remarkable that the small
value of the free electron threshold function and the short electron-
electron scattering length are able to account almost exactly for the very
small magnitude of the photoelectric yield in the region of photon energies
between 5 and 12 eV. The only significant structure in the yield curve is
the rather sharp rise that occurs at a photon energy of 6.8 eV. This rise
at 6.8 eV appears in both the experimental and calculated yield curves,

and is due to the onset of photoemission from the large d band density of
states peak labeled (:) in Fig. 49,

The absorption coefficient «(w) is used in calculating the EDCs from
the optical density of states and the analysis described in Table 1 of
Chapter 1II. The values of a(uO used in the calculations for copper were
taken from Ref. 45, The reflectivity at normal incidence R(w) is used
to "normalize" the experimental EDCs (to units of electrons photoemitted
per absorbed photon per eV), and is also taken from the experimental re-
sults of Ref. 45. Any error in the values of «(w) and R(w) will re-
sult in errors in the analysis of the photoemission data. Ideally, of{w)
and R(w) should be measured at ultrahigh vacuum on the same films that
are used to measure the EDCs and the quantum yield. However, such an
ideal measurement was not feasible in our laboratory at the time of
this investigation. Fortunately, in the study of photoemission from
clean copper, the data of most interest occurred at photon energies in the
region between 6 and 12 eV, where the reflectivity is typically about 10
percent. For such small values of R(w), an error in R(w) will result
in a much smaller error in the quantity (1/[1—R(w)]} which is the quantity
used to correct the yield for reflectivity. As discussed in Chapter II,
by far the greatest error in the photoelectric yield is due to calibration,
and this error is estimated to be about *10 percent. The overall un-
certainty in the magnitude and shape of the experimental yield curve for
copper (Fig. 55) in the region of photon energies between 5 and 11.6 eV

is estimated to be less than %15 percent.
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E. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM CLEAN COPPER

Sixteen experimental and calculated EDCs for clean copper in the
range of photon energies between 6.8 and 11.6 eV are shown in Figs. 56a
through 56p. The EDCs were calculated by use of the density of states of
Fig. 49 in the analysis described in Table 1 of Chapter III. The most
outstanding feature of these curves is the excellent agreement between all
of the calculated and experimental EDCs, both in shape and in magnitude.
It is amazing that the model used in calculating the EDCs is able to
account so well for the experimental EDCs, especially since the transport
of photoexcited electrons toward the surface and the threshold function
are based upon such simple models., Apparently, these simple models are
a good description of the basic physics involved in the photoemission
process.

Another significant feature of the experimental EDCs is that the
four d band peaks labeled@, @, @, and . in Fig. 49 all move in
the manner of nondirect transitions, where AEP = Ahv. These peaks are
readily identified in the curves of Fig. 56, since the experimental EDCs
bear a close resemblance to the valence band density of states. The non-
direct nature of the d band peaks is convincing evidence that, in the
range of photon energies below 11.6 eV, "k-conservation" is not an important
selection rule for optical transitions from the d bands of copper. An
interesting feature to be noted in Figs. 56d, 56e, and 56f is that even at
6 eV above the fermi level, the half-width of d band peak, (i), is
only about 0.5 eV, At higher photon energies, the weaker peak (:) seems
to merge into the side of the very strong peak (:), and for photon energies
greater than about 9.6 eV, the weak peak (:) appears as a broadening in
the side of the strong peak (:). The blurring of the relatively weak peak
<:) may be due to lifetime broadening, which can be estimated from the un-

certainty principle AEAT > h. We can evaluate AE by setting

L(E)

IngEjf

AT = T(E) =

L

where 5

nllvglz = E(eV).
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Using the free electron mass for m and measuring E(eV) from the
bottom of the free electron conduction band in Fig. 49, the uncertainty

AE is calculated to be as shown in Fig. 57. At 5.5 eV above the fermi

0.9~

0.8

0.7

0.6~

04—

UNCERTAINTY AE (eV)

03—

0.2

ol

o | | | | | | 1 1
3 4 5 6 7 8 9 10 i

ENERGY ABOVE FERM! LEVEL (eV)

FIG. 57. UNCERTAINTY AE DUE TO LIFETIME BROADENING.

level, AE is only 0,19 eV, considerably less than the observed bandwidth
of d-band peak (:). At 7 eV, however, AE = 0.35 eV, just large enough
to cause loss of resolution for the weak peak (:), which is separated
from the strong peak (:) by only 0.4 eV. Thus, the broadening of the d
band peaks is remarkably consistent with the uncertainty expected from
a simple lifetime broadening calculation.

Ancother cause of broadening (or sharpening) of peak widths in the
EDCs at energies higher than 9 eV above the fermi level might be due to the
fact that at these energies L(E) is less than 20 A, so that most of the
photoemitted electrons come from within 20 & of the surface. Figure 60
shows that, at 9 eV above the fermi level, L(E) is about 20 K, and that
at 11.6 eV above the fermi surface, L(E) is only about 15 A. The change
in periodicity and/or the change in lattice constant that occurs so near
the surface could conceivably result in changes in the energy level
structure near the surface, which would result in EDCs that were not good,

detailed representations of the bulk energy level structure. Because L(E)
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is longer at lower energies, the electrons at lower energies originate

(on the average) from deeper in the bulk than do the electrons at higher
energies, and are probably more representative of the bulk material than
those electrons that originate within a few atomic layers of the surface.

The calculated photoelectric yield of Fig. 55 and the calculated EDCs
of Fig. 56 are for those electrons that have not suffered an inelastic
electron-electron collision, As discussed by Berglund and Spicer [Ref.
37], photoemission from secondary (at least once scattered) electrons is
usually characterized in the EDCs by a large, stationary peak of slow
electrons just above the vacuum level. 1In the experimental EDCs for clean
copper, most of the secondary electrons seem to fall to energies below the
vacuum level, for there is no evidence of significant photoemission from
secondary electrons in any of the EDCs at photon energies up to 11.6 eV.
Thus, an analysis involving only primary electrons appears to be adequate
in describing the photoemission from clean copper at photon energies up
to 11.6 eV, and the equations of Chapter III that include both primary
and secondary electrons need not be used. At photon energies of 11.2 and
11,6 eV, there is a small "bump" of electrons just above the vacuum level,
but this bump may very well be due to the onset of photoemission from
peak (:) in the valence band optical density of states.

At a photon energy of 11.6 eV, it appears that the height of the ex-
perimental d band peak labeled (:) has suddenly become somewhat smaller
relative to the height of peak (:) than was the case at lower photon
energies. This effect may be due to a dip in the conduction band density
of states at about 9 eV above the fermi level. Unfortunately, the high
energy cutoff of the LiF window was at about 11.8 eV, and good EDCs could
not be measured at photon energies greater than about 11.6 eV, and the
exact cause of the change in the peak height of d band peak (:) could not
be established.

The EDCs for several different samples of clean copper are shown in
Fig. 58. The curves are very similar; the only difference occurs in small
variations in the vacuum level and in the height of d band peak (:).

As described in Chapter 11, considerable care was taken in evaporating
the copper films, and it was found that pressures in the vicinity of

2 X 10_9 torr were necessary to avoid contamination of the films and

SEL-67-039 136



—— SAMPLE OF FEB.I6,1966
————— SAMPLE OF DEC. 2,1965
———— SAMPLE OF SEPT. 12,1965 hy =10.2 eV

o
T

[ARBITRARY UNITS]
H
T

w

N(E)

1 H 1 i
4.0 5.0 6.0 70 80 20 0.0 110
ENERGY ABOVE FERMI LEVEL ({eV)

FIG. 58. COMPARISON OF THE SHAPES OF THE EDCs
FROM SEVERAL DIFFERENT SAMPLES OF COPPER.
The curves were fitted at 6.5 eV above the
fermi level.

deterioration in the quality of the EDCs. Figure 59 shows the effect of
evaporating a copper film at a pressure between 1 X 10"8 and 1 X 10_7 torr.
Immediately after evaporation, the EDC at 10.2 eV closely resembled the
stable EDCs that are obtained from films evaporated at a pressure of

2 X 10_9 torr. However, as time progressed, a large peak of slow electrons
began to appear at low energies in the EDCs, causing the total yield to
increase. It seemed as if a large peak of slow electrons was superimposed
upon the electrons of EDC (:); as seen from EDC (:), which was taken two
hours after evaporation, the lower energy peaks of EDC @ appear as small
shoulders superimposed upon a background of low energy electrons. During
the contamination, the peak at 7.6 eV (due to d band peak (:)) did not
appear to change in magnitude, as might be expected if the contamination
merely shortened the electron-electron scattering length L(E). The con-
tamination effects shown in Fig. 59 indicate that EDCs from copper films
are extremely sensitive to poor vacuum conditions, and that vacuums

-9
somewhat better than 1 X 10 torr are necessary for good photoemission
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FIG. 59. EFFECT OF INADEQUATE VACUUM ON COPPER ENERGY

DISTRIBUTION CURVES. These curves were not fitted,

and the relative magnitudes were experimentally
observed, Note that the peak at 7.6 eV above the
fermi level did not change magnitude with time.

studies on copper. Silver and gold were found to be much less sensitive

to vacuum conditions.

THE ELECTRON-ELECTRON SCATTERING LENGTH L(E) FOR COPPER

The shape of the electron-electron scattering length L(E) for copper

was calculated from the optical density of states of Fig., 49 using the

The magnitude of L(E) was

analysis discussed in Table 1 of Chapter III.
arbitrarily set equal to 22 K at a photon energy 8.6 eV above the vacuum
The calculated electron-electron scattering length L(E) for

We see that in the region between 4.5 and
varies from 78 to 15 A. Thus, L(E)

level,
copper is shown in Fig, 60.
11.6 eV above the fermi level, L(E)
changes considerably in the energy range of interest for photoemission

studies from clean copper, and severely modulates the shape of the

SEL-67-039 138



St

experimental EDCs.

order of 7 X 10—scm-‘1

Because the absorption coefficient «a(w)

10,000

g |

5 ——— DETAILED CALCULATION

= ! USING EQ. (3.18)

g 8 ————L= K(EY} APPROXIMATION

9 ! © © o EXPERIMENTAL VALUES FOR

Z \ GOLD (KANTER [REFS. 24 829])
= 1000 1

100

ELECTRON-ELECTRON SCATTERING LENGTH

L
ENERGY ABOVE FERMI LEVEL (eV)
FIG. 60, CALCULATED ELECTRON-

ELECTRON SCATTERING LENGTH L(E)
FOR COPPER. (Magnitude set
equal to 22 A at 8.6 eV above
the fermi level to give experi-
mental yield,)

different from L(E)

is on the

in the range of photon energies between 6 and 11 eV,

the approximation [ofw) L(E) << 1]

is valid only for energies greater than
about 9 eV above the fermi level. No
approximations were made in using Eq.
(3.83) to calculate the EDCs on clean
copper. For energies greater than 6 eV
above the fermi level, L(E) has an
E_l'5 energy dependence, just as
expected from the discussion in

Chapter III.

Unfortunately, no good experi-
mental values for L(E) are available
to use as a check on the copper calcu-
lations, However, as we shall see in
Chapter V, the density of states for
gold is qualitatively similar to the
density of states for copper, so that
L(E) for gold should not be appreciably
for copper.

Kanter [Ref. 49] has recently deter-
mined L(E) for gold in the energy
range between 5 and 10 eV above the
fermi level by measuring the trans-
mission of a monoenergetic beam of

electrons through a thin film of gold.

His results for gold are compared to the calculated L(E) for copper in

Fig. 60, and the agreement is remarkably close, indicating that the calcu-

lated L(E) for copper is probably not far from the actual value of L(E)

for copper.

Because of the contamination problems with copper (discussed in

Section E of this chapter), future electron transmission measurements

through copper films will have to be carried out with careful attention

to cleanliness and vacuum pressure,

Kanter's [Ref. 49] values for gold
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are probably reliable because of the insensitivity of gold to contamination,
as will be discussed in Chapter V, Because of the contamination problem,
equally reliable experimental values of L(E) for copper will probably

be extremely difficult to obtain.

G. THE THRESHOLD FUNCTION AND THE EFFECTIVE THRESHOLD FUNCTION FOR
COPPER

The semiclassical threshold function Tf(E) used in calculating the

EDCs and vield for clean conner and cesiated copper are shown in Fig, 61,

w
OB e ————————————————————
[,
(@D Cs ON COPPER (VACUUM LEVEL = L6 eV)
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FIG. 61. SEMICLASSICAL THRESHOLD FUNCTION FOR COPPER CALCULATED
FROM EQ. (3.11). The bottom of the conduction band is at the
fermi level (see Fig. 49).

For the case of clean copper, Tf(E) is fairly well described by a
straight line in the region between 4.5 and 11.6 eV above the fermi level.
The magnitude of Tf(E) is small, being only 0.19 for clean copper at
11.6 eV above the fermi level. The small value of Tf(E) helps to ex-
plain the small magnitude of the photoelectric yield from clean copper.
Because Tf(E) for clean copper is not too much different from a straight
line, we see that Tf(E) severely modulates the shape of the experimental

EDCs from clean copper.
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However, the factor that determines the shape of the experimental EDCs
is not Tf(E), but the effective threshold function EFFTH(E), which is
given by Eq. (3.108). EFFTH(E) for clean copper is plotted in Fig. 62,
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FIG. 62. COMPARISON OF SEMICLASSICAL THRESHOLD
T¢(E) TO EFFECTIVE THRESHOLD FUNCTION EFFTH(E)
FOR COPPER. The curve for EFFTH(E) applies
only in the region of photon energies between
7.7 eV and 11.6 eV.

and compared with the semiclassical threshold function Tf(E). EFFTH(E)
has the character of a step function, in that EFFTH(E) is nearly con-
stant in the region between 7.0 and 11.6 eV above the fermi level. Thus,
the shapes of the EDCs in this region are nearly replicas of the valence
band density of states, as can be verified by comparing the shape of the
experimental EDCs of Fig. 56 with the shape of the valence. band density
of states of Fig. 49.

H. THE IMAGINARY PART OF THE DIELECTRIC CONSTANT ez(w) FOR COPPER

By using Eq. (3.98) and assuming constant matrix elements, the shape
of the imaginary part of the dielectric constant ez(w) can be calculated
solely from the optical density of states of Fig. 49. '"Conservation of

—
the wave vector k" is not considered to be an important selection rule
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in these calculations. The results are shown in Fig. 63, where four major
pieces of structure are evident. These peaks in ez(w) can be associated
with well defined transitions between certain valence band states and con-

duction band states in Fig. 49. These identifications are presented in

Table 2.
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FIG. 63. €. CALCULATED FROM OPTICAL DENSITY OF STATES OF COPPER (Fig. 49).

2

TABLE 2. ORIGIN OF PEAKS IN THE CALCULATED ez(w) FOR COPPER

Peak in €
(Fig. 63

()
3

Initial Valence
Band State
(Fig. 49)

Final Conduction
Band State
(Fig. 49)

OO

O
®
®
®

@OEE

Thus, we see that peaks (:) and (:) in ez(w) are due to transitions to
the experimentally'observed conduction band peak (:), and that peaks (:)
and (:) in Ez(w) are due to the onset of transitions from a high density

of states in the valence band to empty states just above the fermi level.
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The sharp rise in ez(w) at low photon energies is due to the (1/w)2
factor in Eq. (3.98), and is not due to any strong optical transitions.
The shape of the calculated 62(w) is compared with the "experimental"

values of ez(w) in Figs. 64 -~ 66. The experimental values of €2(w)

6l -
26eV 46V
24ev [ PRESENT WORK
42ev ———= EHRENREICH AND PHILIPP
5k 1 [ReF. a5] 7

\?\ ~o--o— EXPERIMENTAL POINTS
OF COOPER, EHRENREJCH
AND PHILIPP [REF. 46

»H
¥

(4]
T
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IMAGINARY PART OF DIELECTRIC CONSTANT (62)
T
(4

o /] L 1 ] 1 /] 1 1 ] ) N
0 | 2 3 4 5 6 T 8 9 0 0
PHOTON ENERGY (eV)

FIG. 64. COMPARISON OF CALCULATED €5 FOR COPPER
WITH THE RESULTS OF REF. 45 AND REF. 46.

have all been deduced from various reflectivity measurements, but the
results of different investigators are not completely consistent, resulting
in the necessity to compare the calculated €z(w) with the results of
several different experiments. As can be seen by inspection of Figs. 64 -
66, the agreement between the major features of the calculated ez(w)
and the major features of the "experimental" ez(w) is indeed very good,
indicating that the important structure in ez(w) between 1.5 and 11.6 eV
can be accounted for in a "natural" way by an analysis based upon nondirect
transitions and the optical density of states of Fig. 49.

In one of the experiments [Ref. 48b], the reflection at low energies
was carefully measured, and a discrepancy between the expected free-

electron behavior and the measurement occurred at an energy of about
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1.9 eV, as can be seen in Fig. 66. The location of this discrepancy is
in excellent agreement with the location of shoulder (:) in the calculated
62(w).

Peak (:) of the calculated ez(w) occurs at a photon energy of about
2.6 eV, which is within about *0.1 eV of all the experimental values.
Again, there is excellent agreement between the calculated ez(w) and
the "experimental" ez(w).

Peak (:) of the calculated ez(w) ocours at a photon energy of 4.2 eV,
and the corresponding experimental peak is found by various investigators
to occur between 4.6 and 5.0 eV, Thus, the calculated peak location
appears to be several tenths of an eV below the experimental values. The
location of peak (:) in the calculated ez(w) is determined largely by
the location of peak (:) in the conduction band density of states of
Fig. 49 which was experimentally found by Berglund and Spicer [Ref. 37]
to occur at 1.8 eV above the fermi level. 1In Berglund and Spicer's ex-
perimental EDCs, a pronounced fixed peak appeared at about 0.15 eV above
the vacuum level. Since the vacuum level was 1.65 eV, this peak in the
EDCs was interpreted as a peak in the conduction band density of states
at an energy 1.8 eV above the fermi level., Kane [Ref. 23], however, has
recently pointed out that group velocity effects coupled with small energy
losses due to inelastic electron-phonon collisions can cause a sharp peak
in the conductio@ band density of states to appear as a peak in the photo-
electric EDCs at an energy several tenths of an eV lower than the energy
of the conduction band peak. Indeed, at an energy about 2 eV above the
fermi level, electron-phonon scattering could very well be important,
since the electron-electron scattering length L(E) is about 800 Z
(Fig. 60) and the electron-phonon scattering length is estimated [Ref. 18]
to be about 400 R. Thus, the electron-phonon scattering length is con-
siderably shorter than the electron-electron scattering length, and
electron~-phonon scattering should be included in an accurate analysis of
electrons that are photoemitted within a few eV above the fermi level.
Consequently, it is conceivable that the observed photoemission peak at
1.8 eV above the fermi level corresponds to a peak in the conduction band
density of states at 2.0 or 2.1 eV above the fermi level. If this small

correction was made, the location of peak (:) in the calculated ez(w)
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would increase by several tenths of an electron volt, and would be in very
close agreement with the corresponding "experimental" peak.

Much of the "strength' in Ez(w) in the vicinity of peak (:) of
Fig. 63 is due to transitions from the deep-lying valence band peak (:)
of Fig. 49. 1In Pigs. 64 and 65, the calculated ez(w) at energies between
6.5 and 10 eV is about 10 percent too high. A reduction of about 25 per-
cent in the amplitude of valence band peak (:) would elimihate this dis-
crepancy. If peak (:) was completely absent, the calculated ez(w) would
fall below the experimental value, and the calculated photoelectric yield
and EDCs would not be in good agreement with the experimental values.

In the region of photon energies between 1 and 2 eV, the magnitude
of the calculated €2(w) is about a factor of two greater than the experi-
mental ez(w). In this range of photon energies, the optical transitions
are largely due to transitions betweens- and p-derived wavefunctions, and
it may be that the assumption of constant matrix elements is not valid.
However, at higher photon energies between 2 and 11.6 eV, optical trans-
itions from d band states dominate the absorption spectrum, and the
assumption of constant matrix elements and nondirect transitions appears
to be justified by the close agreement between the calculated ez(w)
and the "e;perimenta " ez(w).

Another point to be considered is the "blending" of the conduction
band density of states to the valence band density of states at the fermi
level, since the calculated ez(w) is sensitive to the value- of the con-
duction band near the fermi level., Because there is evidence [Ref. 37]
for a peak in the valence band density of states a few tenths of an eV
below the fermi level, it is difficult to determine exactly how to match
the conduction band and valence band at the fermi level. Figure 67 shows
two possibilities that are intended to represent extreme cases bracketing
any reasonable match at the fermi surface., In Curvel, the valence band
peak just below the fermi level is extended about 0.4 eV into the con-
duction band, and in Curve II, it is assumed that the conduction band is
perfectly flat near the fermi level. TFigure 68 compares the values of
ez(w) that are calculated from curves I and II of Fig. 67. The only
major difference is that curve I results in an ez(w) with a peak height

at 2.6 eV that is in good agreement with the data of Beaglehole [Ref. 47]
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and Garfinkel [Ref. 48] (Figs. 65 and 66), and that curve II results in a
peak height at 2.6 eV that is in closer agreement with the data of
Ehrenreich and Philipp [Ref. 45] (Fig. 64). Thus, the presently available
experimental results for Ez(w) are not consistent enough to determine
whether or not there is a "peak" in the conduction band density of states
just above the fermi level.

We have seen that a calculation based upon nondirect transitions and
the optical density of states of Fig. 49 accounts in a "natural” way for
all of the major features of ez(w) in the range of photon energies be-
tween about 1.5 and 11.6 eV. Cooper et al [Ref. 50a] and Phillips and
Mueller [Ref. 43] have attempted to calculate 62(w) for copper by using
Segall's [Ref. 58] and Burdick's [Ref. 53} energy bands in an analysis
based upon "kK-conservation" and direct transitions, as described by Eq.
(3.38). Both of these calculations give poor agreement with the shape of
the experimentally determined ez(w), especially with regard to the peak
in ez(w) at 2.6 eV, 1In both calculations, the peak at 2,6 eV is small
by a factor of about three, and Phillips [Ref. 43] has hypothesized that
the peak in ez(w) at 2.6 eV may be due to a "virtual exciton resonance."
There remain the possibilities that such "resonances" do indeed exist, or
that more accurate energy band calculations will result in "better" calcu-
lations of ez(w) based upon direct transitions. However, there exists
the fact that the calculation of 62(w) based upon nondirect transitions
can account very well for the major features in the experimenﬁal ez(w),
and that the calculations based upon direct transitions have been notably
unsuccessful.

Using the band structure of Fig. 50, Cooper et al [Ref. 50a] have as-
sociated the two major peaks in ez(w) with direct transitions between
critical points, They have assigned the peak at 2.6 eV to be due to tran-

sitions from Lé to L and have assigned the peak at 4.6 eV to be due

32’
to transitions from X5 to Xa. Since peak (:) in the conduction band of
Fig. 49 and the Xa point lie at approximately the same energy, the as-
signment X5 - Xa appears to be consistent with the nondirect transition

analysis of 62(w); as seen from Table 2. However, the critical point
L32 lies below the fermi level, and there is no critical point in the
joint density of states coupling L3 to states above the fermi level.
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This difficulty is not encountered in the nondirect transition analysis,
which depends only upon the total density of states just above the fermi
level. The energy band calculation of Fig. 50 is only for states along
symmetry directions, and there exists the possibility that there may be
important critical points off the symmetry lines. 1In addition, more ac-
curate calculations of the energy band structure of copper in the future
could conceivably change the energy of the Xé critical point in the con-
duction band. For these reasons, the assignment X5 - X! for the peak in

4
ez(w) at 4.6 eV must be regarded with some reservation,

I. THE SPECIFIC HEAT FOR COPPER
The electronic specific heat can be related to the density of states
at the fermi level by the expression [Ref. 59 ]
kznZN(E )
£
3

Y =

millijoule | _ (2.357)N[é1ectrons] (4.1)

mole (°K)2 eV-atom

where 7 1is the electronic specific heat (neglecting electron-phonon
interactions) and where N(Ef) is the density of states at the fermi level.
The temperature dependence of the specific heat can be determined experi-

mentally, and the coefficient of the linear term is given in Ref, 95 as

y = 0.753 mllllgoulg
mole (°K)
so that
electrons
N(Ef) = 0.32 [ eV-atom ]

This value of N(Ef) can be used as a check on the optical density of
states of copper.

Assuming that the deep-lying peak (:) in Fig. 49 represents the "true"
density of states, we can normalize the optical density of states to the
total number of'electrons in the valence band. There are eleven electrons
in the valence band of copper, since the outer electron configuration is

3d104sl. The resulting normalized optical density of states is shown as
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the solid line labeled in Fig. 69, and the "a priori" optical density
of states is found to be 0.38 electrons/eV—atom at the fermi surface, not
far from the value of 0.32 electrons/eV—atom derived from the specific
heat. The dashed line labeled | shows how the valence band optical
density of states can be adjusted at the fermi level to agree exactly with
the value derived from the specific heat. As can be seen from Fig. 69,
the necessary adjustment is very small, and we find the "a priori" optical
density of states that was determined from photoemission studies to be in
amazingly close agreement at the fermi surface with the value derived from
the specific heat.

The fact that use of the deep-lying peak (:) in the normalization led
to good agreement in the density of states at the fermi surface is evidence

that peak (:) does indeed represent a peak in the true density of states.

J. THE RIGID BAND MODEL AND THE DENSITY OF STATES FOR NICKEL

According to the rigid band model [Ref. 13], the density of states

for ferromagnetic nickel can be obtained from the density of states for
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copper by first assigning 5 spin-up and 5 spin-down electrons to two bands

having the same density of states as for copper, then shifting one band

relative to the other by the exchange energy, and then at each energy,

summing the densities of states in the two bands.

Blodgett [Ref. 13] has

found that a reasonable "average" exchange splitting is about 0,6 eV.

Using this value for the exchange energy, the rigid band model described

above was used to calculate the density of states of ferromagnetic nickel

from the optical density of states of copper.

Before this was done, a

magnitude was assigned to the optical density of states for copper by

normalizing the valence band in the optical density of states of Fig. 49

to hold eleven electrons.

The resulting "nickel" density of states is

shown as the solid curve in Figs, 70 and 71, where the fermi level was
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positioned so that the valence band of nickel would hold ten 3d8452

electrons.

Figure 71 compares the "rigid-band" nickel density of states with the
nickel density of states deduced by Hagstrum {Ref. 41] from ion-neutrali-
zation spectroscopy experiments. The two curves are in good qualitative
agreement, in that the major structure in both cases is a strong peak at
about 1 eV below the fermi level. There is a significant discrepancy be-
tween the two curves, in that the "rigid-band" density of states has a
peak at about 5 eV below the fermi level, whereas no such peék appears in
Hagstrom's results.

Figure 70 compares the "rigid-band" nickel density of states with the
density of states derived by Blodgett [Ref. 13] from photoemission studies.
The major structure in Blodgett's curve is a very strong peak at 5 eV below
the fermi level and smaller peaks at 2 and 0.2 eV below the fermi level.

By comparison, the "rigid-band" nickel density of states has small peaks at
5 and 2 eV below the fermi level and a relatively larger peak at about 0.5
eV below the fermi level. Thus, there is qualitative agreement in the lo-
cation of the three major peaks and in the magnitudes of the peaks at 0.2
and 2 eV below the fermi level. However, the peak at 5 eV below the fermi
level is much larger in Blodgett's optical density of states than in the
"rigid-band" density of states derived from copper. A possible explanation
is that matrix element effects enhanced the magnitude of the 5-eV peak in
Blodgett's photoemission data, but such a hypothesis has yet to be veri-
fied, and should be treated with reservation until further studies on

nickel have been carried out.

K. COMPARISON OF THE PRESENT WORK ON CLEAN COPPER WITH EARLIER WORK ON
CESIATED COPPER

The experimental EDCs obtained from clean copper duffer from the ex-
perimental EDCs obtained earlier from cesiated copper [Ref. 37] in two
significant ways: (1) The EDCs from clean copper show fine structure not
present in the EDCs from cesiated copper, and (2) the EDCs from clean copper
show no evidence of a large d-band peak at 3.2 eV below the fermi level,
which appeared in the EDCs from cesiated copper. These discrepancies were
apparently caused by an interaction between the cesium and the copper in

the photoemission experiments reported on by Berglund and Spicer [Ref. 37].
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However, the general features of the new photoemission data on clean copper
are consistent with the earlier work on cesiated copper. Because of the
apparent cesium-copper interaction, the optical density of states of Fig.
49 is probably more representative of copper than the earlier results
deduced from cesiated copper alone.

An attempt was made to calculate the photoelectric yield and the EDCs
from cesiated copper by using the optical density of states of Fig. 49 and
the same analysis that was used to calculate the yield and the EDCs for
clean copper. The only difference was that the vacuum level was set to
1.5 eV, the appropriate value for copper covered with a surface monolayer
of cesium; the magnitude of the electron-electron scattering length was
the same as had been deduced from the photoemission experiments on clean
copper. Since electron-phonon scattering was not included in the analysis,
good results were not expected at energies only a few eV above the fermi

level, where the electron-phonon scattering length is shorter than the

T S e e e LA S electron-electron scattering length.
(O et

r e 7 Some of the results of the calcu-

lation are shown in Fig. 72 and in

Figs. 73a through 73e. As seen from
. Fig. 72, the magnitudes of the calcu-

lated and experimental quantum yield

]
|

are in good qualitative agreement just

] above the vacuum level and in the
range of photon energies between 4

!
!
i
i
!
1
]
1
1
i
! and 11.6 eV. However, there is a
!
i

—o—o— CALCULATED .
————— EXPERIMENTAL (REF, 7) large discrepancy between 2 and 4 eV.

(ELECTRONS PHOTOEMITTED PER ABSORBED PHOTON)

~ ] This discrepancy may be due to such

(e}

causes as electron-phonon scattering,
- inappropriateness of the free electron

model in calculating transport effects

ABSOLUTE YIELD

and the threshold function, and copper-

P S R T T S ' cesium interaction. Strangely enough,

1
0 2 4 6 8 10 i2
PHOTON ENERGY (eV) quite good agreement is obtained be-

FIG. 72. COMPARISON OF CALCULATED  tyeen the SHAPES of the calculated
VS EXPERIMENTAL PHOTOELECTRIC -
YIELD FOR COPPER WITH A SURFACE EDCs and the experimental EDCs, even

MONOLAYER OF CESIUM,
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FIG 73. CONTINUED.

in the range of photon energies where there is a large discrepancy in the
calculated yield. Figures 73a through 73e compare the shapes of the calcu-
lated and the experimental EDCs, and the agreement is seen to be quite good.
The calculated curves do not include secondary electrons, which appear as

a large, fixed peak of slow electrons in the experimental EDCs of Figs.

73d and 73e., Figures 73d and 73e also show evidence of photoemission from
the deep-lying valence band peak 9 , which is quite prominent in both

the calculated and the experimental EDCs.

The calculated value of ez(w) obtained in the earlier work of
Berglund and Spicer [Ref. 37] appears tq be in somewhat better agreement
with experiment than the €2(w) that is calculated from Fig. 49, as can
be seen by comparing Fig. 27 of Ref. 37 with Fig. 64 of this chapter.
However, it is difficult to see how Berglund and Spicer's calculated curve
for ez(w) (Fig. 27, Ref. 37) can be derived from their density of states
(Fig. 12, Ref. 37), and it appears that some rather serious errors were
made in their calculation of €z(w). Thus, the excellent agreement be-
tween the calculated and the experimental 62(w) in Fig. 27 of Ref. 37

appears to be erroneous, and the subsequent conclusions based upon this
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excellent agreement appear to be unjustified. However, it must be
emphasized that the conclusions of Ref. 37 are not incorrect, but appear

to be entirely consistent with the present work on clean copper,.

L. CONCLUSIONS

This chapter has described experimental photoemission measurements
on copper that have led to the construction of an optical density of states
in the region *11.,6 eV gbout the fermi level. An analysis based upon this
optical density of states and nondirect transitions has been remarkably
successful in calculating the magnitude and shape of the photoelectric
yield, the magnitude and shape of the photoelectric energy distributions,
the magnitude and shape of the electron-electron scattering length, and
the shape of €2(m). In addition, the density of states at the fermi level
is found to be consistent with the value derived from the specific heat,
and the valence band optical density of states bears a close resemblance
to certain energy band calculations, Nondirect transitions are found to
dominate in the photoelectric energy distributions from copper, except
for a small contribution of direct transitions from s- and ©p-derived
states near Lé to states near Ll’ as discussed earlier by Berglund
and Spicer [Ref. 37]. Without exception, all of the optical transitions
from & band states are well described by nondirect transitions, perhaps as
a result of their localized character,

Because of the overwhelming success of the nondirect modei in explain-
ing a large number of different phenomena in copper, it must be concluded
that in the range of photon energies between 1.5 and 11.6 eV, the optical
absorption in copper is dominated by nondirect transitions,. and that the
direct transition model is inadequate in describing the optical absorption

process.
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PRECEDING PAGE BLANK NOT FIEMED

V. PHOTOEMISSION FROM GOLD

This chapter presents new photoemission data obtained from evaporated
films of gold in the range of photon energies between 5 and 21.2 eV. The
measurements between 5 and 11.6 eV were obtained from films evaporated
and studied at a pressure of about 5 X 10—9 torr, using the oil-free vacuum
system and the photoemission chamber described in Chapter II. The measure-
ments at higher photon energies were made in low vacuum, using the "knock-
off tube" technique described in Section G of Chapter II. Using these
photoemission data, the analysis described in Table 1 of Chapter III has
resulted in the construction of an optical density of states for gold in
the region *11.6 eV above the fermi level. Gold is found to be qualita-
tively similar to copper, and the analysis for gold proceeded in much the
same manner as the analysis used in studying copper. Because of the in-~
sensitivity of gold to contamination, reliable experimental values for
the electron-electron scattering length in gold are available and these
values are used as a check on the results deduced from photoemission

studies.

A, THE OPTICAL DENSITY OF STATES FOR GOLD

The optical density of states for gold that has been deduced from
photoemission studies using the analysis of Table 1 in Chapter III is
shown in Pig. 74, The locations of the valence band peaks (:), (:), (:),
and (:) have been deduced from the photoelectric EDCs, and the appearance
of peaks (2), (3), and (6) in the EDCs is well described by the nondirect
transition model, where AEp = Mhy. Because of the resemblance between
the valence band optical density of states for gold and the valence band
optical density of states for copper, it is not unreasonable to assume
that peaks (:), (:), and (:) in Fig. 74 are to be associated with states
derived largely from 5d-atomic wavefunctions, since the outer electron

configuration of gold is 5d10631 and the outer electron configuration

10
of copper is 3d 4sl.
The generai appearance of the gold density of states in the vicinity
of peak (:) in the region between the fermi level and 2 eV below the fermi

level bears a close resemblance to the copper density of states in the
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region between the fermi level and 2 eV below the fermi level, Since this
region in the copper density of states is derived largely from s and p
atomic wavefunctions, it seems reasonable to assume that the corresponding
region in gold is also derived largely from s and p atomic wavefunc-
tions, The correspondence between copper and gold in the region between
the fermi level and 2 eV below the fermi level is even more striking be-
cause of the fact that a direct transition is seen in gold between the s-
and p-derived states, and the initial states for this direct transition
occur in the region between the fermi level and 2 eV below the fermi level,
just as seen in copper by Berglund and Spicer [Ref, 37].

The shape of the valence band optical density of states for gold in
the region between peak (:) of Fig. 74 and the fermi level has been sketched
to represent the shape of the leading edge in the experimental EDCs at
photon energies greater than about 7.5 eV, However, it is usually found
that, at such high photon energies, the leading edge in the experimental
EDCs is somewhat blurred relative to the sharpness of the leading edge
seen at lower photon energies. Thus, the valence band optical density of
states just below the fermi level should probably be adjusted to be con-
siderably higher than the value indicated in Fig. 74. Such an adjustment
would also make the density of states near the fermi surface agree more
closely with the value calculated from the specific heat, as will be dis-
cussed later in this chapter. In addition, increasing the magnitude of
the valence band density of states at the fermi surface would have the
effect of increasing the magnitude of the entire conduction band density
of states, which has been scaled to match the valence band density of
states at the fermi level. As shown in Fig. 74, the magnitude of the
conduction band optical density of states seems to be unreasonably small
relative to the magnitude of the valence band optical density of states.

The conduction band optical density of states of Fig. 74 consists
basically of a free-electron conduction band envelope, with the bottom of
the free electron band placed at the fermi level, just as in the case of
copper. In the region between the fermi level and 2 eV above the fermi
level, the conduction band optical density of states has been blended to
match the free electron density of states., In addition, there is a peak

in the conduction band density of states at 8.5 eV above the fermi level.
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The location of this peak has been deduced from the experimental photo-
electric EDCs., Unfortunately, the vacuum level for gold was found to be
about 4.9 eV above the fermi level, and no experimental information was
available concerning structure that may very well exist in the region be-
tween the fermi level and about 4.9 eV above the fermi level.

Because cesium is known to react with gold to form the compound CsAu,
it is likely that conventional [Ref, 37] "cesiating" in order to lower the
vacuum level would also result in bulk-alloying between the cesium and
the gold. DiStefano [Ref. 60] has suggested that a possible solution
might be to cool the gold to very low temperatures, and then evaporate a
monolayer of cesium onto the surface of the gold. By this technique, the
low temperature could conceivably inhibit bulk-alloying between the cesium
and the gold, and successful EDCs could be measured with a vacuum level of
about 1.5 eV. Alternatively, a surface monolayer of barium could be
applied to the gold, thereby lowering the vacuum level to about 2.0 eV
above the fermi level. 1In any case, a future photoemission experiment on
gold with a vacuum level lowered to about 2,0 eV above the fermi level
would be exceedingly valuable by providing information about structure that
may very well exist in the unexplored region between the fermi level and

4.9 eV above the fermi level,

B. THE PHOTOELECTRIC YIELD FROM GOLD

The experimental photoelectric yield measured at a pressure of
2 X 10_9 torr and the calculated photoelectric yield for gold are compared
in Fig. 75. The experimental yield has been corrected for reflectivity
and the transmission of the LiF window, and the calculated curve was ob-
tained using the density of states of Fig. 74 and the analysis described
in Table 1 of Chapter III. Both the magnitude and the shape of the calcu-
lated yield are in excellent agreement with the experimental results.
One of the most significant features of the quantum yield is that it is
very small, only about 2 percent at a photon energy of about 11.6 eV above
the fermi level. This small value of the photoelectric yield is due mainly
to the small value'of the free electron threshold function and the short
electron-electron scattering length. The values found for the free elec-

tron threshold function and the electron-electron scattering length in

SEL-67-039 162




6I
N
T

-3

—~=VACUUM LEVEL {4.9eV)

T ,

———— EXPERIMENT {3/7/66}
-0-——0- CALCULATED

S
T

ABSOLUTE YIELD (ELECTRONS PHOTOEMITTED PER ABSORBED PHOTON)
o

| 1 | | 1 1 L
5 [ 7 8 9 10 1

PHOTON ENERGY {(eV}

FIG. 75. COMPARISON OF EXPERIMENTAL AND
CALCULATED YIELD FOR GOLD. The experi-
mental yield was measured using the
standards described in the caption
of Fig. 55.

gold do not differ appreciably from the values found for copper in Chapter
1V, and the yield for gold in Fig. 75 is seen to be quite similar to the
yield for copper in Fig., 55. The only significant structure in the yield
curve for gold is a fairly pronounced rise that begins at a photon energy
of about 7.0 eV, This rise at 7.0 eV is evident in both the calculated
and the experimental curves, and is due to the onset of photoemission from
the d band density of states of Fig. 75.

In the calculation of the photoelectric yield and the EDCs from the
density of states of Fig. 74, the electron-electron scattering length was
set equal to 27«3 at an energy 8.6 eV above the fermi level., This value
is quite close to Kanter's [Ref. 49] experimental values of about 20 K
at 8.6 eV above the fermi level, as will be discussed later in this chap-

ter. The absorption coefficient (w) used in calculating the yield and
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the EDCs was taken from Ref. 61, and the reflection coefficient R{w)
used to correct the experimental yield for reflection was taken from the
data of Refs, 46, 61, and 62,

Just as in the case of copper, the greatest error in the photoelectric
yield was a *10 percent error due to uncertainty in the calibration stan-
dards, The overall uncertainty in the magnitude and the shape of the
experimental yield curve of Fig. 75 is estimated to be less than *15

percent,

C. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM GOLD

Figure 76 shows a family of experimental photoelectric EDCs for gold

in the range of photon energies between 7.4 and 11.6 eV above the fermi

7xl(53—

PHOTON ENERGY

72 (E) [ELECTRONS/PHOTON /eV ]

: |
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FIG. 76. FAMILY OF EXPERIMENTAL ENERGY DISTRIBUTION CURVES FOR GOLD
(NORMALIZED TO YIELD).
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level. These EDCs were obtained from a gold film prepared and tested in
a vacuum of about 5 X 10_9 torr. Inspection of Fig., 76 shows that all the
curves tend to increase in size in the vicinity of 8 to 9.5 eV above the
fermi level, and this effect has been interpreted as being caused by a
peak in the conduction band density of states in the vicinity of about
8.5 eV above the fermi level; this conduction band peak is labeled peak
(:) in the optical density of states of Fig, 74,

The peaks in the experimental EDCs of Fig. 76 are labeled according
to the notation of the optical density of states in Fig. 74. 1In Fig. 77,
the energy Ep of these peaks is plotted as a function of photon energy

in the range of photon energies between 7.4 and 21,2 eV, The points at

22
21
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FIG. 77. PLOT OF PEAK ENERGY (E ) VS PHOTON ENERGY FOR
THE ENERGY DISTRIBUTIONS OF FIG. 76 AND FIG. 77. See
Fig. 74 for identification of the peaks in terms of
peaks in the density of states.
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16.8 and 21.2 eV were obtained from low vacuum experiments, using the
"knock-off-tube" technique described in Section H of Chapter II.

As seen from Figs. 76 and 77, the valence band peak (:) is seen to
split into two peaks in the vicinity of 8 to 9.5 eV above the fermi level,
One of the peaks (peak (:)) moves in the manner of nondirect transitionms,
where AEp = Ahv., The other peak, called peak (:) because it occurs in
the vicinity of the conduction band peak (:) of Fig., 74, has the nature
of a direct transition, where AEp % Ahv., The initial states for this
direct transition are the s- and p-derived states in the range of energies
between 1 and 2 eV below the fermi level, and the final states are in the
range of energies between 8 and 9.5 eV above the fermi level. Thus, the
s—- and p-derived states in gold appear to be involved in a direct trans-
ition, just as in the case of copper, where Berglund and Spicer [Ref. 37]
have made the assignment Lé - L2 for the direct transition between s-
and p-like states. The same assignment may also be appropriate for the
direct transition in gold, but such an assignment can only be tentatively
proposed, since no energy band calculations have yet been done for gold.

As can be seen from Figs. 76 and 77, the valence band peaks (:), (:), (:L
and (:) seem to move in the manner of nondirect transitions in the range
of photon energies between 7.4 and 21.2 eV, indicating that the nondirect
transition model dominates the optical absorption process in gold, with
the exception of a single direct transition.

Peak (:) in the valence band optical density of states of>Fig. 74
could not be clearly identified in the photoemission experiments from clean
copper, because of the limitations of the LiF window. However, the loca-
tion of peak (:) was experimentally observed by making low vacuum studies
using the knock-off-tube technique described in Section G of Chapter II.

In this experiment, a gold film was evaporated at ultrahigh vacuum in a
knock-off-tube and the EDCs from this film were found to be identical to
the EDCs shown in Fig. 76. The LiF window was then knocked-off in the low
vacuum of the monochromator, which was at a pressure of about 1 X 10_4 torr.
Nearly all of this pressure was due to the neon gas from the arc lamp,

since the pressure in the monochromator was about 1 X 10—7 torr before the
argon was allowed to flow through the arc lamp into the monochromator. The

significant results of this experiment are shown in Fig. 78. The effect
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of rapid contamination in the vacuum monochromator is seen in Fig. 78a,

where curves completed within 5 minutes and 13 minutes after knock-off
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The measurement of this curve was begun

USING A "KNOCK-OFF TUBE."
and completed within 5 minutes after

30 seconds after knock-off,
knock-off.
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FIG. 78c. EXPERIMENTAL ENERGY DISTRIBUTION
CURVE FOR GOLD OBTAINED USING A "KNOCK-OFF
TUBE." The measurement was made 3 hours
after the LiF window was knocked-off.

are compared. In the curve taken within 5 minutes after knock-off,

peak (:) is quite distinct, whereas in the curve taken shortly after-
wards, peak (:) appears only as a shoulder. Figure 78b again shows

the "5-minute" curve of Fig. 78a, but with the addition of labels in-
dicating the expected location of peaks using the optical density of states
of Fig. 74 and the model of nondirect transitions. Note in Fig. 78b that
the shape of the EDC in the region between 16.8 and 13.0 eV above the

fermi level bears a close resemblance to the valence band optical density
of states in the region between the fermi level and 3.8 eV below the fermi
level, indicating that even at these high energies, the energy distribution
of the primary electrons is very little distorted from the shape of the
valence band optical density of states. Unfortunately, a large number of
slow secondary (scattered) electrons are present in the EDC at a photon
energy of 16.8 eV, and the location of peak (:) must be obtained by esti-
mating the distribution of secondary electrons, and then subtracting the
secondary distribution from the total distribution. If this is done, a
peak in the "difference'" distribution is found to occur at the location

of label (:) in Fig. 78b. At photon energies higher than 16,8 eV, the
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location of peak (:) becomes much more clearly defined as peak (:) moves
farther away from the large, low energy peak of scattered electrons. At
a photon energy of 21.2 eV, the location of peak (:) is very clearly de-
fined, as shown in Fig. 78c. Thus, we see that the use of the knock-off-
tube technique has resulted in the verification of the existence and the
location of peak (:) in the valence band optical density of states of gold.
In addition, the location of peaks (:), (:), (:), and (:) in the low vacuum
EDCs shown in Figs. 78b and 78c¢c provides evidence that nondirect tran-
sitions dominate in gold up to photon energies as high as 21.2 eV.

Although some contamination resulted in the gold films studied in the
oil-pumped vacuum of the McPherson Vacuum Monochromater, the EDCs for gold

appear to be quite insensitive to exposure to air. Figure 79 compares two

hy=10.2eV

(B)- ENERGY DISTRIBUTION CURVE
FOR GOLD SAMPLE EVAPORATED
AND MEASURED AT A

PRESSURE OF 5x 1072 forr.

-ENERGY DISTRIBUTION CURVE
AFTER SAMPLE @ HAD BEEN

EXPOSED TO AIR (ATMOSPHERIC
PRESSURE ) FOR 10 MINUTES.

THIS CURVE MEASURED AT A
6~ PRESSURE OF 5x10™ torr.

7 {E) [ARBITRARY UNITS]

i | |
50 60 70 80 20 100

ENERGY ABOVE FERMI LEVEL (eV)

FIG. 79. ENERGY DISTRIBUTION CURVES BEFORE AND AFTER
GOLD SAMPLE WAS EXPOSED TO AIR. Exposure to air
caused the photoelectric yield to change by less
than 1 percent at a photon energy of 10.2 eV.

EDCs at a photon energy of 11.6 eV: EDC (:> was measured from a freshly
prepared film at ultrahigh vacuum, and EDC . was measured on the same
gold film after it had been exposed to air at atmospheric pressure. Both
measurements were made by use of the oil-free vacuum system and the photo-

emission chamber described in Chapter II. As can be seen from the very
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close agreement between the two curves, it must be concluded that EDCs
from gold are very insensitive to exposure to air,

Figure 80 shows a comparison of different samples of gold; all the
EDCs are quite similar, Note that in one case, the vacuum level was only
about 4.5 eV, and that photoemission from the deep-lying valence band

peak (:) of Fig. 74 is more evident than in the other two curves.

———'SAMPLE OF 3/7/66 ]
SAMPLE OF 5/30/66 — hr=il6eV
7= —'— SAMPLE OF 12/13766 ;

72 {E) [ARBITRARY UNITS]
EN
]

o A i | ! i | N
50 60 70 80 20 100 1o
ENERGY ABOVE FERMI LEVEL (eV)

FIG. 80, COMPARISON OF SHAPES OF ENERGY DISTRIBUTION
CURVES FOR DIFFERENT SAMPLES OF GOLD.

Figures 8la through 8lr compare the calculated EDCs for gold with
the experimental EDCs for gold in the range of photon energies between
7.4 and 11.6 eV. The calculated curves were obtained by use of the optical
density of states of Fig. 74 and the analysis described in Table 1 of
Chapter III. The curves of Fig. 81 show that the agreement between the
calculated and the experimental curves is very good with regard to both
shape and magnitude. However, the detailed agreement between theory and
experiment is not quite as good as that obtained for copper, As seen from
Fig. 81, the nondirect model does not explain the peak location for the
direct transitions to final states in the conduction band between 8 and
9.5 eV above the fermi level. Nevertheless, the nondirect model and the
optical density of states of Fig. 74 appear to account very well for the

overall characteristics of the experimentally observed photoelectric EDCs
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in the range of photon energies between 7.4 and 11.6 eV above the fermi

level.

D, THE ELECTRON-ELECTRON SCATTERING LENGTH IN GOLD

In the method of analyzing photoemission data described in Table 1 of
Chapter III, the magnitude of the electron-electron scattering length is
arbitrarily chosen at one energy, because no good experimental data are
available for most materials. In the case of gold, however, several experi-
mental measurements of the electron-electron scattering length have been
made, and these measurements are probably very reliable, because gold is
quite insensitive to contamination, as discussed in Section C of this
chapter. The experimental values of L(E) for gold are exceedingly
important for the purposes of this investigation and for the analysis of
copper, silver, and gold, since the experimental values for gold provide
an exacting check on the method used to analyze photoemission data in this

study.
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Crowell [Ref. 48] has measured L(Ejz in the vicinity of 1 eV above
the fermi level by injecting hot electrons through thin films of gold,
using various semiconductor-gold-semiconductor structures, This technique
is described in detail in Refs. 63 and 64, Using a method that employs
optical injection of electrons over a Schottky barrier, Sze, Moll, and
Sugano [Ref.50b] have determined the electron-electron scattering length
for gold in the range of energies between 1 and 5 eV above the fermi level.
Unfortunately, the methods of Crowell [Ref. 63] and Sze et al [Ref. 50pb, 64]
directly measure only the total electron-scattering length, and the effects
of electron-phonon scattering must be accounted for in deducing the electron-
electron scattering length from the experimental data. Since the electron-

phonon scattering length is comparable

to the electron-electron scattering

10,000
i length in the region of energies with-
_ in a few eV of the fermi level, the
e B CALCULATED - KROLIKOWSKI. . .
z E © C.R CROWELL, [REF. 484l uncertainty in the data of Crowell
p= SR ©00 KANTER,[REF. 24,49]. and Sze et al is probably quite large.
IS \ ———=—8.M. SZE, J.L. MOLL, AND . . .
] \ T. SUGANO[REF. SOb],(USING In addition, the uncertainty in the
Z 000 | MONTE CARLO METHOD AND
= L]\ EXPERIMENTAL  DATA). calculated L(E) of Fig. 82 is also
[
2 i quite large at energies only a few eV
w
)
© i above the fermi level, since there may
=4
o be unaccounted for structure in the
[ -
= N
§ conduction band optical density of
g 100 states for gold in the region between
@ L
Q i the fermi level and 4.9 eV above the
~J
W
- L fermi level.
(o]
E The calculated electron-electron
w
@ " scattering length L(E) for gold is
I compared with a number of experimental
10
0O I 2 3 4 5 6 7 8 9 10 Il 12 . . .
ENERGY ABOVE FERMI| LEVEL (eV} data points in Fig. 82. The agreement

between the calculated curve and the

FIG. 82. CALCULATED ELECTRON- experimental data is seen to be amaz-

ELECTRON SCATTERING LENGTH L(E) ingly good over a very wide range of
FOR GOLD. (Magnitude arbitrarily
set equal to 27A° at 8.6 eV above
the fermi 1eve1.) range, this good agreement is prob-

energies; however, in the low energy

ably fortuitous.
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However, for the purposes of photoemission studies on clean gold, the
most important region of energies is between 4.9 and 11.6 eV above the
fermi level, and in this region, there is excellent agreement between the
calculated L(E) and the data points of Kanter. Kanter's data points
have been deduced from transmission measurements of electron beams through
thin gold films, and are probably quite reliable. Not only is the magnitude
of the calculated L(E) very close to Kanter's measurement, but there also
appears to be detailed agreement between the shapes of the curves: In
both the calculated curve and the experimental curve, L(E) decreases
suddenly at an energy of about 6.5 eV above the fermi level. As seen from
the density of states of Fig. 74, this sudden decrease in L(E) is due
to the onset of scattering between the "hot" electrons and the valence
band peak labeled (:).

The remarkable agreement between the calculated L(E) and the experi-
mental data points for gold lends great confidence to the validity of the
method described in Table 1 of Chapter III, which is used in this study to
analyze photoemission data from a number of different materials for which

there are no reliable experimental values of L(E).

E. COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF 62(w) FOR GOLD

The shape of ez(w) that is calculated for gold from the optical
density of states of Fig, 74 and the theory of nondirect transitions is
shown in Fig. 83a. The major features of this curve are the rather "flat"
peak in the region between 3 and 4 eV and a strong shoulder at 6.5 eV.

The flat peak between 3 and 4 eV is due to strong transitions between filled
states in the vicinity of peaks (:) and (:) in the valence band of Fig. 74
to empty states just above the fermi level. The shoulder at 6.5 eV is due
to strong transitions from peak (:) in the valence band to empty states

just above the fermi level,

Just as the case of copper, the published values of ez(m) that have
been deduced from experimental data are somewhat inconsistent, necessitat-
ing comparison of the calculated ez(w) with the "experimental" ez(m)
of several different investigators. The comparisons are presented in

Figs. 83b, 83c, and 83d.
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Figure 83b shows that the "corners" of the "flat" calculated peak are
in rather good égreement with the two experimentally observed peaks at
3.1 and 3.8 eV. However, the experimentally observed shoulder at 2.2 eV
does not appear in the calculated €2(w). Note, however, the similarity
between the experimental shoulder at 2.2 eV in gold and the calculated
shoulder that occurs at 1.9 eV in copper (see Fig. 63).

In Fig. 83c, the agreement between the majgr features of ez(w) is
again good in the vicinity of 2.5 to 6 eV, but there is a glaring dis-
crepancy in that a large peak occurs in the experimental data at a photon
energy of 8.0 eV, and no such peak appears in the calculated ez(w). This
peak at 8.0 eV has also been experimentally observed by Beaglehole [Ref.
47], as seen in Fig. 83d.

Thus, we see that the optical density of states of Fig. 74 and the
theory of nondirect transitions is able to account for the two peaks in
ez(w) at 3.1 and 3.8 eV, but is not able to account for the shoulder at
2.2 eV and the very strong peak at 8.0 eV. This discrepancy may very well
be due to the present lack of information about structure that could exist
in the unexplored region between the fermi level and 4.9 eV above the
fermi level. Because of the similarities in the EDCs from copper and gold,
it is possible that there exists a peak in the conduction band density of
states for gold at an energy about 2 eV above the fermi level, just as in
the case of copper. Such a peak is sketched in Fig. 74; it is labeled
(:) (for proposed). If such a peak does exist, and if the density of
states near the fermi level was adjusted to agree with the specific heat
(see Section F of this chapter), then the ez(w) calculated from the
optical density of states would account for all of the major features in
the experimental data, including the peaks at 2.2 and 8.0 eV. Table 3
lists the results that would be obtained if a peak was to exist in the
conduction band at about 2.0 eV above the fermi level. However, until
photoemission studies are made on "cesiated" or "bariated" gold, or until
a good energy band calculation is made, the existence of a peak in the
conduction band optical density of states of gold at about 2,0 eV above

the fermi level will remain a conjecture.
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F. THE SPECIFIC HEAT FOR GOLD

Using the experimental results of Ref. 93 for the electronic specific
heat of gold, the density of states at the fermi level can be calculated
from Eq. (4.1). The result is found to be the same as for copper,

N(Ef) = 0,32 electrons/ev—atom. The outer electron configuration of gold
is bd 6s so it can be assumed that the valence band of gold holds
eleven electrons. Normalizing the area (A+B) of Fig. 74 to hold eleven
electrons, we can calculate the optical density of states near the fermi
level. The results are shown as the solid curve labeled in Fig,., 84,
where it is seen that the optical density of states at the fermi level is
0.06 electrons/eV—atom, as compared with the value of 0,32 electrons/eV-
atom calculated from the specific heat. This large discrepancy may be due
to electron-phonon interactions, which have been neglected, but is more
likely due to the uncertainty in the valence band optical density of states
just below the fermi level., The shape of the optical density of states
between the fermi level and 0,7 eV below the fermi level was sketched in
the shape of the leading edge of the experimental EDCs measured at photon
energies greater than 7.4 eV. Since the leading edge of experimental EDCs
is usually found to be blurred at such high energies and much sharper at
lower energies, it is likely that the valence band optical density of
states near the fermi level is actually much higher than shown in Fig. 74
and in curve of Fig. 84, Thus, increasing the optical density of
states near the fermi level to agree with the value derivedifrom the
specific heat does not seem to be an unreasonable adjustment. The result
is shown as the dashed curve labeled in Fig. 84.

Increasing the valence band density of states near the fermi level
to agree with the specific heat value necessitates scaling the entire con-
duction band optical density of states by a factor of about 5, if the con-
duction band is to match the valence band at the fermi level. This increase
in the overall magnitude of the conduction band density of states makes the
relative magnitude between the conduction band density of states and the
valence band density of states seem more reasonable than is shown in Fig.
84, where the mégnitude of the conduction band optical density of states
seems unreasonably small compared with the valence band optical density

of states.
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G. CONCLUSIONS

This chapter has presented new experimental photoemission data on gold
in the range of photon energies between 7.4 and 21.2 eV. From these photo-
emission data, an optical density of states has been constructed in the
region between the fermi level and 11.6 eV below the fermi level, and in
the region between 4.9 and 11.6 eV above the fermi level. The conduction
band density of states in the region between the fermi level and 4.9 eV
above the fermi level could not be directly studied by photoemission
measurements on clean gold, so the density of states in this region has
been approximated by a smooth curve.

The bulk of the photoemission data is well described by the theory
of nondirect transitions, except for a single direct transition, which
bears some resemblance to the Lé - Ll transition observed in copper by
Berglund and Spicer [Ref. 37]. The optical density of states for gold is
found to account for certain major features in the spectrum of ez(w),

but is unable to account for all of the experimentally observed structure
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in e€9(w). This discrepancy may very well be due to structure in the as
yet unexplored conduction band region between the fermi level and 4.9 eV
above the fermi level.

The calculated electron-electron scattering length in gold is found
to be in remarkably good quantitative agreement with experimental data
points in the range of energies between 1 eV and 10 eV above the fermi
level. This result is of great importance for the purposes of this study,
since it is an exacting check on the method used by the author to analyze
photoemission data.

A qualitative resemblance between copper and gold is observed to
exist in the photoelectric EDCs, the photoelectric yield, the optical
density of states, the electron-electron scattering lehgth, ez(w), and
the specific heat, indicating that considerable similarity may exist be-
tween the energy band structure of copper and gold in the range of energies

+11.6 eV above the fermi level.
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Vi. PHOTOEMISSION FROM SILVER

This chapter presents new photoemission data obtained from clean
silver films evaporated and tested at a pressure of about 2 X 10.9 torr
using the oil-free vacuum system and the photoemission chamber described
in Chapter II. The new photoemission data on clean silver are in excellent
agreement with the photoemission data obtained earlier from cesiated silver
by Berglund [Ref. 7] and Berglund and Spicer [Ref. 37].

The photoemission data are analyzed using the method outlined in
Table 1 of Chapter III and an optical density of states in the region of
energies *11,6 eV above the fermi level. This optical density of states
incorporates the photoemission data f£rom both clean silver and cesiated

silver.

A. THE OPTICAL DENSITY OF STATES FOR SILVER

The optical density of states shown in Fig. 85 has been constructed
using both the new photoemission data on clean silver and the earlier
photoemission data on cesiated silver [Refs. 7 and 37], and is quite
similar to the optical density of states presented earlier by Berglund
and Spicer [Ref. 37]. The most outstanding feature of Fig. 85 is that
the density of states is relatively large in the region between 4 and 7
eV below the fermi level, and relatively low and constant elsewhere. With
reference to the energy band diagram of Fig., 86, we see that the high dens-
ity of states between 4 and 7 eV below the fermi level corresponds closely
to the "flat" bands derived largely from 5d atomic wavefunctions. Because
of this correspondence, we shall refer to the region between 4 and 7 eV
below the fermi level in Fig. 85 as the "d band" optical density of states
for silver. 1In addition, comparison of Fig. 85 with the energy band dia-
gram of Fig. 86 indicates that the valence band optical density of states
between the fermi level and 4 eV below the fermi level is to be associated
with bands that are largely derived from s and p atomic wavefunctions.
It must be pointed out, however, that the location of the d bands in silver
appears to be qﬁite sensitive to the potential, and that Segall [Ref. 58 ]
determined the location of the d-bands in Fig. 86 in an ad hoc way to agree

with the experimental optical absorption data.
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FIG. 86. CALCULATED BAND STRUCTURE OF SILVER.

Although the optical density of states for silver in Fig. 85 is very

similar to that presented earlier by Berglund and Spicer [Ref. 37], there

are several new

(1) There
below
(2) There

the fermi level.

features to be noted:

exists a small peak in the valence band at about 3.4 eV

may be fine structure in the d band density of states.

This fine structure is labeled @, , and @ in Fig. 835,

(83) There is no sharp peak in the valence band a few tenths of an

eV below the fermi level.

(4) There is a peak in the conduction band at 6.7 eV above the

fermi level.
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(5) There is a small peak in the conduction band at 3.6 eV above
the fermi level, which can be seen in the earlier data of
Berglund and Spicer [Ref. 37]. This peak may, however, be due
to Auger electrons, as proposed earlier by Berglund and Spicer

[Ref. 37].

(6) There is structure in the conduction bandtat 1.7 eV above the
fermi level., Evidence of this structure has been found by
normalizing the raw data of Berglund [Ref. 7] and Berglund and
Spicer [Ref. 37] to quantum yield, and observing the character

of the EDCs at low energies near the vacuum level,

The bottom of the free electron conduction band was arbitrarily placed
at 3.5 eV below the fermi level, This seemed to be a "natural" location
for "averaging" the free-electron-like bands that exist above the d-bands

in the energy band diagram of Fig. 86.

B. THE PHOTOELECTRIC YIELD FOR CLEAN SILVER

The calculated yield and the experimental quantum yield for silver
are compared in Fig. 87, The calculated yield was obtained from the optical
density of states of Fig. 85 and the analysis described in Table 1 of
Chapter III. The experimental yield has been corrected for the transmission
of the LiF window and the reflectivity. In calculating the quantum yield,
the electron-electron scattering length was arbitrarily set equal to 44 3
at 8.6 eV above the fermi level. As can be seen from Fig. 87, this choice
of 44 R made the overall agreement between the calculated and the experi-
mental yield quite good, Just as in the cases of copper and gold, the
magnitude of the quantum yield is quite low, being only about 1 percent
at a photon energy of 10.5 eV. The vacuum level was determined to be about
4,0 eV by taking the energy difference between the photon energy and the
well defined width of the experimental EDCs. No attempt was made to care-
fully measure the quantum yield very close to the threshold.

The absorption coefficient ow) used in calculating the photoelectric
yield and the EDCs was taken from Ref. 45, as was the reflectivity R(w)

used in correcting the experimental yield.
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The experimental yield was measured
according to the standards described in
the caption of Fig. 31.

The overall uncertainty in the shape and magnitude of the experimental
quantum yield in Fig, 87 is due to uncertainties in the standards used for
calibration, in the reflectivity, and in the transmission of the LiF win-

dow. This overall uncertainty is estimated to be less than *20 percent.

C. THE PHOTOELECTRIC ENERGY DISTRIBUTION CURVES FOR CLEAN SILVER

In Fig. 88 the calculated and experimental EDCs for clean silver are
shown over a range of photon energies between 6.9 and 11.8 eV. 1t appears
that the magnitude of the experimental EDCs increases in the vicinity of
6.5 eV above the fermi level, and this increase has been interpreted as
caused by a peak in the conduction band density of states. This conduction
band peak is labeled (7) in Fig. 85.

The agreement between the calculated and the experimental EDCs in

Fig. 88 appears to be good in both shape and magnitude, indicating that
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the theory of nondirect transitions can account for the bulk of the photo-
emission data in silver for photon energies up to 11.8 eV. However, there
are two features in the experimental EDCs that are not accounted for by
the calculated EDCs: (1) A direct transition involving s- and p-derived
states can be seen‘in the EDCs for clean silver, This direct transition
can be seen in the experimental EDCs of Fig. 88 as a very slow-moving peak
in the range of energies between 5.8 and 6.5 eV above the fermi level.
(2) The sharp structure due to photoemission from peak <:) in the valence
band of Fig. 85 seems to be '"blurred" in the region between 6 and 7 eV
above the fermi level. The direct transition seen in the EDCs for clean
silver appears to be the same direct transition that was seen earlier by
Berglund and Spicer [Ref. 37] on cesiated silver, and will be discussed
in considerable detail later in this chapter. The "blurring'" of the sharp
photoemission structure from d band peak (:) seems to occur at the same
energy as the "blurring" seen earlier by Berglund and Spicer [Ref. 37] on
cesiated silver. ©No satisfactory explanation for this effect has yet been
established, but the "blurring" may be due to lifetime broadening, or
may perhaps be associated with the high density of states in the conduction
band at 6.5 eV. The existence of the high density of states in the con-
duction band at 6.5 eV seems to account very well for the envelope of the
experimental EDCs, but does not explain the apparent loss of structure.
In addition, the direct transition is not observed at energies higher than
6.5 eV above the fermi level, and this might be somehow associated with
the "blurring" of the d band peak (:) that also occurs at 6.5 eV above the
fermi level. However, this could just be a coincidence. Thus, there
appears to be evidence for some structure in the conduction band density
of states in the region between 6 and 7 eV above the fermi level, but the
exact nature of this structure remains to be explained,

The calculated quantum yield of Fig. 87 and the calculated EDCs of
Fig. 88 are for primary electrons only. As seen from the EDCs of Fig. 88,
there is very little evidence of scattered electrons in the EDCs at photon
energies below about 11.4 eV. However, the low energy "bulge'" that begins
to appear in the EDCs at photon energies of 11.4, 11.6, and 11.8 eV is
probably due to the appearance of significant amounts of scattered elec-

trons in the experimental EDCs.
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Figures 89a through 89c show experimental EDCs obtained from a silver
sample with an anomalously low vacuum level of about 3.0 eV, Because the
EDCs do not rise abruptly at 3.0 eV, it seems possible that the surface of
this silver film consists of crystallites with several different orienta-
tions, each with a different vacuum level in the range between 3 and 4 eV
above the fermi level., These "anomalous" EDCs are presented because they
provide evidence for possible fine structure in the d band density of
states, as seen from the identification of peaks in the EDCs of Figs. 89a
through 89c¢. All four of these d band peaks move in the manner of non-
direct transitions, where AEp = Ahv, and correspond to the peaks labeled
@ @, , and @ in Fig. 85. Because of the abnormally low vacuum
level, these peaks can be readily identified at energies as low as 4.5 eV
above the fermi level., Except for the presence of the small peaks labeled
@, , and @, the "anomalous" EDCs are consistent with the EDCS pres-

ented in Fig, 88,
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ELECTRON -ELECTRON SCATTERING LENGTH L(E) [ANGSTROM UNITS]

D. THE ELECTRON-ELECTRON SCATTERING LENGTH FOR SILVER

The calculated electron-electron scattering length L(E) for silver
is compared with several experimental data points in Fig. 90. The shape

of the calculated L(E) has been

10,000
L calculated from the optical density

' of states of Fig. 85, and the magni-
tude of the calculated L(E) was

arbitrarily set equal to 44 A at 8.6

——— CALCULATED
O CROWELL [REF. 480}

[+
1000 ooo KANTER [REF. 24,49] of 44 A was chosen so as to give good

eV above the fermi level. This value

overall agreement between the calcu-
lated and the experimental quantum
yield. The experimental data points
of Crowell [Ref. 48a] and Kanter [Ref.
100l 24] were obtained by the same tech-
niques used for gold, and have been
described in Chapter V. As can be
seen from Fig. 90, the shape of the

calculated L(E) is in good agree-

ment with the shape suggested by the

) AT RV S SRS R . .
0 2 4 6 8 10 12 experimental data points, but the

ENERGY ABOVE FERMI LEVEL (eV)

calculated magnitude is too high by

FIG. 90. CALCULATED ELECTRON- a factor of about 3.
ELECTRON SCATTERING LENGTH FOR
SILVER. Magnituge arbitrarily
set equal to 44 A at 8.6 eV magnitude is difficult to account for
above the fermi level.

This rather large discrepancy in

by any reasonable changes in the den-
sity of states of Fig. 85 or by errors in the quantum yield. Qualitatively,
the density of states of Fig. 85 suggests that the electron-electron scat-
tering length should be longer in silver than in either gold or copper,
because the silver d bands are further below the fermi level than are the

d bands in gold or copper, and consequently there are fewer possible scat-
tering events in silver than in gold or copper. This qualitative reasoning
concerning magnitude is borne out by the fact that in order to obtain agree-
ment between the theoretical and experimental quantum yield, the magnitude

of L(E) for silver must be larger than the magnitude of L(E) for either
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gold or copper. Another possible explanation is that Kanter's [Ref. 24]
experimental electron-electron scattering length for silver is somewhat
too low. As seen in Chapter V, Kanter's experimental data for gold were
in excellent agreement with the calculated results for gold. However,
silver is considerably more susceptible to contamination than gold, and

it is likely that any contamination would cause increased electron scat-
tering, which could be interpreted as a shorter electron-electron scat-
tering length. However, personal communication with Kanter indicates that
his work has been done as carefully as possible, and his data for gold and
silver are undoubtedly the best available at this time. Indeed, the author
is indebted to Kanter for making available his gold and silver data prior

to publication,

E. THE SPECIFIC HEAT FOR SILVER

If electron-phonon interaction is neglected, the density of states at
the fermi surface can be calculated using Eq. (4.1) and the electronic
specific heat for silver given in Ref. 95, The result is
N(Ef) = 0,275 (electrons/eV-atom), and can be used as a qualitative check
on the optical density of states of Fig. 85.

The outer electron configuration of silver is 4d105s1, so it can
be assumed that the valence band of silver contains eleven electrons,
Normalizing the valence band of Fig. 85 to hold eleven electrons, we ob-
tain a value of N(Ef) = 0.19 (electrons/eV-atom) for the optical density
of states at the fermi surface, as can be seen from the solid curve in
Fig. 91. Thus the a priori optical density of states deduced solely from
photoemigsion data is found to be in good agreement at the fermi surface
with the value predicted from the specific heat.

The dashed curve in Fig., 91 shows how the valence band optical density
of states can be adjusted near the fermi level to agree exactly with the

value predicted by the electronic specific heat.

F. THE IMAGINARY PART OF THE DIELECTRIC CONSTANT ez(w) FOR SILVER

Using the theory of nondirect transitions and the optical density of
states of Fig. 85, Eq. (3.98) can be used to calculate ez(w) for silver,

The result is shown as the solid curve in Fig. 85, and is compared with
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the "experimental" value of ez(w) that has been deduced from reflectivity
measurements., The conduction band peak labeled (:) in the optical density
of states of Fig. 85 has not been included in the calculation of ez(w).
Table 4 identifies the initial and final states that are involved in the
structure of the calculated ez(w), and it is found that the calculated
Ez(w) accounts very well for the experimental structure at energies of
3.3, 5.8, and 10.5 eV, However, the calculated €Z(w) is not able to
account for the strong, sharp peak in the experimental Ez(w) at a photon
energy of about 4.5 eV. [Including peak (:) of Fig. 85 in the calculated
ez(w) would do little more than increase the strength of the calculated
ez(w) in the region between 5 and 8 eV. ]

The discrepancy between the calculated and the experimental ez(w)
near 4 eV may be due to the very strong plasma resonance that occurs in
silver at a photon energy of about 4.0 eV. As shown in Ref. 45, the energy

loss function Im[(—)e_l] for silver peaks sharply at an energy of about
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4.0 ev, strongly suggesting the presence of a many-body resonance.
Hopfield {Ref. 65] has proposed a theory whereby phoﬁon interaction enhances
the coupling between the transverse electromagnetic wave and the longitud-
inal plasma resonance. Hopfield predicts that such a phonon-enhanced res-
onance should result in a sharp peak in the photoelectric EDCs and in a
peak in Ez(w) at photon energies in the vicinity of the plasma resonance.
Berglund and Spicer [Ref..37] have observed a very sharp peak in the ex-
perimental EDCs from cesiated silver at photon energies near the plasma
resonance, and this sharp peak may very well be due to a plasma resonance,
As a particular example, Hopfield [Ref. 65] has incorporated phonon
coupling to calculate the effect of the plasma resonance on €Z(w) for
the case of potassium, which has a plasma resonance at about 4.0 eV [Ref.
66]. sSince silver also has a plasma resonance at this energy, one might
expect that the plasma resonance in silver would affect ez(w) in quali-
tatively the same manner as the plasma resonance affects €2(w) in
potassium. Thus, it is tempting to compare Hopfield's results for potassium
with the diécrepancy between the calculated and the experimental Ez(w)
in Fig. 92, since this discrepancy may be due to plasma resonance effects,
which are not accounted for in the calculated curve of Fig, 92. Such a
comparison is made in Fig. 93, where the magnitude of Hopfield's ez(w)
has been scaled up by about an order of magnitude to match the peak height
in the "discrepancy'" curve. As seen in Fig. 93, the agreement in shape
between Hopfield's theoretical ez(w) for potassium and the "discrepancy"
curve for silver is remarkably good, indicating that the "discrepancy" be-
tween the calculated €2(w) and the experimental ez(w) for silver may
very well be due to plasma oscillations enhanced by phonon coupling. A
test of this possibility would be to experimentally measure the temperature
dependence of Ez(w) and the photoelectric EDCs of silver at photon en-
ergies in the vicinity of 4.0 eV, but these measurements have yet to be

made,

G. THE PHOTOELECTRIC YIELD FROM CESIATED SILVER

The photoelectric yield and the EDCs for cesiated silver have been
calculated using the optical density of states of Fig. 85 and the analysis

described in Table 1 of Chapter III. The values for the absorption
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05—

PHOTON ENERGY {eV)

FIG. 93. DISCREPANCY IN €5 FOR SILVER (hv > 4 eV) COMPARED

with (e_) FOR POTASSIUM, AS CALCULATED BY HOPFIELD [Ref. 65].
2'plasma

coefficient «w) were taken from Ref. 45, and the magnitude of the
electron-electron scattering length L(E) was the same as that determined
from the photoemission analysis of clean silver. The vacuum level was set
to 1.6 eV, a value appropriate to silver covered with a surface monolayer
of cesium. The calculated quantum yield is compared with the experimental
results of Berglund and Spicer [Ref. 37] in Fig. 94. The agreement is
seen to be excellent, both in shape and in magnitude, over nearly the
entire range of energies between the vacuum level and the high energy
cutoff of the LiF window.

In the regioﬁ\of energies between 1.6 and 3.8 eV, the reflectivity of
silver is nearly 100 percent, and a small error in R(w) could result in
a large error in correcting the quantum yield for reflectivity. Thus,

there may be a good deal of uncertainty in the experimental yield below
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FOR SILVER WITH A SURFACE MONOLAYER OF CESIUM.

3.8 eV, since the reflectivity values used by Berglund and Spicer [Ref. 37]
were taken from the literature, and not determined from the same silver
samples that were used in measuring the quantum yield. 1In certain cases
[Ref. 74a], it has been found that heating silver to only 100°C for a few
hours can significantly change the reflectivity at photo energies below
3.8 eV, If the experimental quantum yield of Fig. 94 is corrected for
reflectivity, using the values for silver that has been heated, curve B
of Fig. 94 results, Curve B is somewhat closer to the calculated
yield, and may be more appropriate to cesiated silver than curve A,
since silver is heated to about 100°C during the cesiating process.

At photon energies above 3.5 eV, the calculated and the experimental
quantum yields are in remarkably good agreement, when it is realized that
the calculated curve accounts for only the primary (unscattered) electrons.

Comparison of the calculated and the experimental EDCs (as shown in
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Section H of this chapter) indicates that the discrepancy in yield between
4 and 6 eV is probably due to Auger electrons, as described earlier by
Berglund and Spicer [Ref. 37], and that the discrepancy above 9.5 €V is
due to scattered electrons. In the range of photon energies between about
6.5 and 9 eV, the experimental EDCs are dominated by photoemission from
primary d band electrons, and it would be expected that in this range of
energies the magnitude of the calculated yield for primary electrons
should be very close to the magnitude of the total experimental yield,
since the primary d electrons dominate over the secondary scattered elec-
trons and Auger electrons. This is indeed the case, as can be seen from
the close agreement between the magnitudes of the calculated and the ex-
perimental quantum yield in the region between 6.5 and 9 eV,

A large dip in the quantum yield is seen to occur at a photon energy
of about 3.9 eV, the energy of the plasma resonance in silver. The dip
occurs because at the plasma resonance the absorption coefficient o(w)
becomes very small, and the absorption depth becomes very long. Thus, a
large fraction of the incident photons are absorbed deep in the crystal
(far from the surface), and most of the photoexcited electrons cannot
escape because the electron-electron scattering length is only about 350 K,
much shorter than the absorption depth &x(w)]ﬂl, which is more than
1000 R at the plasma resonance,

The excellent quantitative agreement between the experimental and the
calculated quantum yield for cesiated silver indicates that there was no
bulk reaction between the cesium and the silver in the earlier experiments
of Berglund and Spicer [Ref. 37], and indicates that the photoemission
data from cesiated silver are representative of bulk silver. Indeed, the
photoemission data of Berglund and Spicer appear to be a superb example
of the wealth of information that can be obtained in certain cases by

lowering the vacuum level with a surface monolayer of cesium,.

H. PHOTOELECTRIC ENERGY DISTRIBUTIONS FROM CESIATED SILVER

The calculated EDCs for cesiated silver are compared with the experi-
mental EDCs of Berglund and Spicer [Ref. 37] in Figs. 95a through 95t.
The experimental EDCs shown in Fig. 95 have been obtained by normalizing

the raw data of Berglund and Spicer [Ref. 37] to their photoelectric yield.
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Inspection of the curves in Fig. 95 shows that for all photon energies
greater than about 4.3 eV, the calculated and experimental EDCs are in
excellent agreement with respect to overall shape and magnitude. In making
this comparison, one must realize that the calculated curves do not account
for the Auger electrons and the scattered electrons, as discussed in
Section G of this chapter.

The major discrepancy between the calculated EDCs and the experimental
EDCs occurs in the range of photon energies between about 3.5 and 4.3 eV.
This discrepancy is the large, sharp peak at the leading edge of the EDCs,
which is seen to peak at a photon energy of about 4.0 eV, the energy of the
plasma resonance in silver, In fact, Hopfield's [Ref. 65 ] theory predicts
that a plasma resonance could cause such a prominent peak in the experi-
mental EDCs. Thus, it is tempting to speculate that the unexplained peak
in the silver EDCs is in some way intimately associated with the plasma
resonance. According to Hopfield fRef. 65], the strength of such a peak
is dependent upon phonon coupling, and consequently is temperature-depend-
ent. Spicer [Ref. 6] has suggested that Hopfield's theory can be tested
by measuring the temperature-dependence of the photoelectric EDCs from
cesiated silver at photon energies in the vicinity of 4.0 eV; however,
such an experiment has not yet been done.

In addition to the plasma resonance, the calculated EDCs do not
account for the direct transition that can be seen in the experimental
EDCs in Fig. 95. The peak identifying the final states of the direct
transition can be seen in the energy range between 4.0 and 6,5 eV above
the fermi level, and will be discussed in detail in Section I of this
chapter.

The fine structure peaks labeled @, , and @ in the d band
optical density of states of Fig. 85 have not been included in the calcu-
lated EDCs shown in Fig. 95. As discussed earlier in this chapter, the
locations of the peaks @, , and @ in Fig. 85 were deduced from a
clean silver sample with an anomalously low vacuum level. This fine
structure can also be seen in the experimental EDCs on cesiated silver in
the range of photon energies between 7.8 and 11.6 eV. The fine structure
has been labeled in Fig. 95, using the notation @, , and @ which

corresponds to the notation used in the optical density of states of
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Fig. 85. Thus, evidence for fine structure in the d bands of silver has

been found in both clean silver and cesiated silver. This evidence

strongly suggests that the peaks labeled @, , and @ in Fig. 85 are

real and do indeed exist.

In addition to the fine structure discussed above, the experimental

curve at 11.4 eV shows an additional unexplained "bump," which has been

labeled (:). This "bump" could be due to structure deep in the valence

band at an energy of about 8 eV below the fermi level. However, the

existence of peak (:) in the experimental data is uncertain, and peak (:)

must be verified by additional photoemission experiments on cesiated silver

before it can be considered to beée real,

A very interesting feature becomes apparent when the EDCs of Berglund

and Spicer [Ref. 37] are normalized to yield and compared as shown in

Figs. 96, 97, and 98, The significant feature of these EDCs is that the

magnitude of the peaks in the EDCs decreases as the peaks move away from

18x10°>,

16 20 3.0 40
ENERGY ABOVE FERMI LEVEL {eV)

FIG. 96. EXPERIMENTAL ENERGY
DISTRIBUTION CURVES OF CESIATED
SILVER NORMALIZED TO BERGLUND'S
YIELD [REF. 7].

SEL~67~039

the vacuum level, just as if there
were a very strong peak in the con-
duction band density of states in the
vicinity of 2,0 eV above the fermi
level. The overall decrease in the
magnitude of the EDCs in Figs. 96 and
97 does not appear to be readily ex-
plained by a peak in the conduction
band density of states, but this would
depend critically upon the shape of
the conduction band peak and the shape
of the valence band density of states
just below the fermi level., It is
also possible that strong direct trans-
itions to states in the vicinity of

2 eV above the fermi level could cause
the effect seen in Figs. 96, 97, and
98. Unfortunately, the data of Figs.
96, 97, and 98 do not provide enough

information to enable us to determine
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whether the strong "action'" at 2.0 eV above the fermi level is due to direct
transitions or to a high density of states in the conduction band. Never-
theless, these EDCs do provide direct

18x10° experimental evidence of strong struc-

ture in the conduction band of silver
in the vicinity of 2 eV above the

fermi level, An interesting point is

hv=2.5 eV

that the nature of the curves for
12 - - silver in Fig. 96 is very similar to
the nature of the corresponding curves
for copper in Fig. 4 of Ref. 37, when
the copper curves are normalized to
yield.

Thus, the normalized EDCs of
Figs. 96, 97, and 98 indicate that

there is very likely to be structure

in the conduction band density of

states of silver in the vicinity of

il L 1
16 20 3.0 4.0 1.7 to 2.0 eV above the fermi level,
ENERGY ABOVE FERMI LEVEL (eV)

and this structure is indicated as

FIG. 97. EXPERIMENTAL ENERGY peak (D) in the optical density of
DISTRIBUTION CURVES OF CESIATED
SILVER [REF. 7], NORMALIZED TO
YIELD B OF FIG. 94. energy band diagram of Fig. 86 shows

states of Fig. 85. Reference to the

that the location of the Xé eritical

point is at about 1.8 eV, just the same as the energy of peak (:) in Fig.
85, Thus, it would seem that the conduction band peak (:) is to be as-

sociated with the Xé critical point in the energy band diagram of silver.

Consequently, if peak (:) does indeed exist, as is strongly suggested by
the normalized EDCs of cesiated silver, it can be considered as experi-

mental evidence that the Xé point in silver is at the same energy as

the Xa point in copper, which has been identified earlier by Berglund

and Spicer [Ref. 37].
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FIG. 98, EXPERIMENTAL ENERGY DISTRIBUTION CURVES
OF CESIATED SILVER [REF. 7], NORMALIZED TO
BERGLUND'S YIELD.

I. THE DIRECT TRANSITION IN SILVER

A direct transition is observed in the EDCs from clean silver at
photon energies less than 8.6 eV, as shown in Fig. 99. 1In Fig. 99, a
small circle is used to indicate the peak location that represents the
energy of the final state in the direct transition. This direct trans-
ition is also clearly seen in the silver sample with the anomalously low
vacuum level, as shown in Fig. 100,

The direct transition seen in the EDCs from clean silver is the same
transition as the Lé - L1 transition seen earlier by Berglund [Ref. 7]
and Berglund and Spicer [Ref, 37] in the EDCs from cesiated silver, as
can be seen from Fig. 101, where the peak energy Ep associated with the
direct transition is plotted as a function of photon energy. The points

corresponding to the direct transition in cesiated silver have been taken

from the experimental EDCs of Fig. 95, and are seen to merge very closely
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FIG, 100. EVIDENCE OF DIRECT TRANSITIONS IN A SILVER SAMPLE WITH AN
ANOMALOUSLY LOW VACUUM LEVEL. Only the shapes of the curves are
significant, The relative amplitudes are arbitrary.

with the points obtained from clean silver, thus identifying the direct
transition in clean silver with the direct transition in cesiated silver.
As seen in Fig, 101, the direct transition in silver has been observed
in the EDCs over a range of photon energies between 4.1 and 9.0 eV, At
hv = 4.1 eV, the final energy of the direct transition is about 3.8 eV
above the fermi level, and at hv = 9.0 eV, the final energy of the direct
transition is at 6.5 eV above the fermi level. As seen in Fig. 85, there
are peaks in the conduction band density of states at 3.5 and 6.5 eV above
the fermi level, corresponding very closely to the lowest and highest
energies at which tﬁe direct transition is observed. Thus, it is possible
that the conduction band peaks at 3.5 and 6.5 eV are associated with
critical points at‘the band edges of the conduction band that provides the

final states for the direct transition, but this could be just a coincidence.
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FIG. 101. DIRECT TRANSITIONS IN SILVER.

Since E; itia1 = Fpina1”

in the direct transition can be calculated as a function of photon energy

hv, the energy of the initial state involved

from the values of E_,
final

such a calculation are shown in Fig., 102,

and hy given in Fig, 101. The results of
At photon energies between 2.5
and 4.0 eV, it is seen from Fig. 102 that the initial state is at 0.3 eV
below the fermi level, and that the transition is not a direct transition,

but a nondirect transition where (AEP) = Ahv., Berglund and

final state
Spicer [Ref. 37] have associated this initial state at 0.3 eV below the
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FIG. 102, ENERGY OF INITIAL AND FINAL STATES FOR
THE DIRECT TRANSITION IN SILVER. The energy of
the final state is taken as the smooth curve in
Fig. 101.

fermi level with the Lé critical point in the energy band diagram of

Fig. 86. In addition, they-have associated the onset of direct transitions
at 3.7 eV above the fermi level with the Ll critical point in the con-
duction band of Fig. 86, Using the data of Fig. 102, we can obtain an

estimate of the relative masses at Lé and Ll in the following manner:
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First, let us expand the conduction band at L1 and the valence band at

Lé in a power series in k, where k is to be measured in some direction

from the L point, Thus,

L 2 L
E } = 3.7 + h K eat kel (6.1)
final ZmL 3
1
L' 2 LI
E.2 .. =- 0.3+ k2w A2 K 4 .. (6.2)
initial 2mL, 3
2

where the coefficient of the linear term has been set equal to zero. Near

the L-point, the parabolic term will dominate, and

L 2

1 _ h 2
Eeinay 537+ Kk (6.3)
1
L, 2 2
Einitial =~ 0-3 7 B, k (6.4)
2
From Eq. (6.3) and Eq. (6.4),
L
m 1
L! E - 3.7 :
2 final
o = L7 (6.4)
0.
1 initial T 0°3
The quantity
L
1
- 3.7
(_) Efinal
LI
2
initial T ©°3

is plotted as a function of photon energy in Fig. 103, and is found to be
a constant equal to 2.05 in the range of photon energies between 4 and

7 eV. Substituting the value into Eq. (6.4), the ratio of the masses is

found to be
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)
—2_2.05 (6.5)
1

An energy band diagram corresponding to the masses given in Eq, (6.5) is
shown in Fig., 104. The band diagram of Fig, 104 explains the photoemission
data in the entire range of photon energies between 4 and 7 eV, but is
actually correct only when the parabolic approximations of Eq. (6.3) and
Eq. (6.4) are valid.

Thus, we see that observation of a direct transition in the photo-
electric EDCs in silver has led to experimental information concerning
! and the L critical points.

2 1
This information should be of particular interest to theorists doing

both the location and the masses of the L

improved energy band calculations of silver.
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J. CONCLUSIONS

New photoemission measurements on clean silver have been found to be
consistent with the earlier work of Berglund and Spicer [Ref. 37], which

was done on cesiated silver. The
¥

experimental data from both clean

8- silver and cesiated silver have been
incorporated in constructing an optical
density of states in the range of

energies *11,6 eV above the fermi

MASS%ZF;)

Q

level, A number of new peaks in the
3 optical density of states have been

located, the most notable being pos-

ENERGY {(eV}

sible fine structure in the d bands

L and the possible location of the Xa

critical point in the conduction band.
FERMI__LEVEL

v, k The bulk of the optical trans-

M ={my
- //////—5\\\\<: pssney) itions are found to follow the theory

of nondirect transitions, and an

-2 analysis based upon nondirect trans-
itions has been successful in account-

FIG. 104. PARABOLIC BANDS ing for the shape and magnitude of the
EXPLAINING THE DIRECT TRANSITION
IN SILVER IN THE RANGE OF PHOTON
ENERGIES BETWEEN 4 AND 7 eV, yield in both clean silver and cesi-

photoelectric EDCs and the quantum

ated silver. The imaginary part of
the dielectric constant €2(w) has been calculated solely from the optical
density of states, using the theory of nondirect transitions and constant
matrix elements. The calculated ez(w) is found to account for all of
the major structure in the experimental ez(w) except for a sharp peak at
the plasma frequency. This discrepancy in ez(w) has been related to
Hopfield's [Ref. 65] theory involving phonon coupling, and future experi-
ments testing Hopfield's theory have been suggested. A simple direct
transition has been observed in the range of photon energies between 4.1
and 9.0 eV, and analysis of this direct transition has led to experimental
values for the location and the relative masses at the L! and the L

2 1
critical points in the energy band structure of silver,
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PRECEDING PAGE BLANK NOT HimED,

VII. COMPARISON OF COPPER, SILVER, AND GOLD

Chapters IV, V, and VI have described in some detail the properties
of copper, silver, and gold that have been deduced from the photoemission
data of the present work and the earlier work of Berglund and Spicer
[Ref. 37]. A‘number of these properties are remarkably similar in all
three materials; for convenience in making comparisons, these properties
are listed for all three materials in Table 5. 1In Table 5, a question
mark is used to denote a value that is suggested by experimental evidence,
but is not yet established.

Some of the entries in Table 5 should be particularly interesting to
theorists doing future band calculations of copper, silver, and gold. A
point of interest not emphasized before is that the mass ratio at the L
point in copper is very different from the mass ratio at the L point in

silver, as indicated in Section 2 of Table 5.
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VIII. THE CUPROUS HALIDES1

A study of photoemission from the cuprous halides has been carried
out in an attempt to shed light upon the role that the copper d-band plays
in the energy band structure of the cuprous halides. Because copper and
bromine are isoelectronic with germanium, there have been several attempts
[Refs. 28 and 68] to identify peaks in the reflectivity spectrum of CuBr
and the other cuprous halides with direct transitions between symmetry
points in a germanium-like lattice. However, the photoemission studies
presented in this chapter indicate that the copper d band lies only a few
eV below the top of the valence band, and that certain major peaks in the
reflectivity spectrum are due to transitions from the copper d band.

Thus, the photoemission studies imply that the energy band structure of

the cuprous halides cannot be obtained by simple modification of a germa-
nium band structure, and that future band calculations of the cuprous halides
must include the presence of the copper d levels in the valence band.

To provide a more coherent picture for the reader, an outline of the
historical background involving the study of the cuprous halides and a
tabulation of some of the pertinent physical properties will be presented

as a prelude to the discussion of the photoemission data.

A. HISTORICAL BACKGROUND, SOME PHYSICAL PROPERTIES, AND A BONDING

MODEL FOR THE CUPROUS HALIDES.

Table 6 lists some of the important properties of the cﬁprous halides.
We note from Table 6 that at atmospheric pressure, the cuprous halides
crystallize in the zincblende (diamond) structure. Since well known
covalent materials such as Si and Ge also crystallize in the diamond struc-
ture, one might suspect that the bonding between the copper and halogen
atoms in the cuprous halides is largely covalent. However, the relative
ionicity (as determined by the Szigetti formula from the restrahlen fre-
quency and the atomic masses) is very high for the cuprous halides. On

the Szigetti scale, zero indicates a completely covalent bond, and 1.0

1Certain aspects of the work presented in this chapter have been reported
upon earlier by Krolikowski and Spicer [Refs. 81-83].
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TABLE 6. SOME PROPERTIES OF THE CUPROUS HALIDES.

. . Crystal structure?
Outer Electron Relative Latt i
Cuprous § o rati Tonieityl 2% 1 (Atmospheric Pressure) Sublimation
Halide guration onicity Constant Tomperature Temperature
of Molecule (szigetti) (zns) 4 P -7
Phase (°k) (prgssure <1 %10 ' torr)
104 6.~ 7 < 680
cuct (3a )Y (3p") 0.84 5.407 & 8 680 to melting 550°K
o -
10,4+, , 6y- 7 < 664
CuBr (3¢"7) " (4p") 0.79 5.681 A B 664 to 743 550°K
o 743 to melting
10,4, 6y~ v < 643
cul (3a ) (5p") - 6.047 A 8 643 to 703 660°K
[o 703 to melting
lhet. 69
2Ref. 68

3
Present work

4
7 = zincblende

B = Wurtzite
a = Statistical bec

indicates a completely ionic bond. From Table 6, we see that the ionicity
of CuCl is 0.84, and that the ionicity of CuBr is 0.79; from such an ion-
icity scale, it would appear that the cuprous halides are as ionic as the
alkali halides. However, ionic compounds are usually characterized by
solubility in water, a NaCl crystal structure, and a large (~ 6 eV) en-
ergy gap. The cuprous halides are only slightly soluble in water, have

‘a ZnS crystal structure, and have a relatively small (~ 3 eV) energy gap.
Thus, the cuprous halides seem to be intermediate compounds, in that they
possess some of the properties of both covalent and ionic materials.

(See Ref. 69 for a more complete discussion of these properties.)

10, 1
The outer electron configuration of the cuprous halides is 3d "4s™,

and the outer electron configuration of bromine is 4sz4p5. Since the one-
electron ionization energy of the 452 electrons in the bromine atom is
24.5 eV [Ref. 84], it is 1likely that the 4s electrons of the halogen are
too deep in the core to be involved in the valence bonding. If cuprous
bromide is indeed ionic, as the Szigetti formula would have us believe,
then the copper 4s electron must be tightly bound to the halogen atom,

and the outer electron configuration of the CuBr "molecule'" can be written

10+ 6\ - .
(3d77) (4p ), as done in Table 6 for CuBr and the other cuprous halides.
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According to the Unsold theorem [Ref. 84], both the copper (3d10)+ ion
and the halide (4p6)— ion would be spherically symmetric, and the physi-
cal configuration of the electron clouds would show no tendency to
crystallize in a particular crystal structure.

The cuprous halides exhibit many of the properties of covalent mate-
rials, indicating that there must be a covalent bond between the copper
atom and the halide atom. A possible explanation for the covalent bond-
ing would be that there exists a considerable amounf of p-d overlap be-
tween the copper d-levels and the halogen p-levels. Thus, it does not
seem too unreasonable to speculate that the simultaneous ionic and

covalent nature of the cuprous halides is due to the following phenomena:

(1) The copper 4s electron is tightly bound to the halide atom.
(2) There is strong p-d mixing between the copper d levels and the

halogen p levels.

The nature of the bonding described by these speculations is illus-

trated in Fig. 105 for the case of cuprous bromide. It is to be noted

Cu(3d'H?*

Cu(3d9?

p-d BONDING \____ Cu(3dl°)+

FIG. 105. PROPOSED MODEL OF THE CHEMICAL BONDING FOR
THE ZINC SULFIDE PHASE OF CUPROUS BROMIDE.

that the radius of the bromine ion is drawn to be considerably larger

than the radius of the copper ion. This has been done in accordance with
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the Goldschmidt radii shown in Table 7 which have qualitative significance

in the case of highly ionic materials.

TABLE 7. GOLDSCHMIDT'S IONIC RADII (A) [REF. 29]

Ion Radius
cut 0.53
c1 1.81
Br 1.96
1 2.20

Because of the spherical symmetry of the copper and halide ions, and
because of the consequent lack of a preferred bonding direction, it might
be expected that the cuprous halides could crystallize in several differ-
ent crystal structures. This is indeed the case, as can be seen from
Table 6. For example, CuBr has three phases: =zincblende, hexagonal, and
a complex body-centered cubic. Because covalent compounds tend to have
the zincblende structure, and because ionic compounds tend to have the
NaCl structure, it is tempting to speculate that the zincblende phase is
dominated by the covalent p-d bonding, and that the bcc phase is dominated
by the electrostatic interaction between the copper ions and the halide
ions.

As seen from Table 6, the cuprous halides sublime at rather low
temperatures for pressures less than 1 X 10‘—7 torr. Unfortunately, high
vacuum conditions are essential for good photoemission studies of the
cuprous halides, and at such low pressures, the cuprous halides tend to
sublime before making the phase change from zincblende to hexagonal.
Consequently, almost all of the photoemission data presented in this
chapter is from the zincblende phase, and only a few attempts have been
made to study the hexagonal phase.

X-ray powder patterns of evaporated films of CuBr show that the
evaporated films consist of CuBr in the zincblende structure. This
crystalline structure in the films indicates that the cuprous halides
sublime in the form of Cu+(halide)_ molecules, and do not dissociate.
Apparently, this type of sublimation is due to the ionic nature of the

cuprous halides, since it is well known that covalent compounds tend to
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dissociate upon sublimation, whereas ionic compounds tend to sublime as
molecules.

Historically, the "unusual' nature of the energy gaps of the cuprous
halides was first emphasized by Herman [Ref. 79] in his early "Speculations
on the Energy Band Structure of Zinc-Blende-Type Crystals.” Herman pro-
posed that the energy gaps of horizontal sequences of zincblende-type

semiconductors should be given by

(E_) = (8,) +an? (8.1)

polar nonpolar

In Eq. (8.1), (E is the energy gap of the corresponding iso-

g)nonpolar
electronic semiconductor in the fourth column of the periodic table, (a)
is a constant for each isoelectronic sequence, and A =1 for the III-V
compounds, A = 2 for the II-VI compounds, and A = 3 for the I-VII
compounds. For the diagonal sequences in the periodic table, Herman

proposed that

(E ) = (E ) +bA (8.2)

polar g nonpolar

where (b) is a constant for each diagonal sequence. For the convenience
of the reader, the portion of the periodic table pertinent to the present

discussion is shown in Table 8.

TABLE 8. A PORTION OF THE PERIODIC TABLE

I II 111 IV v VI VII VIII
A113 Sil4 P15 Sl6 Cl17 Ar18

Cu29 Zn30 Ga31 Ge32 A533 Se34 Br35 Kr36
Ag47 Cd48 In49 Sn50 Sb51 Te52 I53 Xe54

As can be seen from Figs, 106 and 107, Herman's scheme is remarkably
accurate in accounting for the energy gaps of the III-V and the II-VI
compounds of both the horizontal and the diagonal sequences. However, as
Herman pointed out, Figs. 106 and 107 show that the energy gaps of the

cuprous halides do not follow the systematics of the other zincblende-type
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semiconductors, indicating that the cuprous halides might be different in
some significant way from the rest of the zincblende-type compounds listed
in Figs. 106 and 107.

As a possible explanation for this break in systematics, Herman and
McClure [Ref. 67 ] proposed that the cuprous halides were very different
from the III-V and the II-VI zincblende-type compounds in that the 3d
electrons of the copper atom were involved in the valence band structure
of the cuprous halides. Herman and McClure [Ref. 67] proposed the fol-

lowing energy band scheme to explain the optical spectrum of the cuprous

halides:

With the aid of crystal field theory and energy band theory, we
have interpreted the optical absorption spectra of CuCl, CuBr,
and Cul. According to our interpretation, the weak absorption
peak in the spectra of each of these compounds lying at about

3 eV is due to a 3dl0 to 3d? 4s transition within the Cu* ion;
the strong absorption peak occurring in CuCl at 6.5 eV, in
CuBr at 5.6 eV, and in Cul at 4.9 eV is due to the transfer of
an electron from the halide to the Cu ion. 1In the language of
energy band theory, the lowest conduction band and the highest
valence band arise from the 4s and 3d states of the Ccu' ion,
respectively, while the next lowest valence band arises from
the 3p C17, 4p Br , and 5p I~ states. There are two forbidden
bands, one between the 4s and 3d Cu" bands, and another be-
tween the 3d Cut and the p halide bands; the optical energy gap
is determined by the width of the former. It is now clear that
our previous inability to reconcile the optical gap of CuBr
with those of the other members of the isoelectronic sequence
Ge-~GaAs-ZnSe-CuBr results from the reversal in order of the
cation 3d and anion 4p bands. (In Ge, GaAs, and AnSe, the 3d
bands of Ge, Ga, and Zn appear to lie below the 4p bands of Ge,
As, and Se.)

Thus, Herman and McClure [Ref. 67] suggested that the copper 3d band lies
above the halogen p bands in the cuprous halides.

However, optical studies by Coehlo [Ref, 69] and by Cardona [Ref. 68 ]
seem to identify the top of the valence band with the halogen p bands,
and not with the copper d levels. As shown in Figs. 108 and 109 for the
case of CuBr, the band edge absorption spectrum of the cuprous halides
shows pronounced exciton structure. Cardona [Ref. 68 ] explained this

excitonic structure in the following manner:

237 SEL~-67-039



N (]

ABSORPTION COEFFICIENT a(w) [em™']
(@)

OPTICAL DENSITY

H

X

o‘l
Y

This exciton spectrum can be interpreted along the same lines
as the absorption edge of other materials with wurtzite and
zincblende structures. The strength of the exciton spectrum
suggests direct allowed transitions which, by analogy with.
the other zincblende and wurtzite materials, should occur at
k = 0. The top of the valence band (I'j5) is triply de-
generate without spin-orbit interaction in the zincblende
structure. This degeneracy is reduced by spin-orbit splitting
to a doubly degenerate state (FS) and a singlet (FG). The
I's doublet gives the z1,2 peak whose degeneracy is lifted
in strained samples.

(4°K)

3 FIG. 108, EXCITON SPECTRUM OF
CUPROUS BROMIDE [Ref. 68].
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z, [Ref. 69].
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Cardona pointed out a c¢lose correlation between the spin-orbit splitting

between the Z1 9 and the Z3 peaks and the halogen spin-orbit splitting,
?

as can be seen from Table 9. Note, however, that the experimental split-
tings are somewhat smaller than the halogen splittings. This phenomenon

was explained by Cardona [Ret. 68] in the following manner:

The experimental splittings are considerably smaller than the
halogen splittings; therefore, the valence band wavefunctions
at k = 0 must, in the tight-binding approximation, be found
from:halogen wavefunctions with a large proportion of metal
wavefunctions

TABLE 9. EXCITON SPLITTINGS FOR THE CUPROUS AND SILVER
HALIDES COMPARED TO THE HALOGEN SPIN-ORBIT SPLITTING

[REF. 68]
Energy difference One-electron
Metal between exciton peaks spin-orbit splitting Halogen
Halide for the silver and copper parameters for the g
halides (eV) halogens (eV)
CuCl 0.07 0.11 Ccl
CuBr 0.15 0.45 Br
Cul 0,64
0.94 I
Agl 0.84

Thus Cardona identified the top of the valence band as being derived
mainly from the halogen states, but also pointed out that there is prob-
ably strong mixing between the copper d-levels and the halogen p levels.
Nevertheless, because the high energy optical spectrum of the cuprous
halides bears some resemblance to the spectra of Ge, Si, and other zinc-
blende semiconductors, Cardona interpreted the spectra of the cuprous
halides along the same lines as the other zincblende compounds. Thus,
Cardona associated structure in the optical spectrum of the cuprous halides
in the region of photon energies between 4 and 10 eV with direct trans-
itions between symmetry points in a germanium-like lattice.

In the manner of Cardona, J. C. Phillips [Ref. 28] also associated peaks

in the optical spectra between 4 and 10 eV with direct transitions
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between symmetry points in a germanium-like lattice, and wrote that: "A
wide range of experimental data now indicates that wuv structure depends
primarily upon crystal structure and only secondarily upon atomic com-
position . . ."

The photoemission data to be presented in this chapter indicate that
the copper d band lies only a few eV below the halogen p bands, and that
some of the major peaks in the optical spectrum of the cuprous halides
are due to transitions from the copper d bands. Thus, the findings of
the present photoemission studies show that Phillips' statement (above)
does not apply to the cuprous halides, since the copper d bands account
for some of the more important features of the optical spectrum. Since
photoemission studies show that the copper d bands lie below the halogen
p bands, the results of the present photoemission studies are consistent
with the conclusions of Cardona [Ref. 68], who identified the copper part

of the valence band with the halogen p levels.

B. PHOTOEMISSION AND OPTICAL STUDIES OF CUPROUS IODIDE

High vacuum photoelectric yield and energy distribution measurements
have been made on three of the cuprous halides: CuCl, CuBr, and Cul.
However, only the data on Cul have been analyzed in the manner of the
quantitative analysis carried out on copper, silver, and gold because
much of the data on the cuprous halides was taken in 1964 and in 1965,
when the quantum yield could not be accurately measured in our laboratory.
Thus, even though excellent EDCs had been measured for all three cuprous
halides, the quantum yield data were not reliable enough to warrant a self-
consistent quantitative analysis of the photoemission and optical data.
When Koyama's quantum yield calibrations became available, the measure-
ments on Cul were repeated, and reliable quantum yield was obtained for
Cul. Since CuCl, CuBr, and Cul have similar optical and photoemission
properties, the detailed analysis performed on Cul has been used to serve

as a guide in analyzing the photoemission data from CuCl and CuBr.

1. The Optical Density of States for Cuprous Iodide

The optical density of states that has been deduced from photo-

emission and optical studies using a self-consistent analysis similar to
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the analysis described in Table 1 is shown in Fig. 110. The shaded area
of the minor peak labeled (:) was not included in the self-consistent
analysis, because peak (:) appeared to have the nature of a direct trans-
ition, which cannot be accounted for by an analysis based upon nondirect
transitions. The locations and the approximate relative heights1 of the
peaks (except peak (:)) were deduced directly from the experimental
photoemission data in the following manner: The vacuum level of Cul is
typically about 6.0 eV above the top of the valence band, and at photon
energies between 10.5 and 11.8 eV, the shape of the of the experimental
EDCs bears a very close resemblance to the valence band density of states
in Fig. 110, with peak (:) being much larger than either peak (:) or

peak (:). The relative strength of peak (:), compared with peaks (:)

and (:), tends to identify peak (:) with the copper 3d bands, and peaks
(:) and (:) with the halogen p bands. The energy location of peaks <:),
(:), and (:) were determined quite accurately from the photoemission data.
Having made the identification of peak (:) with the copper d bands and
peaks (:) and (:) with the halogen p bands, the relative heights of peaks
(:), (:), and (:) were adjusted so that the ratio of the area under peak
(:) to the sum of the areas under pesaks (:) and (:) was %? , equal to the
ratio of the number of 3d electrons (10) to the number of 4p electrons (6).
The energy gap was estimated from the optical data of Coehlo [Ref. 69]
and Cardona [Ref. 68], and the conduction band peaks labeled (:), (:),
and (:) were located directly from the photoemission data.

The locations of the peaks labeled (:), (:), (:),><:>, (:),
and (:) in Fig. 110 have been deduced directly from the experimental
photoemission data, and the uncertainty in the locations of these peaks
is typically about 0.1 eV. The relative strengths of these peaks have
been adjusted so as to give good overall agreement with the photoemission
and optical data. However, the existence of peak (:) in the conduction
band has not been observed directly by photoemission experiments; the
relative strength and the location of peak (:) have been postulated in

order to account for the major structure in the optical spectrum of Cul.

1The entire conduction band optical density of states can be scaled by
a single constant factor without affecting the results of the analysis,
just as in the case of the analysis carried out on Cu, Ag, and Au,.
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In the range of photon energies between 4 and 8 eV, there are three major
peaks in the optical spectrum of Cul, and the energy separation of these
peaks corresponds very closely to the energy separation between peaks (:),
(:), and (:) in the valence band. Because of this remarkably close cor-
respondence, it seems reasonable to assume that the three peaks in the
optical spectrum are due to transitions from the three valence band peaks
(:), (:), and (:) to the same final state in the conduction band. Fol-
lowing this reasoning, peak (:) was located at an energy of about 3.1 eV
above the top of the valence band.

As will be shown later in this chapter, a detailed nondirect
transition calculation of ez(w) from the optical density of states of
Fig. 110 accounts remarkably well for the location of the structure in
the optical spectrum of Cul, thereby justifying the location of peak (:)
in the conduction band. However, to account properly for the strength
of the peak in ez(w) due to optical transition from peak (:) to peak (:),
the probability for this transition had to be assumed to be about one-
third as strong as the probability for the rest of the optical trans-
itions. The relatively smaller matrix element for the (:) ~ (:) trans-
ition suggests that this transition might be dominated by direct
transitions, and not by the total density of states, for the following
reasons: If the d bands are quite flat over the entire Brillouin zone,
and if the high density of states at peak (:) is derived largely from
"flat" bands that extend only over a portion of the Brillouin zone, and
if direct transitions govern the optical absorption process near the band
edge, then only a fraction of the total number of d electrons in the
valence band can make transitions to the bands of peak (:), and a reduced
matrix element would result. However, if the d bands are quite flat, the
wavefunctions describing the initial state of the electron have a distinct
atomic character. Thus, it may be that atomic selection rules are more
significant than "k-conservation" in determining the matrix element for
the transition (:) - (:), and that the reduced matrix element for this
transition is due to the effect of atomic selection rules.

Because of the fact that Eil of the photoemission and optical
data cannot be accounted for quantitatively by the assumption of constant

matrix elements, there is some uncertainty in the relative peak heights
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in the optical density of states of Fig. 110, especially in the strength
of peak (:). However, an analysis based upon nondirect transitions and
the optical density of states is able to account quite well for the bulk
of the optical data, indicating that there is some real significance to
the relative peak heights in Fig, 110,

The rest of the discussion to be presented on Cul in this chap-
ter will be centered about the experimental data from which the optical
density of states of Fig. 110 has been deduced, and the computer calcu-
lations of the quantum yield, the EDCs, ez(w), and L(E) that are based
upon the optical density of states. The computer calculations have been
carried out by use of the optical density of states of Fig. 110 and the
model of nondirect transitions. The computer calculations use the

equations described in Table 1 with the following exceptions:

(1) The hot electron group velocity vg has been assumed to be
constant, independent of energy because the conduction band of
Cul is by no means free-electron-like; consequently, the free
electron group velocity used in the analysis of Cu, Ag, and Au
is inappropriate for Cul. Since no experimental or theoretical
information is available on the energy dependence of the group
velocity in the conduction band of Cul, there was no choice but

to assume that vg = constant.

(2) The threshold function T(E) was assumed to have approximately
the form of a step-function, as shown in Fig. 111. The shape
of the threshold function was dictated by the shape of the EDCs,
and the limiting value of 0.5 has the physical meaning that an
electron photoexcited at depth x from the surface must have a
velocity component directed toward the surface if the electron
is to have a chance of being photoexcited into the vacuum,

Thus, the step-like threshold function is based on the assump-
tion that any electron excited to an energy E above the vacuum
level can escape if the electron can reach the surface before
suffering an inelastic electron-electron collision and that

electron-phonon collisions are improbable.
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To account for the effects of electron-electron scattering, it
has been assumed that the electrons photoexcited to energy E at depth
x from the surface have a spherical velocity distribution, and the
electron-electron scattering analysis has been carried out by use of the
same basic equations used to calculate L(E) for Cu, Ag, and Au, except
that v _ = constant, and Tf(E) is replaced in the equation by the
T(E)1 of Fig. 111. Of course, in order to conserve energy, no inelastic
electron-electron collisions are possible in Cul at energies between the
bottom of the conduction band and E = 2Eg = (2)(2.9 eV) = 5.8 eV above
the top of the valence band., Only unscattered electrons were included in
the calculations of the quantum yield and the EDCs, since the experi-
mental EDCs did not show evidence of a significant number of secondary

(scattered) electrons.

06

05— e e e

T(E)

04

03~

02

THRESHOLD FUNCTION

ol

0 ! ! 1 ! L
5.0 60 70 80 20 10.0 1o 120
ENERGY ABOVE TOP OF THE VALENCE BAND (eV)

FIG. 111. THRESHOLD FUNCTION FOR CUPROUS IODIDE.

lReplacing Tf(E) by the T(E) of Fig. 111 has the physical meaning of
setting the escape cone equal to almost 90° for any energy E more than
about 1 eV above the vacuum level.
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2, Optical Data for Cuprous Iodide

Using the experimental methods described in Chapter II, the
reflectivity of Cul was measured in the range of photon energies between
3 and 21.2 eV. Very good agreement was found between the high vacuum
data and the windowless data, indicating that the reflectivity of Cul is
quite insensitive to brief exposure to air. The experimental reflectivity
data are compared with the data of Cardona [Ref. 68] in Fig, 112, where
the agreement is seen to be quite good with regard to the location of
structure. Note, however, that the magnitude of the reflectivity ob-
tained in the present work is somewhat higher than the magnitude obtained
by Cardona. At photon energies lower than 3 eV, new reflectivity mea-
surements were not made, since the reflectivity data tabulated in Gmelin's
Handbook seemed to match fairly well with the data of the present work.

The absorption coefficient ¢(w) and the imaginary part of the
dielectric constant éz(w) were calculated from the reflectivity data,
by use of the Kramers-Kronig analysis computer program written by Shay
[Ref. 17]. For use in the computer program, the reflectivity data below
3 eV were taken from Gmelin; above 3 eV, the reflectivity data were taken
from the curve labeled "present work'" in Fig. 112.

The absorption coefficient «(w) obtained from the Kramers-
Kronig analysis is compared in Fig. 113 to the results of the direct
measurements of Cardona [Ref. 68], which were deduced from transmission
measurements through thin films. The agreement with regard to location
of structure is quite good, and the agreement with regard to magnitude is
good, except for the magnitude of the absorption peak at about 7.9 eV.
Note that at 80°K, Cardona's data resolve some fine splitting in the
absorption peak at 6.2 eV, and make evident a distinct shoulder at about
7.2 eV. Due to the uncertainties in the reflectivity data below 3 eV,
there is considerable uncertainty in the calculated absorption coefficient
at energies below about 3 eV, as can be seen from the fact that the
absorption coefficient is finite at photon energies smaller than the
energy of the energy gap.

The "experimental' ez(w) that is calculated from the reflec-
tivity data is shown in Fig. 114, where it is compared with the ez(w)
that is calculated from the optical density of states of Fig. 110. Only
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the shape of ez(w) can be calculated from the optical density of states,
and the "optical density of states" ez(w) has been fitted to the
"experimental® ez(w) at 4.6 eV. Because of the uncertainty in the
reflectivity data below 3 eV, there is considerable uncertainty in the
"experimental" ez(w) at photon energies less than 3 eV.

As seen from Fig. 114, there is excellent agreement between the
"calculated" and the "experimental" ez(w) with regard to the location
of both major structure and detailed structure in the range of photon
energies between 3 and 12 eV. One interesting feature in the "experi-

mental" Gz(w) is that there is a peak at 7.6 eV, and a shoulder at
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about 7.1 eV. 1In the calculated curve, the shoulder at 7.1 eV is not
clearly evident, but decomposition of the calculated curve (as seen in
Fig. 114) shows that the calculated peak at 7.5 eV is really composed of
two distinct peaks: One peak is due to thé transition (:) - (:), and
the other peak is due to the transition (:) - (:), where the notation is
appropriate to the peaks in Fig, 110. Because of the relative strengths
of peaks (:) and (:), the transition (:)<a (:) probably contributes
strongly to the experimental shoulder at 7.1 eV, and the transition
(:) d (:) has been associated1 with the experimental peak at 7.6 eV. By
such decomposition (easily done with a computer) details in the structure
of ez(w) can be identified with transitions between certain peaks in
the optical density of states of Fig. 110. The energies of the structure
in the optical spectrum of Cul and the identification of this structure
with peaks in the optical density of states are tabulated in Section E
of this chapter, along with similar tabulations for CuCl and CuBr.

In calcﬁlating € from the optical density of states, it has
|2

been assumed that IM14]2 = 1/3 where is the square of the

g
momentum matrix element joining peak (:) to peak (:). The quantity
fMijlz gives the relative probability of transition between states i
and j, and for all the other transitions, it has been assumed that
'Mijlz = 1, according to the model of direct transitions. Figure 115
shows that the transition (:) - (:) is much too strong [compared with
the "experimental” €2(w)] if ’Ml4fz =1,

Because of the relative variation in the magnitudes involved,
significant structdre is sometimes more evident in the quantity
wzez(w) = wr(w) than in the quantity ez(w). In addition, the quantity
wo(w) is significant in that it is proportional to the total number of
possible transitions in the model of nondirect transitions, and peaks in

wc(w) tend to signify the onset of strong transitions at frequency w.

1However, there is some uncertainty in these assignments, because the
calculated quantum yield tends to be in better agreement with the experi-
mental quantum yield if the strength of the - (:) transition was
increased, and the strength of the (:) - (:) transition decreased even
lower than ]M14|2 = 1/3. Thus the assignments describing the shoulder
at 7.1 eV and the peak at 7.6 eV might be reversed.
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FIG. 115, EFFECT OF THE MATRIX
ELEMENT |M14]/2 ON eg(w)
FOR CUPROUS IODIDE,

€5 (w) [RELATIVE UNITS]

PHOTON ENERGY (eV)

Consequently, the "calculated" wo(w) and the "experimental' wo(w)

are compared in Fig., 116, 1In Fig., 116, the arrows pointing downward
signify the location of structure in the "experimental" wo(w) and
arrowsg pointing up signify the location of structure in the "calculated"
wo( w).

In Fig. 117, the absorption coefficient of Agl is compared
with the absorption coefficient of Cul. The remarkable similarity be-
tween the absorption coefficients of Agl and Cul indicates that the energy
band structures of AgI and Cul are quite similar, with the location of
the Ag d bands in Agl corresponding closely to the location of the Cu
d bands in Cul. Both Cul and Agl have a zincblende crystal structure.

3. The Quantum Yield for Cuprous Jodide

The experimental and calculated quantum yields of Cul are com-
pared in Fig. 118. The calculated quantum yield includes the effects of
the electron-electron scattering length (Fig. 125). The agreement be-
tween the experimental and the calculated curves is quite good, and the
calculated curve is seen to reproduce the major features of the experi-
mental curve quite well, The most striking features of the quantum yield
are the dip at about 9.8 eV, and the strong rise between 10 and 11 eV.

The dip in the yield is caused by the strong transition (:) - (:), since
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The values of ez(w) are the same as in Fig. 114.

the final state (E) is located just below the vacuum level. The strong
rise between 10 and 11 eV is caused by the onset of photoemission from
valence band peak (:), which has been associated with the copper 3 d band.

Note that the calculated yield between 6.5 and 8 eV is some-
what lower than the experimental yield. As discussed in the previous
section, the agreement between the calculated and the experimental yield
would be better in this range of photon energies if the matrix element
for the transition (:) - (:) was increased, and the matrix element for
the transition (:) = (:) made even smaller than the value of one-third
used in the present calculation.

The overall uncertainty in the experimental quantum yield is
estimated to be about *30 percent. This rather large uncertainty is due
almost entirely to the uncertainty in the transmission of the LiF window.

The transmission of the LiF window apparently changed during the course
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of the experiment, and the transmission used in calculating the quantum
yield was taken to be the average of the LiF transmissions measured before
and after the photoemission experiment. The *30 percent uncertainty in
shape is gradual over the range of photon energies between 6 and 12 eV,
and does not significantly affect the major features of the quantum yield
in Fig. 118,

4, Photoelectric Energy Distribution Curves from Cuprous Iodide

The experimental EDCs normalized to the quantum yield of Fig.
118 are plotted in Figs. 119a through 119y. These experimental EDCs
were obtained from Cul films prepared and measured at a vacuum of
2 X 10_9 torr, using the photoemission chamber described in Chapter II.
In Figs. 119a through 119x, the experimental EDCs are compared with the
EDCs calculated from the optical density of states of Fig. 110, using
the threshold function of Fig. 111. The calculated EDCs are consistent
with the calculated quantum yield in Fig. 118 and the calculated electron-
electron scattering length (Fig. 125).

Except for the difference in magnitude for photon energies be-
tween 6.7 and 8 eV, Fig. 119 shows that there is very good agreement
between the experimental EDCs and the calculated EDCs with regard to both
shape and magnitude over the entire range of photon energies between 6.7
and 11.6 eV. This very good agreement attests to the validity of the
optical density of states of Fig. 110, and to the application of the model
of nondirect transitions to Cul. Note, however, that the agreement be-
tween the calculated EDCs and the experimental EDCs is not quite as good
as the agreement obtained for copper, perhaps due to the matrix element
variations that seem to exist in Cul.

The apparent coarseness of the calculated EDCs is due to the
fact that the resolution of the computer program was only 0.1 eV. How-
ever the 0.1 eV resolution seems to adequately display the major features
of the calculated curve, and the uncertainty in the input parameters to
the computer calculation does not seem to warrant the use of resolution
finer than 0.1 eV.

Figures 119p through 119y show the onset of photoemission from

valence band peak (:) at photon energies greater than 10 eV. Because of
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the great strength of photoemission from valence band peak (:) compared
with the photoemission from valence band peaks (:) and (:), valence band
peak (:) has been associated with the copper 3d band, and valence band
peaks (:) and (:) have been associated with the halogen 4p bands.

Even though valence band peak <:> is about equal in height to
valence band peak (:) in the optical density of states of Fig, 110, the
photoemission pegks originating from valence band peak (:) are smaller
than the photoemission peaks originating from valence band peak (:) at
photon energies greater than about 9.8 eV, This effect is due to modu-
lation by the shape of the conduction band and to variations in the
magnitude of the electron-electron scattering length L(E).

The modulation of the EDCs due to peak <:) in the conduction
band optical density of states has a rather pronounced effect upon the
shape of many of the EDCs in Figs. 119. However, due to the rather com-
plicated structure in the valence band density of states, the exact loca-
tion of peak (:) is not obvious in most of the experimental EDCs. However,
the location of peak <:> is clearly resolved at photon energies in the
vicinity of 9.5 eV, as seen in Figs. 119m and 119n.

From the shape of the experimental EDCs in Figs. 119 near the
vacuum level, there is a strong suggestion of a high density of states
peak in the conduction band somewhere in the vicinity of the vacuum level.
However, the threshold function obscures the exact location of the con-
duction band peak. Fortunately, the vacuum level was only about 5.0 eV
in one sample of Cul, and the location of the conduction band peak became
evident, as seen from the EDCs in Figs. 120 and 121. The EDCs of Figs.
120 and 121 provide direct experimental evidence for the conduction band
peak labeled (:) in the optical density of states of Fig. 110. However,
even with the low vacuum level shown in Figs. 120 and 121, the exact loca-
tion of conduction band peak <:) is slightly obscured by the modulation
of the threshold function. Consequently, peak (:) has been located at
6.1 eV above the top of the valence band in the optical density of states
of Fig. 110, rather than 6.2 eV as might be expected from the location of
the arrows in Figs. 120 and 121.

The EDCs from several different samples of Cul are compared in

Fig. 122 for a photon energy of 10.4 eV. The shapes of the EDCs for all
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emitted electrons measured from the top of the valence band.

three samples are remarkably alike with respect to detailed structure,
except for the fact that one sample has a vacuum level of about 5.0 eV,
whereas the other two samples have a vacuum level of about 6.0 eV.

The sample dated 9-26-65 in Fig. 122 has essentially the same
shaped structure as the other two samples in Fig. 122. However, when the
sample was freshly evaporated, the structure was not as sharp, as seen
from the comparison shown in Fig. 123, The EDC from the freshly evaporated
sample has much broader structure than the EDC measured on the same sample
two weeks later. A possible explanation would be that the freshly evapo-
rated film was amorphous, and that the two-week interval between measure-
ments allowed enough time for small crystallites to grow in the film. The
sharp-structured EDC dated 9-26-65 would then be associated with the poly-
crystalline film, and the broad structured EDC dated 9-12-65 would be
associated with the amorphous film. If this explanation is correct, then

it is likely that the sharp structure in the optical data of Cul is also
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dependent upon the existence of crystalline order. However, the extent
of the crystalline order necessary for sharp optical structure cannot be
easily inferred from only the data of Fig. 123, and it may be that only
nearest neighbor crystalline order is necessary for the existence of
sharp structure in the EDCs and the optical spectrum of Cul.

Sometimes (as in the case of CuI), modulation due to structure
in the conduction band makes interpretation of the EDCs quite confusing,
and it is often helpful to use an Ep vs hv plot to aid in analyzing the
experimental EDCs. Such a plot is shown in Fig. 124 for Cul. Note that
the photoémission peaks due to valence band peaks (:), (:), and (:) tend
to follow the law AEp = Ahv, i.e., the transitions are largely described
by the model of nondirect transitions. Note also the severe modulation
effects of conduction band peaks (:) and (:) upon the location of peaks

and shoulders in the experimental EDCs. As seen in Fig. 124, a peak in
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conduction band density of states tends to result in a fixed peak in the
EDCs. Apparently, the modulation effects of conduction band peak <:)

seem to affect transitions from valence band peak (:) more severely than
transitions from valence band peak <:); the transitions from valence hand
peak <:) follow the law AE = Ahy more closely than the transitions from
valence band peak (:). It may be that a portion of the transitions with
initial states in the vicinity of peak (:) and final states in the vicinity
of peak (:) have a considerable direct component, and are not solely non-
direct transitions. In addition, the effects of group velocity and scat-
tering may also be important [Ref. 23]. Thus, it is somewhat difficult to

distinguish between direct and nondirect transitions in this rather
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complicated case of severe conduction band modulation. Nevertheless, the
nondirect model does seem to account for the bulk of the photoemission
and optical data.

An Ep vs hy plot such as 'shown in Fig. 124 can be used to
locate the position of structure in the conduction band and valence band.
Peaks due to conduction band structure tend to stay fixed in energy,
peaks due to nondirect transitions from the valence band follow the law
AEp = Ahv, and peaks due to direct transitions follow some intermediate
curve where AEp % constant and AEp % ANhy, If the distorting effects
of conduction band modulation and electron-electron scattering are neg-
lected, the location of a valence band peak involved in nondirect tran-
sitions can be found by merely extrapolating the 45° AEp = Ahy 1lines
back to zero photon energy, and reading the intercept on the E axis.

As seen from Fig. 124, conduction band peak (:) seems to
modulate the experimental EDCs in a rather strange manner, indicating that
there may be direct transitions between initial states near the top of
the valence band to final states in the vicinity of peak (:). For this
reason, peak (:) was not included in the computer analysis, which can

account for only nondirect transitions,

5. The Electron-Electron Scattering Length L(E) for Cuprous Iodide

The electron-electron scattering length L(E) calculated from
the optical density of states of Fig. 110 is shown in Fig. 125. Although
there are no experimental electron-electron scattering length data on
Cul, Pong [Ref. 71] has fortunately made experimental measurements on
CuBr. Since the photoemission experiments of the present work indicate
that CuBr is very similar to Cul, the magnitude of the calculated L(E)
for Cul was set by normalizing the calculated curve to agree with Pong's
experimental data for CuBr in the range of energies between 10 and 11 eV.
The magnitude of the resulting L(E) curve for Cul is apparently not too
far from being correct, since the magnitude of L(E) helps to determiné
the magnitudes of the calculated quantum yield and EDCs, and the magnitudes
of the calculated quantum yield and EDCs are in rather good agreement with
the experimental photoemission data.

Note that the L(E) curve for Cul does not monotonically de-

crease with increasing energy as do the L(E) curves for Cu, Ag, and Au.
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As a consequence of the sharp structure in the optical density of states
of Fig. 110, the L(E) curve for Cul has significant structure in the
range of energies between 8 and 12 eV.

As seen in Fig. 125, L (10.5 eV) is about a factor of three
lower than L (9.5 eV). Since this decrease in L(E) occurs at about
10 eV, one might suspect that it is this decrease in L(E) that causes
the dip in the quantum yield of Fig. 118, However, this is not the case,
since at a photon energy of 10 eV, very few electrons are excited to
energies in the vicinity of 10 eV, as can be seen from the experimental
EDCs of Figs. 119.

At emergies less than 2Eg = 5.8 eV, there can be no inelastic
electron-electron scattering if energy is to be conserved, so for

E < 5.8 eV, L(E) = .
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6. The Location of the Fermi Level in Cuprous Iodide

If the work function of the metal surface coating the collector
can is known, the fermi level at the surface of a semiconducting photo-
emitter can be deduced from the zero of energy in the photoelectric EDCs.
The manner in which this is done is obvious from the diagrams of Fig. 126,
where V is the retarding potential between the emitter and the collector

R
and ¢C is the contact potential between the emitter and the collector.

’

In the photoemission measurements carried out on Cul in the high
vacuum photoemission chamber, the value of the collector work function was
always well known, since two experiments were made on each pumpdown, the
first experiment always being made on either Cu, Ag, or Au films which
were evaporated inside the collector can in the manner described in
Chapter 1II. From the first experiment on the metal substrate, the value
of the collector can work function could be determined to within about
+0.15 eV.

The three sets of data shown in Fig. 126 give values of 0.7,
0.8, and 1.0 eV for the energy of the fermi level above the top of the
valence band. Since these values are all nearly the same, it seems reason-
able to conclude that the fermi level at the surface of an evaporated film
of Cul is typically about 0.8 eV above the top of the valence band. Since
the (optical) energy gap of Cul is about 2.8 eV, it appears that the Cul
film is p-type neér the surface.

In all of the photoemission analyses presented thus far in this
chapter, it has been tacitly assumed that there are no severe band-bending
effects within an absorption length of the surface. Band-bending near
the surface can have a significant effect upon the interpretation of the
photoelectric EDCs, but band-bending can be accounted for if such factors
as the bulk doping and thé nafure of the surface states are well under-
stood.1 Since no such information is presently available for the cuprous
halides, the possible effects of band-bending will not be considered in

the analysis of photoemission from the cuprous halides.

lFor an example in which band-bending effects are considered in analyzing

photoemission data, see Ref. 80,
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However, it seems likely that there are no severe band-bending
effects near the surface of Cul, since the optical density of states de-
duced from the photoemission data accounts strikingly well for the detailed
structure in the high energy optical data, which is independent of any

band-bending effects.

7. Comparison with Energy-Band Calculations

Although no energy band calculations are presently available

for the cuprous halides, energy band calculations do exist [Refs. 72, 73

? b

and 78] for AgBr and AgCl, which are not too different from the cuprous
halides. Since at least some qualitative insight might result from a
comparison of these theoretical calculations with the photoemission
results from the cuprous halides, the optical density of states for Cul
is compared to Scop's [Ref. 72} APW energy band calculation for AgBr in
Fig. 127. 1In Fig. 127, the valence band of Scop's AgBr calculation has
been linearly stretched (by about 50 percent) so that the valence band
width of the AgBr equdls the experimental valence band width of Cul. The
theoretical conduction band for AgBr has not been altered, except for a
bodily shift of the entire conduction band relative to the top of the
valence band.

A comparison of Cul with AgBr may at first seem to be un-
warranted, for several reasons: (1) AgBr has a NaCl crystal structure
whereas Cul has a ZnS crystal structure; (2) the metal and halogen atoms
are different in the two materials. However, there is some justification
Ain comparison, since the experimental photoemission data presented in
this chapter show that CuCl, CuBr, and Cul have quite similar optical
densities of states, indicating that the different halogen atoms do not
have drastically different effects on the energy band structure of the
cuprous halides. 1In addition, there is a close similarity between the
absorption coefficients of Agl (ZnS lattice) and Cul (Zns lattice), as
shown in Fig. 117. This close similarity suggests that the silver and
copper atoms act in similar ways in the cuprous halides and the silver
halides. To complete the analogy between the cuprous halides and the
silver halides, it would be desirable to compare experimental EDCs from
the cuprous halides with experimental photoelectric EDCs from the silver

halides. Peterson [Ref. 77 ] has obtained EDCs for AgBr and AgCl.

SEL-67-039 278




| W

e Jd 0 - 10
s v i e
/ 49
4
w- 8
= T u
I O VS BSRSE ® < £
e - :
_______ ® < 2k
\‘ Js
i
:
-}- 4
- b Y s R I
- 2

o
ENERGY (eV)

[ -4 0
W)
As
—~ -} -1
L\ L of \ A 2
i
W3 Xy Y 4~ ~3 g‘k -3
Uz Ly 8
M T T T =
Ay e
W Xs [V Tz v
M Us _ ] 4, Ll ] -5
Wy "3 u |_3
Ug As
L — -6 —~ -6
VX U L T 17
ADJUSTED BAND STRUCTURE OF SILVER BROMIDE Cul
SCOP, [REF. 72-73] - -8

1 i 1 1 i i 1 i -9
9 8 7 € 5 4 3 2 1 0
OPTICAL DENSITY OF STATES MI(E)

[ARBITRARY UNITS]

FIG. 127. COMPARISON OF OPTICAL DENSITY OF STATES FOR
CUPROUS IODIDE WITH ADJUSTED BAND STRUCTURE OF SILVER
BROMIDE. Scop's [Ref. 72,73] calculated valence band-
width of 4.0 eV has been linearly scaled by about 50
percent to agree with the valence bandwidth of cuprous
iodide.

279 SEL-67-039



Unfortunately, Peterson's experimental data suffer from problems of
possible surface contamination,1 and cannot be considered as definitive
at this time.

In Fig. 127, a remarkable similarity exists between the adjusted
band structure of Cul and the optical density of states of AgBr, in that
there is a close correspondence between the peaks in Cul and "flat" bands
in AgBr.

In the valence band, the most significant feature is the agree-
ment between the location of the silver 4d bands and the location of Cul
peak (:), which has been associated with the copper 3d bands. The Cul
peak (:) seems to correspond to the flat bands designated Zl, and to the

flat bands along the Xé - U, face. The Cul peak (:) seems to be

associated with states near lPls, which are derived largely from the
halogen 4p wavefunctions.

In the conduction band, the correspondence between Cul and AgBr
is quite striking. As seen in Fig. 126, the conduction band of AgBr is
actually composed of two conduction bands: The lower conduction band is
derived largely from the silver 5s wavefunctions, and the upper conduction
band is derived largely from the halogen 4d wavefunctions.2 Cuprous iodide
peak (:) corresponds closely to the flat bands at Xl’ Cul peak (:)
corresponds to bands at the top of the lower conduction band, Cul peak (:)
corresponds to the bands at the bottom of the upper conduction band, and
Cul "peak" (:) corresponds to bands near the top of the second conduction
band.

1In Peterson's [Ref. 77] own words "...No special precautions with the
surface were taken in sample preparation ...," and "...The bulk of
external photoelectrons were found to emerge with a uniform distribution
in energy between 0 and 2 eV for all incident energies,..with the ex-
ception of a small tail which moves in proportion to increasing incident
energy... ." The photoemission characteristics described above by
Peterson are often called "universal curves," because such character-
istics are found in the photoemission data of many different types of
materials, if the material is contaminated or has a poorly prepared
surface. '

2As discussed earlier, the character of the atomic wavefunctions from
which the states are derived may be significant in determining the
matrix element for the transition -
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Note that in the energy band calculation of AgBr, the top of the
valence band is not at I', but at L. Bassani et al [Ref. 78] and Scop
[Ref. 72] have pointed out that this effect is due to strong p-d mixing,
and both authors have emphasized that there is strong covalent bonding
between the silver d-wavefunctions and the halogen p-wavefunctions.

This result is consistent with the results of the photoemission data, which
are remarkably similar for CuCl, CuBr, and Cul; this similarity in the
photoemission data of the cuprous halides indicates that the structure in
the halogen bands is not determined primarily by the spin-orbit splitting,
which is quite different for the different halogens. This covalent bonding
in the silver halides also tends to substantiate the bonding scheme pro-
posed for the cuprous halides earlier in this chapter.

Scop [Ref. 72] finds that for AgBr, the spin-orbit splitting

at is 0.58 eV, slightly more than the free ion value. However, Scop

T
15

finds that the spin-orbit splitting at L is less than 0.1 eV, due to

the strong p-d mixing near the top of thesvalence band.

Note in Fig. 127 that there is an arrow suggesting that the
X1 point should be somewhat closer to the bottom of the conduction band
in an iodine compound than in a bromine compound. As will be pointed out
later in this chapter, the X1 point in Scop's AgBr conduction band is
closer to the bottom of the conduction band than is the X1 point in
Scop's AgCl calculations; this trend seems to correspond to the trend

in the location of peak (:) in the cuprous halides.

cC. PHOTOEMISSION STUDIES OF CUPROUS BROMIDE

As discussed earlier in this chapter, excellent photoelectric EDCs
have been obtained for CuBr, but reliable quantum yield data corresponding
to these EDCs could not be obtained due to the lack of an accurate cali-
bration standard. However, the significant features of the quantum yield
for CuBr can be obtained by noting the features common to a number of
different sets of quantum yield data. Several sets of quantum yield data
for CuBr are shown in Fig. 128; the feature common to all the sets of
data is a dip af about 10 eV, followed by a rise at about 11 eV. Just as
in the case of Cul, the dip is due to strong transitions from initial

states in the copper d band to final states below the vacuum level,
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FIG. 128. PHOTOELECTRIC YIELD FOR CUPROUS BROMIDE.

and the rise is due to the onset of photoemissions from the copper
d band.

Although there is considerable uncertainty in the overall shapes of
the yield curves of Fig. 128, the relative uncertainty is likely to be
much smaller over small intervals in photon energy. Consequently, the
normalized EDCs for values of hy within about an eV of each other
should give reliable information. In each of Figs. 129a through 129g,
the EDCs are presented for a small enough range in energy so that the
relative magnitudes of the EDCs are significant.

As seen in Fig. 129, the EDCs for CuBr have essentially the same

features as the EDCs from Cul. 1In fact, the structure in the optical
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FIG. 129. ENERGY DISTRIBUTION CURVES FOR CUPROUS BROMIDE.
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FIG. 129. CONTINUED.

density of states of CuBr is found to correspond with the structure in
the optical density of states of Cul. From Fig. 129, we see that the
magnitudes of the EDCs tend to be large near the vacuum level, indicating
a high density of states in the conduction band in the vicinify of the
vacuum level. Unfortunately, the threshold function masks the exact
location of this peak, which corresponds to peak (:) in the conduction band
of Cul. The location of peak (:) in CuBr has been estimated to be at about
5.9 eV; this value is justified by the fact that it is consistent not only
with the experimental EDCs, but also with the optical data and the dip in
the photoelectric yield.1

From the EDCs of Fig. 129, we see that there are three peaks that
tend to follow the nondirect transition law AEp = Ahy, The location and
size of these three peaks correspond very closely to the location and size

of the three peaks seen in the EDCs for Cul, indicating that the valence

1The dip in yield is caused by the transition (:) - (:).
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band of AgBr is very similar to the valence band of Cul. Just as in Cul,
the photoemission from the deepest of the three valence band peaks, in-
dicating that in CuBr the deepest peak should be associated with the
copper 3d bands, and that the other two peaks should be associated with
the bromine 4p bands.

The locations of the conduction band peaks in CuBr that correspond
to conduction band peaks (:) and (:) in Cul are identified somewhat more
clearly in Figs. 130 and 131 than in Fig. 129. The fixed peak at about
7.3 eV in Fig. 130 locates conduction band peak (:), and the fixed peak
at about 8.65 eV in Fig. 131 locates conduction band peak (:).

901eV T SAMPLE OF 3/11/65
5_
8.79eV

o
z 4
puo
>
% 3 9.0leV
—
@ 8.79
@
<z
Cd
— 2—
[FE}
®

NOTE: CURVES NOT NORMALIZED

1. | L | 1 |
6.0 6.5 70 75 80 8.5 9.0 9.5

ENERGY ABOVE TOP OF VALENCE BAND (eV)

FIG. 130. ENERGY DISTRIBUTION CURVES FOR CUPROUS BROMIDE
INDICATING STRUCTURE IN THE CONDUCTION BAND,

An Ep vs hy plot for CuBr is shown in Fig. 132. 1In Fig. 132, the
45° 1line (AEp = Ahv) identifies the valence band peaks that obey the
law of nondirect transitions, and the horizontal lines identify the
location of fixéd structure in the conduction band. Just as in the case
of Cul, it appears that the‘conduction band structure modulates the

transitions from valence band peak (:) more severely than the transitions
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FIG. 131. ENERGY DISTRIBUTION CURVES FOR CUPROUS
BROMIDE INDICATING STRUCTURE IN THE CONDUCTION
BAND.

from valence band peak (:), indicating that a portion of the transitions
from states near the top of the valence band are direct transitions, and
not nondirect transitions. The optical density of states for CuBr that
has been deduced from experimental photoemission and optical data is
sketched in Fig. 133. In Fig. 133, the peaks (1), (@), (), (6), and (7)
have been located directly from the photoemission data. As discussed
earlier, the location of peak (:) is strongly suggested by the experi-
mental EDCs, and is consistent with structure in the optical data and

the dip in the quantum yield. Just as in the case of Cul, the separation
between the three major peaks in the optical data is the same as the
separation between valence band peaks (:), (:), and (:), indicating that
the three peaks in the optical data are due to transitions between the
three valence band. peaks and a single final state in the conduction band.
The location of this final state is easily deduced from the optical data

and the location of the valence band peaks, and is found to be about 4.0 eV
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FIG. 132. AEp vs Ahy PLOT FOR CUPROUS BROMIDE.

above the top of the valence band. This final state is labeled state (:)
in Fig. 133.

Having identified peak (:) with the copper 3d band and peaks (:)
and (:) with the bromine 4p bands, the relative heights of beaks (:), (:),
and <:) were adjusted so that the area under peak (:) was 10/6 times the
total area under peaks (:) and (:), just as in the case of Cul. The
relative peak heights in the conduction band were adjusted by analogy with
the conduction band of Cul.

Note that there is a one-to-one correspondence between the structure
in the optical density of states of CuBr (Fig. 133) and the structure in
the optical density of states of Cul (Fig. 110). However, there are
some small (but perhaps significant) differences in the locations of
certain peaks. ‘These differences will be discussed in more detail in

Section E of this chapter.
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Cardona's [Ref. 68 | experimental data for the reflectivity and the
absorption coefficient of CuBr are shown in Figs. 134 and 135; the arrows
pointing downward indicate the location of experimental structure, and
the arrows pointing upward correspond to the energy differences between
valence band peaks and conduction band peaks in the optical density of
states of Fig. 133. The three heavy arrows pointing upward indicate the
energies of transitions to the final state (:), and it is seen that the
energies of these heavy arrows correspond quite closely to the major
structure labeled (B), (C), and (E) in Fig. 134. Except perhaps for the
"predicted"” peak at about 7.2 eV, there is very good correspondence be-
tween the structure in the experimental reflectivity, and the structure
expected from the optical density of states of Fig. 133.

In Fig. 134, there is a rise in

the experimental reflectivity at 7.2

eV, and it appears that this rise
corresponds to the "predicted" peak
at 7.2 eV. Much clear experimental
verification of the "predicted"
peak is evident in the 80°K absorp-
tion curve shown in Fig. 135, where
a distinct shoulder is seen to ap-
pear in the experimental data at
exactly 7.2 eV,

A more complete identification

REFLECTIVITY R{w} [PERCENT ]

of the optical structure of CuBr

will be presented in Section E of
this chapter. HE
The optical density of states

10 1 i i 1 i

of CuBr is compared with Scop's ad- POTON ENnggw

justed band calculation of AgBr in

FIG. 134. REFLECTIVITY R(w) FOR
CUPROUS BROMIDE, FROM CARDONA

ture of AgBr shown in Fig. 136 is [REF. 68].

Fig. 136. The adjusted band struc-

identical to the adjusted band
structure presented earlier in Fig. 127, except that the energy gap is

slightly different. Just as in the case of Cul, there is a surprising
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correspondence between the peaks in the optical density of states of CuBr
and the "flat" bands in the AgBr band diagram. Since the detailed corres-
pondence pointed out earlier for the

(x10%) comparison between Cul and AgBr also

2L applies to the comparison between
CuBr and AgBr, the reader is referred
to the earlier section on Cul for a
detailed discussion of the relation-
ship between the peaks in the optical
density of states of CuBr and the
"flat" bands in AgBr.

As discussed earlier in this

chapter, the cuprous halides transform

ABSORPTION COEFFICIENT & (w){em™)

L from the zincblende phase into the

i é é % é é 0 wurtzite phase at elevated temper-

PHOTON ENERGY (eV)

atures, It was also pointed out that

FIG. 135, ABSORPTION COEFFICIENT the phase charge was difficult to
a(w) FOR CUPROUS BROMIDE, FROM

CARDONA [REF. 68]. study under high vacuum conditions,

because the cuprous halides tend to

sublime at temperatures below the transition temperature. However, in the
process of sublimating cuprous halide powders from a quartz boat onto a
metal substrate, the color of the cuprous halide powder tends to change
from white to yellow,1 indicating that under high vacuum, at.least a
partial phase change may take place at temperatures lower than the tran-
sition temperatures listed in Table 6.

No serious attempt was made to study these phase changes during the
course of this investigation,2 but a few EDCs were obtained from CuBr

at elevated temperatures when the effects of annealing were being studied.

1This is especially true for Cul.

2Photoemission measurements can be readily made over the range of temper-
atures between 80°K and about 800°K using the photoemission chamber
described in Chapter II, due to the limitations of time, nearly all of
the photoemission data were taken at room temperature, and no effort was
made to study photoemission as a function of temperature, even though
the facility for making measurements at different temperatures was
available during every photoemission experiment.
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FIG, 136. COMPARISON OF OPTICAL DENSITY OF STATES FOR CUPROUS
BROMIDE WITH ADJUSTED BAND STRUCTURE OF SILVER BROMIDE.
Scop's calculated valence bandwidth of 4.0 eV has been
linearly scaled by 50 percent to agree with the valence
bandwidth of cuprous bromide.

These EDCs are shown in Pigs. 137 and 138. At about 150°C, the photo-
emission peak originating from valence band peak (:) seems to merge with
the photoemission peak originating from valence band peak (:), indicating
that a phase change has taken place, and that the structure in the
valence band of CuBr is sensitive to this change. This sensitivity to
phase change implies that the detailed structure in the valence band of

CuBr is quite sensitive to the nature of the crystal symmetry.
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Although providing only very incomplete data, the EDCs of Figs. 137
and 138 indicate that phase changes in the cuprous halides can be studied
by photoemission techniques, and that the photoemission data are sensitive
to these changes. Consequently, it appears that photoemission studies
can be a useful probe for obtaining information about the differences in
the energy level structure of the zincblende and wurtzite phases of the
cuprous halides. Such information might be very valuable to theorists

doing future energy band calculations of the cuprous halides.

D. PHOTOEMISSION STUDIES OF CUPROUS CHLORIDE

Good EDCs have been obtained for CuCl, but there is some uncertainty
in the quantum yield corresponding to these EDCs, because of the lack of
an accurate calibration standard at the time the data were taken. What
are probably the most reliable relative yield data taken for CuCl are
shown in Fig. 139, where it is seen that the yield curve has the same

characteristic features as the yield

curves for Cul and CuBr. The char- 100
acteristic dip at about 10 eV is due
to transitions from the copper d
band to states below the vacuum
level, and the characteristic rise
at about 11 eV is due to the onset
of photoemission from the copper d

band.

Because there is considerable

DATA OF 10/18/65
g RELATIVE YIELD CALIBRATED
VS SODIUM SALYCILATE,
CORRECTED FOR LiF WINDOW,
NOT CORRECTED FOR REFLECTIVITY

uncertainty in the overall yield

RELATIVE PHOTOELECTRIC YIELD

curve, the EDCs corresponding to
the yield of Fig. 139 have been 102
normalized to the relative yield

only over small intervals in pho-

3 3
ton energy, just as was done for 0 o 60 70 80 90 100 10 120
CuBr. These EDCs for CuCl are PHOTON ENERGY (eV)
shown in Figs. i40a through 140h; FIG. 139. RELATIVE PHOTOELECTRIC

D R CUPROUS CHLORIDE.
in each of these, the relative YIELD FO ous

magnitudes of the EDCs are significant.
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As seen from the EDCs of Fig. 140 and the Ep vs hy plot in Fig. 141,
the valence band of CuCl is quite similar to the valence bands of Cul and
CuBr, except that the structure isg not as "sharp." The 45° lines in
Fig. 141 indicate that there are three peaks in the valence band of CuCl,
all of which tend to follow the law of nondirect transitions, where
AEp = Ohv., Just as in Cul and CuBr, photoemission from the deepest
valence band peak is stronger than photoemission from the other two
valence band peaks; thus, the deepest lying valence band peak has been
identified with the copper d band, and the other two peaks have been iden-
tified with the halogen p bands.

Figure 140 and the Ep vs hy plot of Fig. 141 show that valence band
peak (:) is not clearly identified in the photoemission data until the
peak is about 3 eV above the vacuum level (5.3 eV). Also, in the range
of photon energies between 7.5 and about 9.8 eV, the Ep vs hy plot

identifies only one peak, which does not follow the law AEp = Ahv.

105 -

100 |

95

90 -

85 - e

5+ s

(ENERGY OF A PEAK, IN eV ABOVE TOP OF VALENCE BAND)
N

6.5 7 o

&
N
(6]

: |
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FIG. 141. AEp vs Lhy PLOT FOR CUPROUS CHLORIDE.
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Interpreted in terms of nondirect transitions,l this experimental evidence
suggests the existence of a broad "peak" in the conduction band density
of states between 5.5 and 7.5 eV above the top of the valence band. The
shapes of the EDCs of Fig. 140 near the vacuum level suggest (although
rather vaguely) structure in the conduction band at about 5.8 eV. 1In
addition, the rise and fall of the height of the EDCs of Figs. 140c¢ and
140d indicate additional conduction band structure at about 6.8 eV. By
analogy with Cul and CuBr, the tentative structure at 5.8 eV has been
labeled "peak" (:), and the tentative structure at 6.8 eV has been
labeled '"peak"” (:).

The optical density of states deduced from the photoemission and
optical data of CuCl is shown in Fig. 142. 1In the valence band, peaks (:),
(:), and (:) have been located by the experimental photoemission data,
and the relative heights have been adjusted by association of peak (:)
with the copper 3d band (containing 10 electrons), and by association of
peaks <:> and (:) with the chlorine 3p bands (containing 6 electrons).
The broad peak in the conduction band with labels (:) and (:) on the
"corners" has been sketched in accordance with the previous discussion
of the experimental photoemission data.

The location of peak (:) in the conduction band of CuCl has been
estimated by relating structure in the optical density of states of
Fig. 142 to structure in the reflectivity and absorption spectra shown
in Figs. 143 and 144. »

As seen from a comparison of Figs. 143 and 144 with the valence band
of Fig. 142, the energy separations of the major peaks in the optical
spectrum of CuCl gg not correspond to the energy separation between the
peaks in the valence band, as was the case for Cul and CuBr. However,
the "broadness" of the peaks in the optical density of states of CuCl
provides a "natural" explanation for this apparent discrepancy, as can be

seen from the following explanations.

1An alternative explanation might be direct transitions, or matrix
element variation between initial states in the vicinity of valence
band peak and final states in the region between 5.5 and 7.5 eV
above the top of the valence band. From the available data, it is
difficult to distinguish between the several possible types of
transitions. Whatever the cause, there is evidence of broad structure
in the conduction band between 5.5 and 7.5 eV.
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FIG. 143. REFLECTIVITY FOR CUPROUS CHLORIDE [Ref. 68].
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The difference in energy between the peaks labeled and @ in
the experimental reflectivity is about 3.9 eV, and the energy difference
between peaks (:) and (:) in the optical density of states is about 3.8 eV.
Thus (neglecting for the moment valence band peak (:)), let us assume that
reflectivity peaks and @ are due to transitions from valence band
peaks (:) and (:) to the same final state in the conduction band; this
locates conduction band peak (:) at about 4.65 eV above the top of the
valence band, as shown in the optical density of states of Fig. 142,

Let us now compare the structure in the reflectivity spectrum of
Fig. 143 with the structure that would be predicted from the energy dif-
ferences between the valence band peaks and conduction band peaks in the
optical density of states of Fig. 142, The arrows pointing upward in
Fig. 143 indicate the locations of structure pfedicted from the optical
density of states of Fig. 142, The heavy arrows locate expected strong
structure. The arrows pointing downward in Figs. 143 and 144 locate
structure in the experimental optical data. As shown in Fig. 143, the
"predicted" peaks at 6.1 and 9.9 eV agree quite closely with the experi-
mental reflectivity, thereby verifying the arbitrary location of peak (:)
in the conduction band optical density of states. 1In addition, there is
a predicted strong peak at 8.4 eV, corresponding very closely to the broad
peak in the experimental reflectivity at 8,3 eV. This predicted peak at
8.4 eV is due to the strong coupling expected between the "center of gravity"
of the broad valence band structure between peaks (:) and (:), and the
"center of gravity" of the band structure between conduction band peaks
(:) and (:). Thus, the existence of a broad conduction band structure
in CuCl seems to explain in a very "natural way the broad reflection
peak labeled (:) in Fig. 143. Because of the relative strengths involved,
this "center of gravity" coupling would be expected to be much stronger
than the (:)-» (:) transition, which is the transition that accounts for
peak (C) in the reflectivity of Cul and CuBr.

The two weak peaks predicted at about 7.3 eV in Fig. 143 are due to
the transitions (:) - (:) and (:) - (:), and seem to correspond to a rise
in the experimental reflectivity; however, a rise in the experimental .
reflectivity is not sufficiently strong experimental evidence to conclude

that the predicted transitions are in agreement with experiment.

SEL-67-039 304




; s

Fortunately, Cardona [Ref. 68] has measured the absorption coefficient of
CuCl at 80°K, and a distinct shoulder appears in these data at about

7.5 eV, as shown in Fig. 144. This shoulder corresponds quite closely to
the predicted transition at about 7.3 eV. Thus, we see that the optical
density of states of Fig. 142 does indeed account quite well for the
experimental optical data of CuCl. The energies of the optical structures
of CuCl and the identifications of this structure are tabulated in
Section E of this chapter.

The optical density of states of CuCl is compared with Scop's [Refs.
72 and 73] theoretical energy band calculation of AgCl in Fig. 145,

Scop's calculated valence bandwidth for AgCl is about 3.8 eV, and the
optical density of states valence bandwidth for CuCl is about 6.5 eV,
Thus, Scop's valence band for AgCl has been linearly stretched by about
70 percent in order to agree with the bandwidth of CuCl; the resulting
"adjusted" valence band 1s shown in Fig. 145. Scop's conduction band
for AgCl has not been altered, except for a bodily shift resulting in a
change in the energy gap.

As seen from Fig. 145, there is a surprising correspondence between
the peaks in the optical density of states of CuCl and "flat" bands in
the adjusted band structure of AgCl. The most significant correspondence
is that the "flat" bands derived largely from the silver 4d wavefunction
correspond closely to peak (i), which has been associated with the copper
d bands. In addition, the broad structure between peaks (:) and (:)
correspond to the CuCl bands between the top of the valence band and 3 eV
below the top of the valence band; since the theoretical bands in this
region are largely derived from the chlorine 3p wavefunctions,1 this
correspondence tends to support the hypothesis that peaks (:) and (:) in
the optical density of states are to be associated with the chlorine 3p
bands.

In the conduction band; peak (:) seems to correspond to the X1
point, peak (:) seems to correspond to the top of the lower conduction
band, and peak (:) seems to correspond to the bottom of the lower con-

duction band.2 "A point of interest is that the X1 point in the band

1With considerable p-d mixing, as pointed out by Scop,

2It should be noted that Scop did not calculate the bands along the zone
faces.
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calculation of AgCl is further from the bottom of the conduction band than
in the band calculation of AgBr. As can be seen from the optical densities
of states for CuCl, CuBr, and Cul, this trend in the location of the Xl
point corresponds to an apparent trend in the location of peak (:) in the

optical density of states of the cuprous halides.

E. A COMPARISON OF CuCl, CuBr, AND Cul

As seen from the discussions of experimental data in this chapter,
the location of structure in the optical density of states is very much
the same for CuCl, CuBr, and Cul. For the convenience of the reader, the
location of this structure is tabulated in Table 10. All of the peaks
in Table 10 except peak (:) have been deduced directly from photoemission
data; for all three cuprous halides, the location of peak (:) was chosen
to obtain agreement with the optical data,

We have seen that the rather complex structure in the optical spec-
trum away from the band edge can be accounted for rather well in terms
of the optical density of states. Table 11 lists the energies of struc-
ture in the optical data and the identification of this structure in terms
of initial and final states in the optical density of states. The reader
will note that in addition to accounting for all of the experimental
gstructure that has been measured to date, Table 11 predicts structure in
the cuprous halides at photon energies where experimental data has not
yvet been taken.

As discussed earlier in this chapter, Cardona [Ref. 68] has associated
the major structure in the cuprous halides with direct transitions between
symmetry points in a germanium-like lattice. Because of the importance of
the copper d band in the optical spectra of the cuprous halides and because
of the success of the nondirect model in accounting for both the photo-
emission and the optical data, Cardona's assignments must be considered
to be quite erroneous. ;

In addition, the appearance of the copper d band in the photoemission
and the optical data indicates that for the zincblende cuprous halides,
the atomic natu}e of the constituent atoms is of primary importance, and
that the crystal structure is of secondary importance. The above statement

is in direct contradiction to J. C. Phillips [Ref. 28] who stated that
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TABLE

10.

LOCATION OF STRUCTURE IN THE ENERGY BANDS OF
THE CUPROUS HALIDES!

Peak
Number CuCl CuBr Ccul
s @ (-)5.25 +0.2 (-)a.7 (-)4.35
g
m
§ ® (-)2.65 (-)2.5 (-)2.9
[0]
3
B (-)1.45 +0.2 (-)1.2 (-)1.65
<:> (+)4.65 (+)a.0 (+)3.2
(Estimated) (Estimated) (Estimated)
©
=1
[
A o (+)5.9 +0.1
o ® 5.8 2 (Estimated) (+)6.1 -0.3
7 3
ol ® +6.8 o (+)7.3 (+)7.4
C m
i
3 0.1
+0.
® N (+)8.7 (+)9.7 -0.3

1All values are in electron volts, and all uncertainties are estimated to

be +0.1 eV, except where noted. The notation identifying the peaks is
the same as that used in Figs. 110, 133, and 142, The zero of energy
is at the top of the valence band.

", ..A wide range of experimental data now indicates that uv structure
depends primarily upon crystal structure and only secondarily on atomic
composition... ." Because of the appearance of the copper d band in the
experimental photoemission data, it must be concluded that Phillips'
statement is erroneous, at least when applied to materials such as the
cuprous halides.

The location of structure in the cuprous halides is pictured dia-
grammatically in Fig. 146 for the purpose of detecting any trends that
might exist due to differences in the halogen atoms, Since the location
of the first exciton peak is about 3 eV for all three cuprous halides, the
direct gap has been estimated to be about 3 eV for all three cuprous

halides. The absorption edge in Fig. 146 has been estimated from the
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absorption data of Cardona [Ref. 68] and Coehlo [Ref. 69]. However, no
good band edge data has yet been made on the cuprous halides, and the
existence of an indirect gap is a distinct possibility.

As seen from Fig. 146, there are no strong systematic trends in the
location of peaks (:), (:), (:), and (:). However, systematic trends are
apparent for peaks (:) and (:).

(1) The Cu d band peak labeled (:) is deepest in the valence band
for CuCl, and shallowest for Cul.

(2) Peak (:) is closest to the bottom of the conduction band in
Cul, and furthest from the bottom of the conduction band in
CuCl. This trend corresponds to the trend in the location of
the X1 point in Scop's band calculations of the silver

halides, as can be seen in Figs. 136 and 145.

One of the most important results deduced from the photoemission data
presented in this chapter is the identification of the copper 3d band.
In the photoelectric EDCs from all three cuprous halides, the strength
of the photoemission peaks due to transitions from valence band peak (:)
is much stronger than the photoemission peaks due to transitions from
valence band pesaks (:) and (:); because of the relative difference in
strength, valence band peak (:) has been associated with the copper 3d
band, and valence band peaks (:) and (:) have been associated with the
halogen p bands. Comparison of the cuprous halide opticalvdensities
of states with Scop's theoretical energy band calculations for AgBr and
AgCl tends to confirm these peak associations, as seen in Figs. 136 and 145.
However, Scop has pointed out that there is considerable p-d mixing in
the silver halide valence bands; as discussed earlier in this chapter, it
is also likely that there is strong p-d mixing in the valence bands of
the cuprous halides. 1In accordance with the discussion above, we might

suggest the following wavefunction identifications in the cuprous halides:

(1) Energy bands in the vicinity of valence band peak (:) are derived

largeiy from the copper d wavefunctions.
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TABLE 11. EXPERIMENTAL OPTICAL DATA AND IDENTIFICATION OF
STRUCTURE FOR THE CUPROUS HALIDES!

Structure .in
Optical Data

CuCl

CuBr

W

Energy of first

N 3.24 2.98 3.05
exciton peak
Absorption edge
(estimated) 3.15 2.8 2.9
Experimental - - 3.7 (uwg)
<:) Calculated - - -
Initial state - - -
Final state - - -
Experimental 6.1 (R) 5.6 (R) 4.8 (wo)
Calculated 6.1 (d) 5.4 (d) 4.8 (wo)

Major
Peak

Initial state

Final state

®
®

®
@

®
®

Experimental

(:) Calculated
Major
Peak Initial state

Final state

8.3 (R)
8.35 8.45

(@) (a)
® &
® ©®

6.65 (R)

7.0 (d)

®
®

5.9 (wo)

5.8 (wo)

®
®

Experimenfal

@ Calculated

Initial state

Final state

7.5 (o)
(shoulder)

7.35

@ (@
® @
@ ©

7.2 (@)
(shoulder)

7.2 (d)

®
®

7.1 (eq).
(shoulder)

7.6 (e2)
(peak)

®
®

Experimental

QZD Calculated

Initial state

Final state

8.2 (R)
(shoulder)

4 8.5
)

)

~~00
Qu

—~~
Q,

| @@
@@

8.7 (wa)
(shoulder)

9.0 (w) 9.0 (d)
(peak) (weak)

® 6
® 6
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ajor
Peak Final state

Initial state

©)
®

<:> 1
@

TABLE 11. CONTINUED.
Structure in
Optical Data CuCl CuBr Cul
Experimental 10.0 (o) 8.9 (R) 7.7 (uwr)
@ Calculated 9.9 (d) 8.7 (d) 7.7 (wo)

Experimental

(:) Calculated

Initial state

Final state

Not
Observed

9.45 (d)
(weak)

®
®

9.5 to 10.0
(vague shoulder)

9.8 (d)

®
®

Experimental

(:) Calculated

Initial state

Final state

No date

11.0 (d)

@
®

No data

10.6 (d)

O,
®

10.8 (uo)
(Broad peak)

10.5 10.5

(va) (wo)
o
® ©

®

Experimental
Calculated
Initial state

Final state

No data
12.0 (d)

®
®©

No data
12.0 (d)

®
©®©

*

11.75 (d)

®
©®

1The experimental data are taken from Cardona [Ref. 68], Coehlo [Ref. 69],

and the present work. The energies of the initial and the final states
involved in the optical transitions are given in Table 10. The notation
(@, , @, etc.) identifying the experimental structure is the same
as that used in Figs. 114, 115, 116, 134, 135, 143, and 144. Transitions
to the minor peak are not included in this table. The notation
identifying the type of optical data is as follows:

R = from reflectivity

wr = from wo(w)
€9 = from ego(w)
O = from absorption coefficient

d = energy difference between structure in the valence band and
structure in the conduction band.

*There is evidence of a small peak in the experimental reflectivity data
at 11.75 eV. However, not enough data points were taken in this region
to definitively say that the peak was experimentally observed.
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FIG. 146. LOCATION OF STRUCTURE IN THE ENERGY BANDS OF THE
CUPROUS HALIDES. The labels (D), @), ®), @, &), ().
and denote structure that has been deduced from the
present work, The direct gap has been taken to be equal
to the energy of the first exciton peak (see also
Tables 10 and 11.
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(2) Energy bands in the vicinity of valence band peak (:) are
derived largely from the halogen p wavefunction, but with con-

siderable p-d mixing.

(3) Energy bands in the vicinity of valence band peak (:) are
derived largely from the halogen p wavefunctions, but with a

small amount of p-d mixing.

As discussed earlier in this chapter, Cardona [Ref. 68] found a close
correspondence between the experimental exciton splittings and the one-
electron spin orbit splittings of the halogen atom. However, the observed
splittings were somewhat smaller than the halogen splittings, and Cardona
attributed this effect to strong p-d mixing. Because of the correspondence
between the observed splittings and the halogen splittings, Cardona
azsociated the top of the valence band with the halogen p levels. This
conclusion is consistent with the findings of the photoemission studies
presented in this chapter.

As seen in Fig. 147 and in Table 10, the experimental splitting be-
tween peaks (:) and (:) in the optical density of states is roughly
1.0 eV for all three cuprous halides, indicating that the overall width
of the halogen p bands is EEE due primarily to the spin-orbit splitting.1
However, there does exist a trend in the manner in which peaks (:) and
(:) appear in the EDCs, as seen in Fig. 147: Peaks (:) and (:) are
"sharpest! in Cul, and "least sharp" in CuCl. Multiplying the spin-orbit
splittings of Table 9 by 3/2 to obtain the splittings expected in a zinc-
blende 1attice,2 we obtain spin-orbit splittings of 1.4 eV for Cul, 0.68
for CuBr, and 0.17 for CuCl. Note that there is a close correspondence
between these spin-orbit splittings and the "sharpness" of peaks (:) and
(:) in the experimental EDCs of Fig. 147. A possible explanation for the

relative "sharpness!" of peaks 2 and 3 might be as follows:

1All of the discussion in this chapter has tacitly assumed that one elec-

tron absorbs all the energy of a single photon, and that no energy is
given to the lattice. However, there is a distinct possibility that some
energy does to to the lattice in ionic materials.

2See Cardona [Ref. 68],
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FIG. 147. COMPARISON OF EXPERIMENTAL ENERGY DISTRIBUTION
CURVES FOR CUPROUS CHLORIDE, CUPROUS BROMIDE, AND
CUPROUS IODIDE,

(1) The 1.4 eV spin-orbit splitting of I significantly reenforces
the "sharpness" of the "natural" 1.2 eV gplitting of the va-
lence band structure in Cul; |

(2) The 0.68 eV splitting of Br reenforces the '"natural® 1.3 eV
splitting in CuBr, but to a lesser extent than in Cul;

(3) The 0.17 eV gplitting in CuCl has little effect upon the "nat-

ural®™ 1.2 eV splitting in CuCl, which has broan structure.

As seen from the Ep vs hv plots for CuCl and CuBr and from the
success of the quantitative non-direct transition analysis done in Cul,
the model of non-direct transitions seems to explain fhe bulk of the
optical and photoemission data for the cuprous halides. However, as
pointed out earlier in this chapter, certain features of the experimental
photoemission and optical data do not follow the model of non-direct
transitions, indicating the distinct possibility of matrix element varia-

tion and/or direct transitions in the cuprous halides.
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As seen in the Ep vs Hv plots for CuCl, CuBr, and Cul, the tran-
sitions from valence band peak 2 tend to follow the model of non-direct
transitions much more closely than the transitions from valence band
peak (:). Since peak (:) is probably made up of mostly p-like wave-
functions, and since peak (:) probably has considerably more p-d mixing
than peak (:), one might deduce that the "direct"1 transitions from bands
in the vicinity of peak (:) are transitions from p-like wavefunctions,
and that the more non-direct nature of the bands constituting peak (:) is
due to the greater p-d mixing. This association of p-like wavefunc-
tions with "direct" transitions and d-like wavefunctions with non-direct
transitions in consistent with the similar associations made with the
wavefunctions of Cu, Ag, and Au, as discussed earlier in Chapters IV, V,
and VI,

As a concluding remark, it should be pointed out that the experi-
mental results and the interpretations made in this chapter should be of
considerable interest to theorists making future energy band calculations
of the cuprous halides.2 In addition, it is hoped that the new informa-
tion presented in this chapter will help lead to a better understanding

of the "intermediate" nature of the zincblende cuprous halides.

1A better description might be “unexplained."

ZF. Herman is presently engaged in calculating the energy band structure
of the cuprous halides (private communication).
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IX. PHOTOEMISSION STUDIES OF CESIUM CHLORIDE,
CESIUM BROMIDE, CESIUM IODIDE, AND POTASSIUM IODIDE

Quantum yield and energy distribution measurements have been made
from films of CsCl, CsBr, CsI, and KI prepared and tested in vacuum of
typically 2 X 10_9 torr. These high vacuum measurements were made at
photon energies up to 11.9 eV, the high energy cutoff of the LiF window.
In the case of CsI, the measurements were extended to 16.8 eV, using the
knock-off tube techniques described in Chapter II.

Although a considerable amount of photoemission data has been obtained
from these alkali halides, the interpretation of these data appears to be
somewhat more complex than was the case for the noble metals and the
cuprous halides. As a result, an analysis as detailed as that made for
the noble metals and the cuprous halides has not been carried out for the
alkali halides. Nevertheless, the photoemission data have led to a great
deal of new information concerning (1) the absolute energies of valence
states and conduction states, and (2) the identification of the initial
and final states responsible for structure in the optical absorption and

reflectivity data.

A, PHOTOEMISSION STUDIES OF CESIUM BROMIDE

The relative quantum yield of CsBr is plotted in Fig. 148. The
significant features to be noted therein are that (1) the threshold is at
6.0 eV or lower, and (2) there is a steep rise at about 7.4 eV. The ex-
perimental EDCs corresponding to the yield of Fig., 148 are shown in Figs.
149 through 158. As an aid in interpreting these EDCs the location of
structure in the EDCs is plotted as a function of photon energy in Fig.
159, The optical density of states that has been deduced from the photo-
emission data is given in Fig. 160.

Figure 149 shows the EDCg in the range of photon energies between
6.6 and 7.4 eV; these EDCs are unusual in several ways: All have a width
of about 1.5 eV, independent of the photon energy. Also, the leading
edge of the EDCS does not move according to the law (AE)leading edge =
Lhv, which was observed in the "normal" EDCs of the noble metals and the

cuprous halides. Only for photon energies greater than about 8.5 eV does
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FIG. 156. ENERGY DISTRIBUTION CURVES FOR CESIUM BROMIDE
IN THE RANGE OF PHOTON ENERGIES BETWEEN 10.6 AND 10.9 eV.

4~ NOTE: THESE CURVES ARE /
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FIG. 157, ENERGY DISTRIBUTION CURVES FOR CESIUM BROMIDE
IN THE RANGE OF PHOTON ENERGIES BETWEEN 11.0 AND 11.8 eV.
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Fi1G. 158, COMPARISON OF THE PRESENT WORK WITH THE ENERGY
DISTRIBUTION CURVE OBTAINED BY PHILIPP ET AL [REF. 85 ]
FOR CsBr. The 11.3 eV curve is the only curve obtained
by Philipp et al,

the leading edge of the EDCs follow the law (AE) = thv, as

leading edge
can be seen in Fig. 159. Note, however, that the 45° leading edge line
indicates that the onset of photoemission from the top of the valence

band to energies at (-)0.8 eV1 begins at a photon energy of about 7.5 eV,
which corresponds to the sharp rise in the quantum yield at 7.4 eV. Thus,
it appears that the photoemission at photon energies less than 7.4 eV

is due to some other effect that the "usual" photoemission from the

valence band. This type of photoemission will be referred to as "threshold
photoemission™ in this chapter. As seen in Fig. 161 there is a strong
exciton absorption at a photon energy of about 6.7 eV, and it might be
possible that the EDCs of Fig. 149 are associated with this exciton. Apker
and Taft [Ref. 91] discovered and studied extensively exciton-induced

photoemission from F-centers, and the present "threshold photoemission"

1Referred to the retarding potential.

323 SEL-67-039



30+ ® LEADING EDGE OF EDC
O PEAK @
T
a 25 (o] @
)
Sz °© 9
<220 @ @
)
52 ° ®
=4
ég 15 - A ®
o ° @
<9
89 I.O— n] @
<
%
& &
A,
[=9
w ok //
s .__Béﬂgijﬂrxx£kmm@°o,ooo___a41<}_
/ oo
05 V —2 ® s_0 o o essene o o o O
o / b
0o © © ./ o ® PEAK @
PEAKQ /™ ®
~10 I | I | |
6.0 70 80 9.0 10.0 1.0 12.0

PHOTON ENERGY {eV)

FIG. 159, Ep vs hv TFOR CESIUM BROMIDE.

may be due to this effect. However, the present studies (because of their
emphasis on photoemission away from threshold) were not sufficiently
extensive to establish definitively that this is the emission mechanism.
In future work, this "threshold photoemission" should be studied more
extensively. The possibility that it may be due to direct dissociation

of an exciton should be recognized. For the sake of "keeping track" of
this "threshold photoemission" in the discussions to follow, the final
energy of the threshold photoemission has been designated by peak (:) in
the optical density of states of Fig. 160,

As seen in the EDCs at photon energies of 7.4, 7.5, and 7.7 eV, a very
strong peak rises out of the threshold background. This peak is labeled
peak (:) in Fig. 159. Note that the location of this peak is at about
(-)0.8 eV, which is at a lower energy than the peak due to the "threshold
photoemission." This very sharp rise at about 7.7 eV seems to correspond

to the peak in the room temperature optical absorption that occurs at
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FI1G. 161. OPTICAL DENSITY FOR CESIUM BROMIDE.

7.7 eV, as seen in Fig. 161. In addition, this sharp rise corresponds to
the strong rise in the quantum yield at 7.4 eV, indicating that this
transition is of the type normally associated with transitions between
valence band states and conduction band states. This reasoning is
supported by the fact that the 45° leading edge line in Fig. 159 intersects
the location of peak (:) at hv = 7.4 eV, indicating that the shérp rise
in the EDCs at photon energies of 7.4, 7.5, and 7.7 eV is due to strong
transitions between the top of the valence band and states in the con-
duction band at 7.4 eV above the top of the valence band. This conduction
band peak is labeled peak (:) in the optical density of states of Fig.
160.

The conduction band peaks (:), (:), (:), and (:) in Fig. 160 can be
readily located from the experimental EDCs of Figs. 151 through 158 and
by examination of Fig. 159. In order to understand how Fig. 160 was
deduced, the reader will perhaps find it easiest to examine first Fig.

159, in which the position of structure in the EDCs is presented as a
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function of hv. In CsBr, the conduction band structure modulates the
energy distributions strongly as hv is increased. Because of this strong
modulation, structure tends to appear at the energy of the final state
independent of photon energy. This produces points that lie along the
horizontal lines in Fig. 159. These horizontal lines are intended to
"gverage® the location of these points. The approximate position of the
conduction band structure is given by the photon energy corresponding to
the intersection of these horizontal lines with the 45° "leading edge"
line. This value of the photon energy gives the location of the conduc-
tion band structure in terms of electron-volts above the top of the valence
band. This deduction is possible because the 45° leading edge of the EDCs
for hv > 8.6 eV must be due to electrons excited from the highest va-
lence state. A more exact location for conduction band structure can
sometimes be obtained by examining the EDCs and finding the energy for
which the amplitude of the structure is largest,.

Possible evidence of conduction band peak is seen in the EDCs at
photon energies between 11.4 and 11.8 eV. However, it is also possible
that the shoulder labeled peak is actually due to structure in the
valence band. This ambiguity in the nature of pesak ‘) can be removed
by future windowless measurements of the EDCs at photon energies greater
than 11.8 eV.

Due to the severe modulation of the EDCs by structure in the conduction
band, it has not been possible to identify any detailed structure in the
valence band of CsBr. However, the gross characteristics of the valence
band optical density of states can be obtained from inspection of the
EDCs in Fig. 157, where the portions of the EDCs between 0.5 and 3.5 eV
are probably a fair replica of the general shape of the valence band
density of states. In accordance with the EDCs of Fig. 157, the valence
band density of states in Fig. 160 has been sketched to have a maximum
width of about 3.0 eV,

The magnitude of the quantum yield in Fig. 148 at a photon energy of
11.0 eV is very large, about 1.0 (electrons photoemitted per absorbed
photon). However, there is a large uncertainty in the yield of CsBr due

to the uncertainty in the yield of the standard tube No. (I-15) which
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was used to calibrate the quantum yield. A quantum yield of unity in-
dicates that all the photoexcited electrons are photoemitted, even those
that have initial velocities directed away from the surface. Such a large
quantum yield is perhaps not surprising, since CsBr has an energy gap of
(roughly) 7.0 eV, and inelastic electron-electron collisions are impossible
at energies less than twice the energy gap. Nearly unity quantum yield

is possible if the photoexcited electrons that have initial velocities
directed away from the surface are directed toward the surface. A
possible mechanism for this phenomenon is electron-phonon scattering, in
which the energy loss per collision is quite small (typically less than
0.1 eV), and where the direction change per collision could be quite
large. The high quantum yield and the possible electron-phonon scattering
seem to be consistent with the experimental EDCs of Fig. 157, where a peak
of slow electrons characteristic of electron-electron scattering is con-
spicuously absent. 1In Fig. 157, the large structure within about 3.0 eV
of the leading edge in each EDC is probably representative of the primary
electrons initially directed toward the surface, and the small number of
slow electrons are probably representative of those electrons that have
encountered a large number of electron-phonon scattering events before
reaching the surface and being photoemitted.

Figure 158 compares the present work with the earlier work of
Phillip et al [Ref. 76], who measured only a single EDC from CsBr. As
seen from Fig. 158, the agreement is quite good.

Figure 161 shows the optical density of CsBr at room temperature and
at 10°K. The 10°K data have considerably more structure than the room
temperature data, and there is a significant shift in the location of some
structure with temperature. The arrows in Fig. 161 indicate the photon
energies at which strong transitions are seen to occur in the experimental
EDCs of Figs. 149 through 158. 1In Fig. 161, the abbreviation "P.E."
signifies that the location of the arrow has been deduced from the photo-
electric EDCs. The explanation beside each arrow in Fig, 161 identifies
the conduction band state involved in the transition. As seen from Fig.
161, there is a very good correspondence between structure in the optical
density and the photon energies at which strong transitions are evident

in the experimental EDCs. This close correspondence indicates that the
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peaks in the optical density of states of Fig. 160 are indeed represent-
ative of the final states to which the valence electrons are excited
during the optical absorption process.

The large number of peaks in the conduction band of CsBr is
reminiscent of the many absorption lines seen in the absorption spectra
of gases. For this reason, the conduction band of CsBr has been compared
with the absorption spectrum of krypton in Fig. 160. Krypton is an
inert gas that lies next to bromine in the periodic table. The comparison
between krypton and CsBr is justified because krypton has an outer elec-
tron configuration given by (4s24p6), and the bromine ion in the very
ionic CsBr has an outer electron configuration that is approximately1
(4sz4p6)_- As seen in Fig. 160, there is apparently a close correspondence
between the conduction band of CsBr and the absorption spectrum of krypton.
For example, the exciton-derived peak (:) has been associated with the
transition (4p555), and the conduction band state (:) has been associ-
ated with the transition (4p54d). This close correspondence between
CsBr and krypton may imply that at photon energies up to 10 eV, the
fundamental absorption consists of atomic-like excitation between atomic-
like levels of the (Br)~ ion, and that the (Cs)* ion is not involved in

the fundamental absorption.

B. PHOTOEMISSION STUDIES OF CESIUM CHLORIDE

The experimental quantum yield for CsCl is given in Fig. 162. One
very important feature of CsCl is that the quantum yield is very high;
at a photon energy of 11.3 eV, the yield (uncorrected for reflectivity)
is about 0.88 (electrons photoemitted per absorbed photon). The error
in the quantum yield of Fig. 162 is estimated to be about *15 percent.
The large magnitude of the quantum yield seems to be in good agreement

with the data of Metzger [Ref. 88], who finds that the quantum yield is

1However, it must be emphasized that the absorption spectrum of krypton
represents the energy difference between states, and the peaks in the
conduction band of CsBr represent absolute energies. Thus, the comparison
of an absorption spectrum with an absolute energy scale is strictly
correct only if there is a single initial state, which is not the case
in CsBr. Nevertheless, there seems to exist a striking comparison
between krypton and CsBr.
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FIG. 162, QUANTUM YIELD FOR CESIUM CHLORIDE. The curve
labeled "present work" was calibrated using Koyama's
thermopile results dated 11-9-66,

about 0.7 (electrons photoemitted per absorbed photon) at a photon energy
of 12.5 eV. Since the energy gap of CsCl is about 7.0 eV, a very high
quantum yield would be expected for CsCl, and the earlier discussion
explaining the nearly unity quantum yield in CsBr also applies to CsCl.
Another interesting feature in the quantum yield is the inflection point
that occurs at about 7.8 eV; this inflection point seems to correspond to
the steep rise in the quantum yield of CsBr at 7.4 ev (Fig. 148).

The EDCs corresponding to the quantum yield of Fig. 162 are shown
in Figs. 163 through 167, The Ep ve hy plot used as an aid in inter-
preting the EDCs is given in Fig, 168, and the optical density of states
deduced from the photoemigsion data is presented in Fig. 169.

The EDCs in Figs. 163 and 164 bear a resemblance to the EDCs for CsBr
in Figs. 149 and 150, in that a strong peak appears to rise out of the
threshold background, just as was observed in CsBr. A different photo-

emission mechanism for the threshold and for the higher hy regions is
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FIG. 165. ENERGY DISTRIBUTION CURVES IN THE RANGE OF
PHOTON ENERGIES BETWEEN 9.2 AND 10.2 eV,

suggested by the inflection point of the quantum yield of CsCl at 7.8 eV,
indicating that the quantum yield between 7.3 and about 7.6 eV might be
due to exciton-induced photoemission, and that the quantum yield at photon
energies above 7.8 eV is due to "normal" photoemission procésses. The
optical density of Fig. 170 indicates that there is a broad exciton
absorption at about 7.6 eV, corresponding closely to the "background"
photoemission evident in the EDCs of Fig. 163 for photon energies of 7.5
and 7.7 eV, The final energy of this threshold photoemission is repre-
sented as peak (:) in the optical density of states of Fig. 169.

An interesting and very strange feature shown in Fig. 163 is that an
EDC was measured with no light incident upon the sample. This "no light"
EDC was measured after the sample had been irradiated for several hours

by a high intensity mercury arc (quartz jacket)l and after the quantum

lThis irradiation was part of an unsuccessful experiment to make CsCl con-
ducting at temperatures of 80°K by the creation of F-centers. As will be
discussed later in this chapter, the alkali halides tend to become in-
sulating at 80°K, thus preventing the measurement of photoelectric EDCs
from alkali halides at 80°K,.
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FIG. 169. ESTIMATED OPTICAL DENSITY OF STATES FOR CESIUM
CHLORIDE. The conduction band of cesium chloride as
compared with the absorption spectrum of argon (Teegarden
and Baldini).

yield of Fig. 162 had been measured. The total current in the "no
light" EDC was about 1.5 X 10_11 amperes.1 The location of the peak in
the "no light" curve corresponds closely to peak (:) in the optical
density of states of Fig. 169, and was apparently due to electrons mi-
grating exceedingly slowly toward the surface before being photoemitted.
The times involved in this "delayed" photoemission were at least several
minutes--the time required to measure an EDC. Unfortunately, the possible
significance of the ™o light" EDC was not appreciated at the time the
data were being taken, and the time required for the "no light" EDC to

disappear was not investigated.

1This is a significant current, but it is small compared with the total
currents of 5 x 10~10 amperes used in measuring most of the EDCs in
Figs. 163 through 167,
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At photon energies greater than about 8 eV, the EDCs for CsCl seem
to follow the "usual"” photoemission law in which (AE)leading edge =
as can be seen in Fig, 168, Two "peaks"” in the conduction band of CsCl
can be identified in the EDCs of Figs. 163 through 167. One peak, labeled
peak (:) in the optical density of states of Fig. 169, is a rather broad
peak and is identified by the fixed peak at about (+)0.5 eV in the EDCs
of Fig, 166. The other conduction band peak is obscured by the large
number of curves drawn in Fig. 166; however, this second conduction band
peak can be seen as a rather vague shoulder at (-)3.15 eV in Fig. 167.
This second conduction band peak is labeled peak (:) in the optical
density of states of Fig. 169. The valence band optical density of states
of CsCl has been identified as the broad structure that appears between
about (+)0.5 eV and (+)3.5 eV in the EDCs of Fig. 166 for photon energies
greater than about 11.5 eV. This structure has a maximum width of about
3 eV, and appears to follow the law AE = Ahy, which is characteristic
of photoemission from the valence band of a material that is described by
the model of nondirect transitions. For photon energies greater than
about 11.5 eV, the slow electrons in the range of energies between (-)1.0

and (+)0.5 eV are probably electrons that have encountered many
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electron-phonon scattering events, and the electrons in the range of
energies between (+)O.5 and (+)3.5 eV are probably primary electrons that
had initial velocities directed toward the surface.

In Fig. 167, data from the present work is compared with the data of
Philipp et al [Ref. 76]; the EDC at 11.3 eV is the only data obtained by
Philipp et al for CsCl. As seen from Fig. 167, the gross features of
both EDCs are the same, except that the data of Philipp et al has
noticeably sharper structure.

In Fig. 169, the conduction band of CsCl is compared with the absorp-
tion spectrum of argon, which is the inert gas that lies next to chlorine
in the periodic table. The correspondence between krypton and CsCl seems
to be quite good, implying that the fundamental absorption is largely
due to excitation within the chlorine ion for photon energies less than
about 10 eV.

The arrows in Fig. 170 denote the photon energies at which strong
transitions are evident in the experimental EDCs. The arrow at 7.6 eV
corresponds to the possible exciton-induced photoemission seen in the EDCs
at 7.5 and 7.7 eV, and the arrow in the vicinity of 9.0 eV corresponds
to the broad range of energies in which valence band peak (:) couples to
conduction band peak (:). The strong transition at 10.5 eV is evident in
the EDCs of Fig. 166. As observed from Fig. 170, the strong transitions
seen in the EDCs correspond fairly well to the gross features in the
optical density, but the EDCs do not account for the fine structure; this
discrepancy may very well be due to the general broadness seen in the
EDCs of the present work. Since Philipp et al [Ref. 85] have obtained
EDCs with sharper structure than found in the EDCs presented here, it
is possible that more information about the electronic structure of CsCl
can be obtained by future photoemission measurements on CsCl samples that
have been prepared in a manner different from that used in the present
work. Since Eby et al [Ref. 87] have observed changes in the optical
density of CsCl due to annealing, it is possible that the structure in

the EDCs of CsCl might be '"sharpened" by some annealing technidue.
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C. PHOTOEMISSION STUDIES OF CESIUM IODIDE

The experimental quantum yield for CsI is shown in Fig. 171. Just
as in CsCl and CsBr, the quantum yield is very nearly unity in the vicinity
of 11 eV, The uncertainty in the quantum yield labeled 'present work" in
Fig. 171 is estimated to be about *25 percent; this rather large uncer-
tainty is due largely to the uncertainty in the transmission of the LiF
window, which deteriorated somewhat during the experiment. The magnitude
of the quantum yield obtained in the present work is in rather good

agreement with the data of Metzger [Ref. 88], as can be seen in Fig. 171.

5

PRESENT WORK
——— METZGER [REF 88]

-2

QUANTUM YIELD [ELECTRONS PHOTOEMITTED PER ABSORBED PHOTON]

02 1 ! ] ! L L ] ! I ] 1 1 I
6 7 8 9 10 I 2 ) 4 15 16 7 18 ] 20
PHOTON ENERGY (eV)

FIG. 171, QUANTUM YIELD FOR CESIUM IODIDE AT ROOM TEMPERATURE.

Note that there is a broad dip in the quantum yield in the vicinity of

14 eV, which is slightly more than twice the band gap of CsI. As will be

discussed in more detail later in this section, the dip in the quantum

yield is apparently caused by the onset of electron-electron scattering.
The relative quantum yield of CsI at a temperature of 80°K is shown

in Fig. 172. At 80°K, the CsI films became insulating, and meaningful

EDCs could not be obtained. However, the photocurrent from the insulating

CsI did not saturate for collector voltages less than (+) 40 volts, and
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the quantum yield data of Fig. 172 were obtained by using a collector
voltage in excess of +40 volts. At photon energies greater than about
6.6 eV, the shape of the quantum yield has the same general character as
the room temperature quantum yield; at both temperatures, there is a
steep rise in the quantum yield at about 6.5 eV. However, at photon
energies smaller than about 6.6 eV, there is structure in the 80°K
quantum yield that is not present in the room temperature quéntum yield.
As seen in Fig. 172, the 80°K data have a shoulder at 6.3 eV, and a very
sharp peak at 5.90 eV. Before detailed measurements of the quantum yield
were made, the incident photon energy was scanned over the range between
5 and 6 eV, and the two dashed peaks in Fig. 172 were observed. However,
after the peak at 5.90 eV had been carefully measured, the peak located
at (approximately) 5.6 eV had disappeared. Structure in the threshold
region of CsI has been observed earlier by Philipp and Taft [Ref. 92],
who attributed the structure to exciton-induced photoemission from un-
controlled impurities and imperfections.

The experimental EDCs corresponding to the quantum yield of Fig. 171
are shown in Figs. 173 through 180, Just as in CsCl and CsBr, the EDCs

at photon energies very close to the threshold for photoemission have a
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FIG. 174. ENERGY DISTRIBUTION CURVES FOR CESIUM IODIDE
IN THE RANGE OF PHOTON ENERGIES BETWEEN 8.8 AND 9.4 eV.
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width of about 1.5 eV, as seen from the EDC at 6.7 eV in Fig. 173. At
photon energies greater than about 7.3 eV, the EDCs from CsI follow the

"usual" law where (AE) = Ahvy, as can be seen in the E_ vs hvy

leading edge
plot of Fig. 183. At photon energies below 11.8 eV, the EDCs from CsI
show no evidence of inelastic electron-electron scattering, as indicated
by the absence of a peak of slow electrons in the EDCs of Figs. 178, 179,
and 180. EDCs from several samples of Csl are compared in Fig. 181,

where it is seen that the EDCs are almost identical in shape, the only
difference being that the structure is slightly "sharper" in some samples.
Two EDCs from the present work are compared with the prior work of

Philipp et al [Ref. 85] in Fig. 182, where the agreement between both sets
of data is seen to be very good. The EDCs at 11.3 and 10.3 eV in Fig. 182

are the only EDCs obtained by Philipp et al for CsI.
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FIG. 181, COMPARISON OF THE SHAPES OF THE ENERGY
DISTRIBUTION CURVES FROM SEVERAL SAMPLES OF CESIUM
IODIDE.
The optical density of states for CsI is shown in Fig. 184. Except
for peak (:), the optical density of states has been deduced from the
photoelectric EDCs using the Ep vs hy plot of Fig. 183 and the model
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of nondirect transitions. The location of peaks (:) in the conduction
band of Fig. 184 is intended to represent the energy of the "threshold"
EDCs that are observed at photon energies very close to the threshold

for photoemission. The 45° lines labeled (:), (:), and (:) in Fig. 183
identify valence band peaks that follow the law AEP = Ahv. The valence
band optical density of states in Fig. 184 is essentially a replica of the
structure that follows the law AE = Ahy in the experimental EDCs at
photon energies between 10.8 and 11.8 eV. The overall width of the
valence band of CsI is about 3 eV, and the separation between peaks (:)

and @ corresponds closely to the atomic spin-orbit splitting, as seen
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in Fig. 184. 1In addition, it is tempting to speculate that peak (:) is
associated with the nondegenerate split-off band, and that peaks (:) and
(:) are associated with the doubly-degenerate split-off band.

Xenon is the inert gas that lies next to iodine in the periodic
table, so the conduction band of Csl has been compared with the absorption
spectrum of xenon in Fig. 184. Just as in the cases of CsCl and CsBr,
there appears to be some correspondence between the absorption spectrum
of the inert gas and the conduction band of the cesium halide, implying
that the fundamental absorption in CsI at photon energies smaller than
about 9 eV is due to excitation within the iodine ion. Hawever, the
correspondence between xenon and Csl is not as convincing as the cor-

respondence between krypton and CsBr. In Fig. 184 the transitions
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5
(5p"6s) have been associated with the exciton-derived states labeled @,

5
and a (5p 5d) transition has been associated with the strong conduction

band peak @, which is the lowest energy peak in the conduction band
optical density of states.

arrows pointing upward designate the photon energies at which strong

@)

I I I I T T I T 1 T T T T T
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FIG. 185. OPTICAL DATA AND IDENTIFICATION OF STRUCTURE FOR
CESIUM IODIDE.
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transitions are evident in the experimental photoemission data. The
symbols identifying the arrows are to be interpreted as follows: (1)
"Q.Y." indicates structure that is evident in the quantum yield of

Fig. 172; (2) "D" means that the energy of the arrow corresponds to the
energy difference between structure ih the valence band and structure in
the conduction band of Fig. 184; (3) "P.E." means that strong transitions
are evident in the photoelectric EDCs. As can be seen from Fig. 1835,
there is a close correspondence between the locations of the arrows
deduced from photoemission data and the locations of structure in the
optical data.

There appears to be an important inconsistency in the different types
of optical data in Fig. 183, as can be seen by comparing Roessler's
ez(w) with Teegarden's optical density: At a photon energy of about
6.75 eV, there is a sharp exciton-like peak in the ez(w) curve that is
not evident in the optical density data. It is interesting to note that
the energy spacings between the three exciton-like peaks in ez(w)
correspond closely to the energy spacing between valence band peaks (:),
(:), and (:), as indicated by the arrows that point downward in Fig. 185.
This correspondence implies that the exciton peaks in ez(w) might be
due to transitions from valence band peaks <:>, (:), and (:) to the same
final energy. This conclusion cannot be made using the optical density
data, which appear to be inconsistent with the reflectivity data that
were used to obtain ez(w). _

If the work function of the metal collector is known, the location
of the fermi level in the emitter can be deduced from the contact
potential between the emitter and the collector, and from a knowledge
of the threshold for photoemission. The contact potential is determined
by inspection of the experimental EDCs, and the threshold is deduced from
the quantum yield data. This has been done for one sample of CsI, and
the results are shown in Fig. 186, where it is seen that the fermi level
at the surface of the CsI is very close to the center of the energy gap.

Figure 187 through 189 show the EDCs measured Ifrom Csl during a
knock~off tube experiment of the type described in Chapter II. Unfortun-
ately, a copper pinch-off was not used for this experiment, and the

-5
pressure rose to about 1 X 10 torr when the glass stem on the knock-off
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tube was sealed off with a torch. Consequently, the CsI film was somewhat
contaminated, and the EDCs measured before the LiF window Wwas knocked off,
had a long, low energy tail, as shown in Pig. 187. In spite of the con-
taminations, some very interesting phenomena were observed during this
experiment. As shown in Figs. 187 and 188, the "after knock-off" EDCs
tended to follow the law AEp = Ahv for photon energies up to about

13.0 eV. At 13.0 eV, a low energy peak of scattered electrons becomes
evident in the EDCs, thus signifying the onset of inelastic scattering
between the photoexcited electrons and the valence electrons. As seen
from the sequence of EDCs between 13 and 14 eV in Fig. 188, the low energy
peak of scattered electrons grows in amplitude at the expense of the high
energy peak, as the photon energy increases from 13 to 14 eV. This
evidence for severe electron-electron scattering at 14 eV is consistent
with the dquantum yield of Fig. 171, which has a dip at about 14 eV.

The "windowless™ EDCs in Figs. 187 and 188 were measured in a
hydrogen atmosphere, and do not seem to have the detailed structure that
is seen in Fig. 189 for the EDC at 16.8 eV, which was measured in a neon
atmosphere. Apparently the hydrogen diffuses into the CsI and scatters
with the photoexcited electrons, resulting in a blurring of the detailed
structure in the EDCs. The same effect was observed in a knock-off
experiment on gold. In Fig. 189 it is important to note that no high
energy electrons are evident in the EDCs, indicating that the electron-
electron scattering length is very much smaller than the absorption
depth. 1In addition, note that the structure in the EDC for hv = 16.8 eV
seems to coincide almost exactly with the structure in the "hefore knock-
off" EDC for hv = 10.2 eV. Thus it appears that the EDC at hv = 16.8 eV
retains its shape after the inelastic electron-electron scattering takes
place. (The structure in the EDC at hy = 10.2 eV is a fairly close
representation of the valence band optical density of states.) The EDC
at 16.8 eV can retain the shape of the valence band density of states after
collision only if every photoexcited electron loses an energy equal to
exactly (16.8 - 10.2) = 6,6 eV. The value of 6.6 eV is a good approxi-
mation to the energy gap of CsI, and also seems to correspond to the
energy of a strong peak in the optical data, as seen in Fig. 185. 8Since

all the photoexcited electrons appear to lose 6.6 eV, and the electron-
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scattering length is very short, it is tempting to propose the following
atomic-like mechanism for the electron-electron scattering event in CsI:
Since the conduction band of CsI below 9 eV seems to correspond to the
absorption spectrum of xenon, and since the peak in the optical data at
6.6 eV seems to correspond to a (5p56sl) atomic transition, it may be
that the preferential energy loss of 6.6 eV in the energy of the photo-
excited electrons is due to the strong probability for the valence elec-~
trons to make the (5p5631) atomic-like transition. This mechanism would
explain the apparent discrete loss of 6.6 eV, and the strength of the peak
in the optical density at 6.6 eV would suggest a strong probability for
the (5p5651) transition, which would result in a short lifetime and a

short scattering length.

D. PHOTOEMISSION STUDIES OF POTASSIUM IODIDE

A film of KI was evaporated in a vacuum of 2 X 10_9 torr, and a
complete set of EDCs and good quantum yield data were obtained within a
few hours after the evaporation. During this time, the EDCs seemed to
deterioriate in two ways: (1) The fermi level shifted several tenths of
an eV; (2) a long, low energy "tail" began to appear in the EDCs. The
shift in the fermi level is indicative of a charging effect, and the long,
low energy tail is characteristic of a material that has a very high
resistance. These effects might have been caused by such mechanisms as
(1) diffusion of a foreign gas into the KI; (2) surface charging due to
ultraviolet radiation; (3) bulk changes in the nature of the KI films.
Fortunately, the deterioration of the EDCs was only slight during the
period of measurement, and meaningful results were obtained from the
photoemission data. During the several weeks following the original mea-
surements, the experiment was discontinued due to the absence of the
author. Several lengthy power shutdowns occurred during this period, and
the vacuum in the photoemission chamber undoubtedly became quite poor.
At the end of this time, the KI film had become highly insulating, and
"normal" EDCs could not be measured. Interestingly enough, the quantum
yield in the insulating state was somewhat higher than the quantum yield
in the conducting state when a sufficiently large voltage (z 14v) was

applied. A possible explanation for this increase in quantum yield might
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be that a foreign gas diffused into the KI and acted as a trap for
carriers, Subsequent heating of the sample returned the KI to its orig-
inal conducting state, perhaps because the heat drove the foreign gas
out of the KI. The experimental data recorded during the sequence of
events described above will be presented in this section.

The quantum yield for the conducting and insulating states of KI are

shown in Fig. 190, The quantum yield for the insulating state reaches a
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maximum of 0.80 at 10 eV, and the dquantum yield of the conducting state
reaches a maximum of about 0.50 at 10 eV. The maximum yield of 0.50 for
the conducting state suggests that the photoexcited electrons with initial
velocities directed away from the surface did not suffer electron-phonon
collisions, and consequently were not turned around before being collected
by the metal substrate. The increased yield in the insulating state may
be due to foreign gas atoms that trap the photoexcited electrons; the
positive collector voltage then provides a strong enough field in the
KI film to tear the photoexcited electrons away from the traps and cause
the electrons to be photoemitted. The magnitude of the quantum yield of
the insulating KI is in very good agreement with the data of Duckett and
Metzger, as seen in Fig. 190. This close agreement suggests that Duckett
and Metzger measured the quantum yield of insulating KI, and not the
quantum yield of conducting KI.

The EDCs for the conducting KI film are shown in Figs. 191 through
195, As mentioned earlier, the fermi level of the KI film changed by
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several tenths of an eV during the course of measurements. Consequently,
the energy of the EDCs relative to the collector was constantly changing.
In order to circumvent this difficulty, it has been assumed that the
EDCs in the range of photon energies between 7.7 and 11.9 eV follow the
law (AE)leading cdge = (Ahv). Consequently, the EDCs have been put on
the same energy scale in Figs. 191 through 195 by locating the leading
edge of each EDC at an energy corresponding to the photon energy.

In Fig. 196 an EDC from the present work is compared with the only
EDC obtained by Philipp et al [Ref. 85]; the agreement between the

shapes of both curves is seen to be very good.
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FIG. 196. COMPARISON OF PRESENT WORK WITH THE WORK
OF PHILIPP, TAFT, AND APKER. The energy distribution
curve at 11.3 eV is the only curve obtained by
Philipp, Taft, and Apker. Only the shapes of the
energy distribution curves are significant.

An Ep vs Ahy plot for KI is shown in Fig. 197, and the optical
density of states for KI is shown in Fig. 198, As seen from Figs. 195
and 197, there are two valence band peaks labeled (1) and (2) that follow
the law AEp = Ahy, In addition to the valence band peaks, there are
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three conduction band peaks evident in the EDCs. Conduction band peak (:)
is easily detected as the fixed peak at about 7.1 eV in Figs. 191, 192,
and 193. Peak (:) is located at about 8.9 eV in Figs. 194 and 195; since
the amplitudes of the EDCs tend to peak at 8.9 eV. Conduction band
shoulder (:) is somewhat more difficult to locate, but can be readily
identified as a shoulder at about 8.05 eV in the EDCs at hy = 9.5 eV,

9.7 eV, and 10.4 eV. 1In addition, the amplitudes of the EDCs tend to
increase in magnitude in the vicinity of 8.05 eV, as seen in Figs, 193

and 194,

As shown in Fig. 198, the separation between valence band peaks (E)
and <:) corresponds closely to the atomic spin-~orbit splitting, just as
in the case of CsI. Note that the conduction band structure in KI
closely resembles the conductiam band structure in CsI (Fig. 184), in-
dicating that the conduction bands of both KI and CsI are due largely
to the iodine ion, and not to the cesium ion or the potassium ion. The
absorption spectrum of xenon is compared with the conduction band of KI
in Fig. 197. Since the conduction band of KI is similar to the conduction
band of CsI, the associations that were made between CsI and xenon have
also been made between KI and xenon.

The optical density of KI is shown in Fig. 199 where the arrows in-
dicate the photon energies at which strong transitions are seen in the
photoelectric EDCs. The correspondence between the location of the arrows
and structure in the optical density is quite good, indicating that the
strong transitions seen in the EDCs are representative of the fundamental
absorption process.

EDCs from the insulating state of KI are shown in Figs., 200, 201,
and 202, where we see that positive collector voltages of more than 14
volts are required to collect all the photoexcited electrons in insulating
KI. There is considerable structure in the "insulating"” EDCs, and at
photon energies greater than 11.0 eV, the EDCs from insulating KI bear a
close resemblance to the EDCs from conducting KI, as seen in Fig. 202.
Apparently, in "insulating" KI the electrons excited to low energies are
somehow "trapped!" and are not photoemitted, whereas the electrons excited
to high energies are not as tightly bound by the traps and are photoemitted

in the normal manner.
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FIG. 199. OPTICAL DENSITY OF POTASSIUM IODIDE [TEEGARDEN
AND BALDINI, REF. 86)]. The arrows locate photon energies
at which strong transitions are seen in the photoelectric
energy distribution curves. The labels of the arrows
identify the initial and final states involved in the
transition (see Fig. 198).

Heating the insulating KI apparently drove the "traps" out of the
KI, and the KI film returned to its normal conducting state. Figure 203
shows that after heating, the EDCs from the KI film were essentially
identical to the EDCs measured from the freshly prepared KI film.

E. CONCLUSION

The photoemission data presented in this chapter have led to the
construction of energy level diagrams locating the absolute energy of
valence and conduction states in CsCl, CsBr, CsI, and KI. 1In addition,
the photoemigsion data have led to the identification of the initial and
final states involved in much of the structure in the optical spectra of

these materials. The apparent correspondence between the conduction
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IODIDE IN THE RANGE OF PHOTON ENERGIES BETWEEN 7.6 AND 9.2 eV,

bands of these materials and the absorption spectra of the corresponding
inert gases suggests that the fundamental absorption is due largely to
excitation within the halogen ion. The observation that the conduction
band of KI is similar to the conduction band of CsI supportsvthe con-~
tention that the conduction bands in these materials are derived largely
from the halogen states.

The results of this chapter indicate that photoemission is an excel-
lent tool for investigating the electronic structure of the alkali halides,
and it is hoped that the successes of the present study will stimulate
future workers to undertake more complete and exhaustive photoemission

studies of the alkali halides than has been possible during the present

work.
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X. A COMPARISON OF THE NOBLE METALS, THE CUPROUS HALIDES, AND
THE ALKALI HALIDES

The photoemission characteristics of the noble metals, the cuprous
halides, and the alkali halides have a significant common property: 1In
no case are the majority of the energy distributions characterized by
the type of transition that would be expected from direct transitions
between single Bloch states.

For the noble metals and the cuprous halides, the bulk of the EDCs
are well described by nondirect transitions, in which AE = Ahy. This
appears to be especially true of transitions from the valence d bands,
perhaps as a consequence of the localized nature of the d wavefunctions.
Although nondirect transitions dominate in the noble metals, there is
evidence of direct transitions between initial and final states derived
largely from s~ and p-like wavefunctions. In the noble metals, the
initial states involved in direct transitions are located between the
fermi level and about 2 eV below the fermi level. 1In the cuprous halides,
the bulk of the EDCs are also well described by nondirect transitions, a
notable exception‘being the transitions from the upper p band,1 which
seem to follow the law AE = Ahy only at high photon energies. Tran-
sitions from the deeper lying states in the cuprous halides seem to follow
the model of nondirect transitions dquite well at all photon energies; in
the notation of Chapter VIII, these deeper lying states consist of the
following structures: Peak (:), the deepest lying peak, which is due to
states derived largely from d wavefunctions; and Peak (:), which is due
to states derived largely from p wavefunctions, with the likelihood of
considerable p-d mixing. Thus, in the noble metals and the cuprous
halides, it appears that transitions from deep-lying states associated
with d wavefunctions are almost always nondirect, whereas certain tran-

2
sitions from the higher lying s- and p-derived states do not follow the

1Labeled peak (:) in the notation of Chapter VIII.

2N. Smith [Ref. 93] has suggested that, because the relaxation time of the
"hole" associated with the deeper lying valence state is likely to be
shorter than the relaxation time of the hole associated with the higher
lying valence states, the deeper lying levels are less likely to be well
described by a single Bloch state than are the higher lying states. The
relaxation time involved would be the relaxation time associated with
the Auger process described earlier by Berglund [Ref, 7].
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model of nondirect transitions at low photon energies. At high photon
energies, all the transitions seem to be nondirect, even those from s-
and p-derived states. The nondirect nature of the transitions from s-
and p-derived states at high photon energies may be associated with the
very short scattering 1engths at energies well above the fermi level,
since ﬁhe very short lifetimes associated with these short scattering
lengths require a more complex description of the final state than does
a single Bloch state,

In the alkali halides studies in this report, the optical transitions
and the EDCs seem to be much more complex than in the noble metals and
the cuprous halides. One interesting feature is the strange "threshold
photoemission"” that may be associated in some way with excitons. In
addition, there is considerable modulation of the EDCs due to conduction
band structure, making interpretation of the EDCs quite difficult. As
discussed in Chapter IX, a possible explanation of the complicated be-
havior of the alkali halides is that the fundamental absorption process
in the alkali halides may be more governed by "atomic-like!" selection
rules than by "band-like" selection rules. Another point of possible
gsignificance is that the EDCs for the alkali halides tend to be more
nondirect at high photon energies than at low photon energies, just as
was found to be the case for direct transitions from s- and p-derived
states in the noble metals and the cuprous halides.

In addition to trends in the optical absorption process, a comparison
of the materials studied in this report reveals an interesting character-
istic in the electronic structure of the cuprous halides [Ref. 81]. As a
first approximation, the optical density of states for the cuprous halides
can be constructed by simply adding the optical density of states of
copper to the optical density of states of the appropriate cuprous halide.
This additive feature suggests thét for these materials, the nature of
the constituent atom may be more important than the long range periodicity
in determining the energy level structure. Justification for this state-
ment can be seen in Fig. 204, where the optical densities of states of
Cu, Cul, CsI, and KI are compared. As seen in Fig. 204, the strong peak
(:) in Cul corresponds to the strong 3d band peak in Cu, whereas the
gtructure in the vicinity of peaks (:) and (:) in Cul corresponds closely
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to the valence bands of CsI and KI, which are derived from the 5p wave-
functions of the iodine atom. In addition, there appears to be some
correspondence between the conduction bands of Cul, CsI, and KI in the
region between 6 and 10 eV above the top of the valence band, suggesting
that these conduction band states may be associated with the iodine atom.
The comparison between Cul, CsI, and KI seems to be quite remarkable,
since all three materials have different crystal structures, as indicated
in Fig. 204. Note, however, that the 3d band in Cul is significantly
narrower than in Cu, suggesting that the d wavefunctions in Cul are
considerably more localized than are the d wavefunctions in Cu.

Although the discussion above applies specifically to the case of CsI,
the general statements also apply to the cases of CuBr and CuCl. It is
worthwhile to note that in CuCl, CuBr, Cul, CsCl, CsBr, CsI, and KI, the
valence band optical density of states derived from halogen wavefunctions
is a structure about 3 eV wide. In the cesium halides, the separation
of the peaks in the valence band seems to correspond to the spin-orbit
splitting of the halogen atom:1 In CsI, there are two major peaks
separated by about 1 eV, the spin-orbit splitting of the iodine atom;
in CsCl, only one peak is observed, corresponding to the very small
(0.1 eV) splitting of the chlorine atom. All the cuprous halides, have
two valence band peaks separated by about 1 eV; however the peaks are
"sharpest" in Cul, and least "sharp" in CuCl, in correspondence with the
spin-orbit splitting of the halogen atoms,

From the discussion above, it is apparent that, for the noble metals),
the cuprous halides, and certain alkali halides, the bulk of the optical
transitions are not well described by the "conventional" explanation of
direct transitions between single Bloch states. In addition, there is
strong evidence that in the cuprous halides and the alkali halides, the
atomic nature of the constituent atoms may play a dominate role in the
electronic structure and in the optical absorption process. It is hoped
that this new experimental data, the analyses of these data, and the
obéervations presented in thi s report will not only be of use to theorists
making future energy band calculations, but will also be helpful in leading

to a unified theory of the optical absorption process in solids.

1As noted in Chapter IX, severe conduction band modulation prevented the
positive identification of possible valence-band structure in CsBr in
the range of photon energies below 11.9 eV.
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APPENDIX A. UNIQUENESS OF THE PHOTOEMISSION ANALYSIS

In Chapter III, Section F, several methods were outlined by which the
quantities NV(E), NC(E) and T(E) could be'Calculated‘from the photo-
emission data. 1In this section we show that iny in certain cases are
these solutions unique. It is assumed,. df course, thai the calculated
NV(E), NC(E) and T(E) are in very good quéﬁtitativé;agfeement with both
the shape and the magnitude of the experimental’EDCs.’

In addition, we assume that the width of the valence band is greater
than the difference between the vacuum level and the bottom of the con-
duction band. 1If this is not the case, a portion of the conduction band

cannot be uniquely determined.

case I.

[0(w)L(E) >> 1 3 ISOTROPIC CONDUCTION BAND ]
From Eq. (3.94), the experimental EDC is described by

NC(E) N&(E - Aw)
E_+Aw (A'l)

7 NC(E) NV(E - %w) dE

£

N(E,w) = T(E)

where Ef is the energy at the top of the valence band. For convenience,

we set Ef = 0. Let us assume that two sets of solutions exist, labeled
1 1,: 1 2 2 2

by superscripts 1 and 2: [N (E), N (E), T (E)]; [N (€), N (E), T ()]

If two such solutions exist, then they can be related in the following

N.(E) = g(E) N(E) (a.2)
Ni(E) = f(E)'Ni(E)”F (A.3)
™(E) = Z(E)VTZ(E) (A.4)
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If the two solutions exist, then we can write

Ni(E) N‘lf(E - fiw) TZ(E) Ni(E) Ns(E - fw)

N(E, w) = Tl(E) o

(A.5)

1 1 R 2
N (E) N (E -~ Aw) dE f N°(E) N.(E - fw) dE
0 [ v 0 c v

Using Eqs. (A.2), (A.3), and (A.4) in Eq. (A.5), we can cancel and re-

arrange to obtain

Jhw
f £(E) Ni(E) g(E - fiw) N‘2,(E - fiw) dE
£(E) z(E) g(& - Huw) =2 - (a.6)

f Ni(E) N‘?;(E - fiw) dE
0

The turn on the right-hand side of Eq. (A.G) is just a function of Hw
which we shall call E(Hiw):

() z(E) g(E - fw) = £(hw) (a.7)

Equation (A.7) must hold for any (hw), at fixed (E). So we can write

£(E) 2z(E) g(E - fw) = £(hw,) (a.8)
£(E) 2(E) g(E - Av) = £(Au,) » (a.9)

Taking the ratio of Egs. (A.8) and (A.9),
t(ho,) g(E - Au,) = e(fiv;) g(E - fiw,) (a.10)

We now solve Eq. (A.10) by the use of Fourier Transforms. Let the trans-

form of g(t) be G(7)

g(t) «— G(7) | (A.11)

From the "shifting" theorem [Ref. 98]

-3(7t,)
g(t - t ) — 6(7)e (a.12)
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Applying Eq. (A.12) to Eq. (A.10)

‘J'(?”ﬁwi) =i(yhw )
e(fw;) &(7)e = £(fiw;) 6(y)e : (.
e (i, ) ¢ (o, ) ,,
-J(7ﬁmj) = _J(mi) = K = constant (A.
e e

since the left-hand side of Eq. (A.14) is a function of @, alone, and

the right-hand side of Eq. (A.14) is a function of Wy alone. Thus,

-3(rfw, )
g(’ﬁ(l)i) = K e J (A.
for any ,. Applying Ed. (A.15) to Eq. (A.10),
g(E - 4w,)  -3[y(fw, - fw,)]
= € J (A
giE —'hwj5
At E =‘ﬁwj, Eq. (A.16) becomes
=3 [y (i - ) ]
g(tw, - fw,) = g(0) e (a.

Since Eq. (A.17) is true for any (ﬁwi) and any (ﬁwj), we can write

g(E) = g(0) I0E) (A.

13)

14)

15)

16)

17)

18)

Since g(E) is specified (by physical reasoning) to be real, 7 must be

imaginary. Thus,

<
il

where P 1is real, and

i

g(E) = g(0) e

i(g) _ (.

PE | (A.

19)

20)

373 SEL-67-039



If the effective number of electrons in the valence band is specified to

be NO, then the quantity g(O) can be determined from the normalizing

relation.

- 1 3 2 _ 1 -BE
N, = /V“b. N (E) dE = .['b' N (E) dE = g(0) ‘[.b' NV(E) dE (A.21)

where (v.b.) indicates an integral over the valence band. Eq. (A.7)

now becomes

[m #(E) N2(E) &(0) oPle - ) N2(E - 4w) dB
£ (Aw) = K PR _ 20 = (A.22a)
f Ni(E) N:‘;(E - fw) dE
0

fhw [(k - £(&) g(0) e PF] Ni(E) Nz(E - #w) dE = 0 (A.22b)
0

There is one solution for f(E) that always satisfies Eq. (A.22):

£(E) = El({ﬁj otPE (A.23)

Since Eq. (A.22) must be true for all w, Eq. (A.23) is the only possible

solution. This can be seen by rewriting Eq. (A.22) in the form

_ E(% [Om N(Z:(E) Ni(E - Hw) dE = j:m £(g) o PE Nz(E) Ni(E - %) dE (A.24)

Since N2(E) and Ni(E) are assumed to be known, the left-hand side of
Eq. (A.ZZ) is a known function of , and we can solve for f(E) using
the "unfolding" procedure of Eq. (3.99). Calling the left-hand side of
Eq. (A.24) N(w),
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N(Aw) = E(Kﬁi {ni(m) Ni(-Aw)} - {f(Aw) P 2 (A0) ui(m)} (A
w(20) = o {[ni(m) uﬁ(-Aw)] . [ui(m) nv(-m)]} - {[f(m) o P20 2 (o) uﬁ(-m)]
+ [f(Aw) o B Ni(Au.) Nﬁ(—agu)]} (A

w(380) = 25 {[N:(Mw) Ni(-m)] " [ni(m) Nﬁ(-m)] N [ui(m) nﬁ(-ao.\m)]} - {[f(mw) & P13 w23 nﬁ(-m)]

<

+ [f(Mm) o PR2Aw Ni( 2A0) “3( -2Au )]

+ [f(Aw) e—ﬁnAu‘ Nz(Au) Ni(—.’iAu)]} (A
From Eq. (A.25a),
K + w
2(a0) = 5y BBA (A
Using Eq. (A.26a) is Eq. (A.25Db),
£(200) = E%%j P20 (A

Using Eqs. (A.26a) and (A.26b) in Eq. (A.25c),

K e+Bﬁ3Aw

£(300) = 2(0) (A.
In the limit A - 0, we obtain by induction
K +phw
f(w) = —g—(—ay e Bﬁ (A.

which is the same as Eq. (A.23). [In the case of a semiconductor, the
"unfolding" in Eq. (A.25a) would start at E = (Eg + 6Aw), rather than
at E = + BAw. ]

_ £ (fiw) _
2(E) = F(5) &(® - 50) = ° (A

Thus we have shown that if a set of solutions [NC(E), NV(E), T(E)} is

found for Eq. (A.1), then there exists an infinite set of solutions that

can be generated from the relations
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BE

Ns(E) = g(0) e NV(E) (A.29)
NE(E) = §€%7 ¢ PE N_(E) (A.soy
TB(E) = T(E) (A.31)

where g(0) is found from Eq. (A.21), and where B is real (positive or
negative). In the case for a metal, we require continuity of the conduc-
tion band and valence band at the fermi level (E = 0), so Eq. (A.29)
through Eq. (A.31) become

NS(E) = g(0) o PE NV(E) (A.32)
No(E) = g(0) &% x_(v) (a.33)
TB(E) = T(E) (A.34)

Thus, we see that the solutions to Eq. (A.l) are not unique, unless
additional constraints are placed upon the solutions.
One additional constraint would be to require that the "optical den-

sity of states" satisfy Eq. (2.50),

B
e (@) = i% IM(w) |2 jg N (E) N_(E - %) dE (A.35)

2
where K is a constant. Let us assume that the matrix element |M'(w)]

corresponds to the set of solutions [Ni(E), Nz(E), Tl(E)]. Then,

A
e (w) = i% It (w) |2 Jg Ni(E) Ni(E - 4w) dE (A.36)
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Let us ascertain if there exists another set of solutions such that

Ao
ez(w) = i% |M2(w)|2 j; Ni(E) Ni(E - fw) dE (A.37)
where

2 (w)]? = m(w) |ut(w)]? (a.38)

and Eq. (A.2) through Eq. (A.4) apply.
Using Eq. (A.29) and Eq. (A.30), Eq. (A.37) becomes

5310
e (w) = J% ,Mz(w)lz./f E%%T FE Ni(E) g(0) o P(E - ) N (E - fw) dE
w 0

(A.39)
Comparing Eq. (A.39), Eq. (A.36), and Eq. (A.38), we find that
() = k PP (A.40)
so
(@))% = % &P |t (a))? (a.41)

Thus, if a set of solutions [N (E), ¥ (E), T(E), IM(w)]] is found
to satisfy Eq. (A.1) and Eq. (A.35), then there exists an infinite set

of solutions

Ns(E) = g(0) o PE NV(E) for E<O (A.42)
NE(E) = g{%j o PE N_(E) for E>0 (A.43)
Tﬁ(E) = T(E) for E>0 (A.44)
P()]? = 2 &P ju(w)|? (a.45)
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where B is real (positive or negative).

If we require that IM(@)IZ be a constant, then the
B =0 (A.48)
and from Eq. (A.21),
g(0) =1 (A.47)

Substituting Eq. (A.46) and Eq. (A.47) into Eq. (A.42) through Eq. (A.45),
we find that

NB(E) = N%(E) for E <O (A.48)
Ni(E) = KNC(E) for E >0 (8.49)
TB(E) = T(E) for E > 0 (A.50)
()| = & [Mw)|? (a.51)

In the case of a metal, we can require continuity of the valence band and
the conduction band at E = 0, so K =1, and there is only one
solution.

Thus, we can see that unless we apply the constraint that lM(w),z =
cdnstant, there is no unique solution to Eq. (A.l). However, the possiblé
solutions are not arbitrary, but are specified by Eq. (A.42) through
Eq. (A.44). 1In the case iM(w),z = constant, Eq. (A.35) is found to put
an additional constraint on the solutions of Eq. (A.1), and if a set of
solutions [NC(E), NV(E), T(E)] can be found to satisfy Eq. (A.l), then
this set of solutions is unique (except for a constant scaling factor in
the case of a semiconductor).

(The author wishes to thank A, Yu for his helpful discussions con-

cerning the material presented in this section.)
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Case 1II.

[a{w) L(E) >> 1 ; ISOTROPIC CONDUCTION BAND;
SMALL VELOCITY CONE ]

From Eq. (3.103), the experimental EDC is given by

NC(E) NV(E - Aw)
Ef+nw

WE,») = a(w) L(E) T(E) (A.52)

NC(E) NV(E - fw) dE
E

f
The uniqueness argument proceeds in a manner identical to that used in
Case I, and we obtain a unique solution only if lM(w)'z is a constant.

In the case lM(w)!z = constant

W(E) = N, () (a.53)

N(E) = K N_(E) (a.54)

1P(z) 1°(8) = L(E) T(E) (a.55)
P(@)]? = 2 Iu(w)|? (a.56)

Thus, we are not able to separate the functions L(E) and T(E).

Only their product is unique., However, L(E) can be obtained by indepen-
dent experimental measurement. If the shape and magnitude of L(E) were
available, then the shape and magnitude of T(E) could be obtained in a
unique manner. By use of Eq. (3.18), and a knowledge of the appropriate
group velocity fvg(E)f, the shape of L(E) can be calculated. If the
shape of L(E) is known, the shape of T(E) can be calculated. If the
calculated shape of L(E) is normalized to an experimental point, both

the shape and magnitude of T(E) can be obtained.
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Case III.

[FREE ELECTRON CONDUCTION BAND;
SEMICLASSICAL THRESHOLD FUNCTION ]

The expression describing the experimental EDC is Eq. (3.83), or

(E) N (E - aw)
[oc(a» L(E) 1] NG\E) NJIE - fo)

olw) L{E)+ Ef+ﬁw
NC(E) NV(E - %) dE

n(E,0) = {clale) L(E), T_(E)]

where ‘TF is the semiclassical threshold function, and the envelope of
NC(E) has the free electron energy dependence of (E)-%. TF(E) and
the envelope of NC(E) are specified by one arbitrary parameter, the
position of the bottom of the free electron band.

1f [ofw) L(E)] >> 1, then uniqueness can be shown according to the
arguments of Case I for ’M(w)’z = constant. If [o(w) L(E)] << 1, then
the uniqueness arguments of Case II apply; in this case, the product
£TF(E) clo(w) L(E), TF(E)]} is specified within close limits by the limits
imposed upon the selection of the position of the bottom of the conduction
band. Thus, uniqueness of the product (C[o{w) L(E), Tf(E) Tf(E) L(E)}
would determine L(E) and TF(E) within close limits, without having any
experimental values for L(E). The use of an experimental L(E) would
result in a unique solution for all the quantities of interest.

If the quantity [ow) L(E)] is of the order of unity, and no ex-
periméntal values are available for L(E), then there is no assuraiice
of uniqueness in Eq. (A.52) since L(E) is arbitrary. However, the
location of the bottom of the free electron band is dictated to within a
restricted region by physical arguments, and this would severely restrict
the possible values of L(E).

Let us consider the case where the following restrictions hold:
(1) L(E) is calculated from Eq. (3.18), and normalized to one experi-
mental point; (2) the velocity cone is small, so the correction factor
(c) is approximately unity. Under these conditions, L(E) is specified,

and Eq. (A.21) becomes
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® NC(E) NV(E - fw)
(8 ) = FOLIEL o () fEf+m (a.58)
A NC(E) NV(E - fw) dE

In this case, the uniqueness of NC(E), NV(E), and TF(E) can be proved
by following the procedure used in Case 1I.

Let us consider now the case where L(E) is calculated from Eq. (3.18),
but there are no experimental points for normalizations. Then there are
three arbitrary parameters (see Table 1: (1) the magnitude of L(E)
at one point; (2) the relative peak heights in the valence and conduction
bands; (3) the position of the bottom of the free electron band. In this
case, it is not obvious that Eq. (A.58) has a unique solution, due to
the complicated nature of the correction factor (c).

Thus, we see that in the region where «f(w) L(E) is of the order of
unity, we are not assured that Eq, (A.58) has a unique solution. However,
if the calculated L(E) can be normalized to experiment at one point, and
the velocity cone is small, we are assured of uniqueness,

It is possible that the solutions of Eq. (A.58) are unique under con=-
ditions more general than those specified here. However, this remains

to be shown.
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APPENDIX B. COMPUTER PROGRAM FOR ANALYZING PHOTOEMISSION DATA

This section briefly describes a computer program written in ALGOL
for the Burroughs B5500 computer at Stanford, and includes a copy of the
program and a set of results obtained in the analysis of copper. The
program incorporates Stanford Computation Center Library Program 159,
which effects a plotting routine for the CalComp Plotter. The author of
this investigation is indebted to Mr. Alan Maurer for incorporating
library plot 159 into the program.

Given the proper input parameters, the program will cause the

following parameters to be printed out:

(1) L(E), the electron-electron scattering length [calculated from
Eq. (3.18), where the group velocity is given by
v_~ E + EB' ]
g

(II) T(E), the semiclassical threshold function [calculated from
Eq. (3.11)]
(111) EFFTH(E), the effective value of the threshold function

[calculated from Eq. (3.108)]

(1v) EPSILON [fw] - ez(w), the imaginary part of the dielectric
constant [calculated from Eq. (3.98), with the momentum

matrix lM(w)lz assumed constant ]
(v) ENERGY DISTRIBUTIONS - N(E,w) [calculated from Eq. (3.83)]

(vi) ABSOLUTE YIELD - Y(fw) [calculated from Eq. (3.86)]

In addition to printing out the energy distributions ﬂ(E,w), in
tabular form, the program will cause the energy distribution to be recorded
on magnetic tape, and subsequently plotted on the CalComp Plotter. To
save time (and expense), the axes have been suppressed in the plot routine,
so the graphs (as plotted) do not have axes. The horizontal axis is one
electron volt per inch, and the vertical scale is described later in this
appendix.) The programmer will find it beneficial to write "PLOT 10
GRAPH PAPER" on the instruction card at the Stanford Computer, since the

EDCs are difficult to read when plotted on plain paper.
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If the reader wishes to use this program, he must change several

punch cards, and put in the proper data cards, as indicated below. (The

numbers at the left of the statements below correspond to circled numbers

in the margin of the sample program included in this appendix.)

O
)
®

©)

e © O

©,

®

PUNCH CARDS IN THE BODY OF THE PROGRAM

Change "copper" to the name of the material being studied.
Change the spelling "YEILD" to "YIELD."

"EB" denotes the energy of the bottom of the free electron
conduction band below the fermi level. The program requires
that (EB) > 0, Dbecause the group velocity Vg ~ E + EB
must be calculated at all points in the conduction band.
(The fermi level is defined to be the zero of energy.)

EXAMPLE: EB = 12 means that the bottom of the free electron
band is 1.2 eV below the fermi level.

"EA" denotes the energy difference between the vacuum level
and the fermi level.

EXAMPLE: EA = 45 means that the vacuum level is 4.5 eV above
the fermi level.

"TMAX" denotes the number of different photon energies for )
which it is desired to plot EFFTH(E). 0 < TMAX < AMAX (see (4)).
"AMAX" denotes the numbér of different photon energies for which
it is desired to calculate EDCs. The maximum number of EDCs

is 24, or 0 < AMAX < 24.

SQRT(EFF + EB) defines the group velocity.

'~ "NORM" normalizes the electron-electron scattering length at

8.6 eV above the fermi level.

EXAMPLE: NORM = [(24) X 1.0 @ -08/L(86)] sets the electron-
electron scattering length L(E) equal to 27 A at 8.6 eV above
the fermi level.

This card sets the vertical scale for the CalComp Plotter,

EXAMPLE: MS[0] = 0.0045 means that 9 inches = 4.5 x 1073
electrons/photon/ev, or that 1 inch = 0.5 x 1073 electron/
photon/eV.

Change "copper"” to the name of the material being studied.
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DATA CARDS AT END OF PROGRAM

Photon energies at which it is desired to have EDCs calculated.

EXAMPLE: "112" indicates a photon energy of 11.2 eV. There
must be "AMAX" cards. The maximum photon energy is 11.6 eV.

(:) o(w), the absorption coefficient. There must be "AMAX"
numbers, and the nth number corresponds to the nth photon
energy in

EXAMPLE: (7.2 @ 05) means (7.2 > 10° cm-1),

(:> Numbers specifying the valence band density of states, starting
at 0.1 eV below the fermi level and extending to 11.6 eV below
the fermi level. There must be 116 cards.

@:) Numbers specifying the conduction band density of states,
starting at 0.1 eV above the fermi level and extending to
11.6 eV above the fermi level. There must be 116 cards.

Q:) Labels describing photon energies at which EFFTH(E) is to be
plotted.

EXAMPLE: "8" indicates calculate and print EFFTH(E) for the
photon energy given on the eighth number in cards QD . In

the sample program, "8" corresponds to Hw = 7.7 eV, and "16"
corresponds to 4w = 10.2 eV, as seen from the data cards giving
the photon energies. Note that in the sample program, the
photon energy is incorrectly labeled "8", rather than the
corresponding photon energy "77." (The numbers in the table
correspond to a photon energy of 7.7 eV only the labeling is
incorrect - this can be easily corrected by the programmer . )

The sample program is presented below for convenience of the reader.
It is highly recommended to anyone wishing to use this program that he
add a "print statement" that would print out the data cards along with
the calculations. The sample program does not do this, and the data
listed below were obtained from a printer that directly read the punch
cards in the computer deck. The sample program took about 5 minutes

(including compilation time) on the B5500 computer.
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WRITE(IDBL]
FOR Ee(EA+]
BEGIN

WRITE(FMT4»EsFCR Ae¢9 STEP | UNTIL 16 DO MLEsA1)}
END3
wRITE(IPAGE))YS
WRITE(LDBLY,FMTS5) S
WRITEC(LIDBLYSFMTL)}
WRITE(FMT2)3
WRITE(FMT3, FUR A¢i7 STEP 1 UNTIL AMAX DO H{A})}
WRITEL(LDBLI)YS
POR E«(EA+1) STEP § UNTIL (HLAMAXI=1) DO

33
) STEP 1 UNTIL (HCAMAX]=1) DO

BLGIN
WRITECFMT4sE-FOR A«17 STEP { UNTIL AMAX DO MIEsAl);
END3
END}
EAD .
2?32 PRECEDES BS5000 AND IBJOB DATA CARDS
Q) 5C 55 60 65 68

71 74 77 81 84 87 90 93 96 99 102 105 108 112 116
9,08405 9:.50+05 9,10405 B,30+05 7,88405
@ 7.20405 7428405 728405 7.208405 7,28+405
7+28405 7,284U5 7,20405 7,28+405 7,208405
7:28405 7,2084U5 7,28405 7,2@+05 7,268405
11 1,1 1.1
111111113811 11 1,08 1.2 1.5 2.25 5,0 6.5 6,9
6095 6,7 95.2% 447 Bo7 447 8,35 8,0 3,83 3,75 3.76 3,85 3,95 4,0 3,95
3,87 3,78 3,75 3,77 3,81 3,9 4,0 4.0 3.95 3,82 3.65 3.5 3,43 3,37 3,25
3015 3.0 2487 2.7 2,53 2,37 2 1 2,05 2,0 ,
2.6 3,05 3.3 3.5 3,75 3,85 3, 3,95 4,0 4,0 5,95 3.9 348 3.6 3.4 3.2
3,08 2,95 2,85 2,73 2,62 2, 52 2,83 2,35 2,28 2,17 2,10 2,00 1,95 1.50
1485 1480 1,75 1,70 1,65 1,60 1,55 1,50 1,45 1,60 1,35 1,30 1,25 1,20
1215 1010 1,05 1,00 0,95 0,90 0,85 0,80 0,75 070
108 1,8 1.8 168 0485 .85 ¢85 ,85 485 85 ,85 .85 85 ¢85 85 1,8 2.7 3,6
2492 2.47 2,35 ‘
2,25 2,10 1.97 1,85 1,80 1,75 1,71 1,68 1.65
1,62 1,59 1,56 1,53 1,50 1,47 1,88 1,41 1,38 1,36 1,34 1,32 1,30 1,28
126 1,24 1,23 1,21 1,20 1,20
1,20 1,20 1,20
102 1,21 1422 1,23 1,26 1,25 1,26 1,27 1,28 1,29 1,3 1,31 1,32 §,33 1,34 1,35
1036 1,37 1,38 1,39 1,4 1,41 1,82 1,43 1,48 1,45 1,46 1,47 1.aa 1.49 1.5 1,51
1452 1453 1,53 1,58 1,55 1,56 1,57 1,58 1.58 1,59 1.6 1,61 1.62 1,62 1.63 1.64
065 1,66 1466 1,67 1,68 1,69 1,7 1.7 1,71 1,72 $.,73 1,74 1,74 1,75 1,76
.( 358 11 16 18 20

®
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APPENDIX C. A PRACTICAL METHOD FOR NORMALIZING
ENERGY DISTRIBUTION CURVES (EDCs)

The single most important type of data in this investigation is the
photoelectric energy distribution curve, or EDC. During the photoemission
experiment, these curves are traced by an x-y recorder on a sheet of
graph paper (see Fig, C—l); the horizontal scale is in electron volts,
but the vertical scale is arbitrary. In the analysis of photoemission
data, it is imperative that the vertical scale be specific in (electrons
photoemitted per absorbed photon per eV), so that the area of the
"normalized" EDC equals the absolute photoelectric yield at that photon
energy. The absolute yield is given in (electrons photoemitted/absorbed
photon). Typically, EDCs are taken at (0.2) eV increments in photon
energy, so that in the range from 4 to 12 eV, a single set of data may
consist of 35 or more EDCs. Because of this large number of curves, it
was necessary to devise a rapid, accurate method of scaling the vertical
axis of the EDCs. A number of different '"normalization" techniques were
tried (including optical line followers and hard calculation), but the
technique shown in Fig. C-1 has proved to be the most successful. This
method is described below.

The original raw data curve is placed on the x-y recorder in the
upper right-hand corner of Fig. C-1. This x-y recorder has "retransmitting
potentiometers" on the x and y axis, so that any position on the x-y plane
corresponds to a unique position on the x and y potentiometefs. When a
voltage is placed across the potentiometers, each point has coordinates
(Vx’vy)' Thus, the vertical (or "y") axis can be scaled by putting (Vx)
into the vertical input of another x-y recorder (upper left-hand corner
of Fig. C-1), and adjusting the vertical gain to the desired scale factor.
Thus, there is a one-to-one mapping between the original curve and the
"normalized" curve, except that the vertical scale is multiplied by a
constant scale factor (Sy). The horizontal axis can be scaled independently
in the same manner,. (Because an x-y recorder with retransmitting
potentiometers was not always available, an equivalent "trace" was made
with a moving slidewire and smooth rolling linear ball bearings. This
inexpensive machine was adequate, but not as "smooth" as the costly x-y

recorder mechanism.)
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Unfortunately, the "zero" on the raw data curve does not correspond
to zero volts, but to the coordinates (on’vyo)' Thus, scaling the
y-axig with the y-gain controls of the second recorder, scales the
quantity (Vx) and not the duantity (Vx—on), which is the voltage
that represents the "true" coordinates of the original curve, as seen
from Fig. C-1. The null bridge in Fig. C-1 solves this problem by nulling
out the "zero" voltage (VXO,VYO), so that when the pointer is set at
(on’vyo) on the original curve, the voltage into the second recorder is
(0,0). Thus, we can now use the vertical and horizontal gain controls of
the second recorder to scale the voltages (VX-VXO) and (Vy—Vyo), which
are the "true" coordinates of a point on the original curve.

The scale factor (Sy) is obtained by first using a Keuffel and
Esser "Compensating Polar Planimeter" to find the area A (in square
inches) of the original curve. Let us say that the scales on the
"normalized™" curve are to be 1 (electrons photoemitted per absorbed
photon per eV per inch) and Ex (ev per inch). Thus, if the original

horizontal scale is Ez (eV per inch), then
By
= = .1
S, =3 (c.1)
x

The photoelectric yield Y (electrons photoenitted per absorbed photon)
is known and corresponds to An square inches on the normalized axes

where

b0 = T IE,) e-2)

The scaled curve must have an area (in square inches) edqual to An,

SO
Y
An = Tﬁ;j(ﬁ;7 jz (Sy yi)(SxAxi) = SySX 25 yiAxi (C.3)
i i

where the vy are the ordinates of the original curve, and the Axi are

arbitrarily small increments in the abscissa of the original curve,
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so that the measured area A (square inches) is given by
A = !¢
25 yiéxi \C.4)
i

Using Eqs. (C.1), (C.3), and (C.4), we obtain for the the

scale factor S

s (Fw) Y (fw)

- — T (c.5)
T )E)(a)

The scale factor Sy(hw) must be calculated for every EDC.
In practice, the normalization is carried out in the following manner

(spelled out for future undergraduates who will be doing the "normalizing'!").

1. Place the original data curve on x-y recorder (:) in the upper
right-hand corner of Fig., C-1, and a blank piece of graph paper
on X-y recorder @ .

2. Set the pointer of (:) (no ink!) to the coordinate (0,0) of the

original curve.

3. Null out the voltages on and Vyo by adjusting the helipots
on the null bridge, and using x-y recorder (:) as a null meter.
(At proper null, no deflection should be observed when the y-null
switch or the x-null switch are depressed, i.e., opened.
4. Set the pointer of x-y recorder C:) to the origin desired for
o

the normalized curve. EXAMPLE: Ex = 0.5 eV/inch, N = 12,
N E = 6 in.
X0

5. Move the pointer of x-y recorder (:) to (N Ei) inches. Adjust
. _ v o .
the gain of x-y regorder (:D to (N' =N E, Sx). EXAMPLE:
= v = = i
S, =05 N =NE 8§ = (12)(0.5)(0.5) = 3 in.

6. Set the pointer of x-y recorder (:) onto a point on the curve
at height (h). Adjust the y-gain of x-y recorder C:) to height
(hSy). EXAMPLE: h = 6 in., sy = 0.6 (hSy) = 0,36 in.
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i

7.

Scaling adjustments are complete. Move the pointer of x-y
recorder @ along the original curve; the ink pen of x-y

recorder @ will trace out the normalized curve.
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