4318

The method used here does not assume indepen-
dence between successive recoils of the hole; that

G. YUVAL 4

assumption does seem to appear in the methods of
Miiller-Hartmann et al.'® and of Doniach.
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Measurements of the electron energy distributions of photoemitted electrons from crystalline
and bulk liquid samples of indium show structure which can be related to the occupied density
of states. The distributions from the crystalline sample show two major peaks: a strong one
just below the Fermi level and a weaker one about 4.5 eV below the Fermi level. Similar
structure in the distributions from the liquid sample suggest that electron energy levels for
indium are determined primarily from short-range interactions. Two model calculations
based on direct transitions and nondirect transitions can each predict the observed structure
with reasonable accuracy. In either calculation, structure in the energy distributions can be
traced to similar structure in the density of valence states.

I. INTRODUCTION

The initial motivation of this work was to investi-
gate the importance of long-range order in a nearly
free-electron metal by studying photoemission from
crystalline and amorphous indium. Although we
did not anticipate it at the onset of the work, it has
become evident that the photoemission from crys-
talline indium is itself not unambiguously explained
in terms of a single simple model. Rather, it has
proved necessary to investigate direct! and non-
direct? optical excitation models and to consider
the possibility of surface excitation of plasmon ef-
fects.® However, it appears that independent of the
detailed model, it is possible to associate structure
in the photoemission energy distribution curves
(EDC) from crystalline indium with structure in the
density of states. This allows for rather direct

comparison between the photoemission results
from crystalline and liquid indium.

As one might expect, we find that indium has an
electronic structure that is relatively free-elec-
tron-like. Its optical properties® are quite similar
to those of aluminum. The measurements we pre-
sent here indicate that the energy bands of indium
are distorted somewhat more than those of alumi-
num from the “pure” free-electron case. Structure
in the electron energy distributions suggest stronger
interaction of the electron with the lattice potential.

II. EXPERIMENTAL METHODS
A. Measurements

The two experimental quantities of interest are
the quantum yield and the photoelectron energy
distribution. The quantum yield is defined as the
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total number of photoemitted electrons per absorbed
photon; this quantity is measured by collecting all
emitted electrons and referring them to the incident
photon flux. Corrections are made for reflection
losses at the surface. The absolute incident photon
flux was determined by using a calibrated Cs;Sb
cell as a reference standard.® The energy distribu-
tion of electrons was measured with a cylindrical
analyzer using the “ac retarding potential” meth-
0d.® The light source was a 1-m normal-incidence
monochromator with a hydrogen Hinteregger lamp.
Additional experimental details are given in Ref. 5.

B. Sample Preparation: Crystalline Indium

Photoemission measurements on crystalline
samples of indium were made in a small-volume
(~ 2 liter) stainless-steel chamber pumped by an
8-liter/sec ion pump and a titanium getter pump.
Mild baking (up to 135°C to avoid sample destruc-
tion) routinely achieved pressures of 5x10™° Torr.
A schematic drawing of the vacuum chamber with
its sample manipulator is shown in Fig. 1.7 The
LiF window isolates the sample chamber from the
monochromator (corrections on the incident flux
are made using the measured transmission of the
window); the windew limits the maximum photon
energy to about 11.7 eV, After achieving base
pressures in the chamber, a small amount of gold
is evaporated inside the collector-analyzer (with
the shutter closed) to provide a uniform collector
work function. Measurements are made by opening
the shutters and inserting the sample into the col-
lector -analyzer.

The indium sample was cut from a “single-crys-
tal” rod of 99. 99 at. % purity using a spark saw.
The planar, but textured, surface was briefly
etched in a solution of HC1 acid in methanol (1: 2);
the etching process revealed grain boundaries, and
a typical sample had a large central crystal with
several smaller ones surrounding it. X-ray dif-
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fraction measurements® indicated that the (111)
face of the crystal was within 6° of the front surface
(the surface was perpendicular to the axis of the
rod).

The final cleaning process of the crystalline
surface consisted of argon-ion bombardment (10-u
pressure) with the sample withdrawn from the col-
lector-analyzer. The electron energy distribution
curve was monitored as a function of bombardment
time. In general, the EDC from the uncleaned sur-
face is dominated by a large group of low -energy
electrons from the unprocessed sample. These
EDC are believed to be due to the contaminated
surface of the sample (i.e., oxides and adsorbed
gases), as well as the bulk indium.® As the bom-
bardment proceeds, contaminants are desorbed
from the surface, and higher-energy electrons
characteristic of the bulk begin to dominate the
EDC. During the cleaning process, the total yield
of the sample (at the monitored photon energy 10. 2
eV) decreases about an order of magnitude and the
work function increases.®

A valid point of criticism or question would be
that of the effect of ion bombardment on the sample
surface. The effect of ion bombardment on the
reflectance has been seen on indium surfaces.

It was found that, as a function of bombardment
time, the reflectance increased to some maximum
value; subsequently, excessive bombardment caused
a degradation of the reflectance. Parallel effects
on the EDC were observed. In particular, exces-
sive bombardment caused the number of low-en-
ergy electrons to increase relative to the number
of high-energy electrons, with the total yield re-
maining fixed. This would suggest some irrevers-
ible damage to the surface, which caused more
than ordinary electron scattering at the surface.
Similar irreversible effects have also been ob-
served in the optical constants of argon-ion bom-
barded samples of silver.!® In the present experi-



4320

HIGH VACUUM
LINEAR MOTION

MAIN HIGH
VACUUM FLANGE

LINEAR MOTION
FEEDTHROUGHS ACTUATOR ROD

=

ALUMINUM
EVAPORATOR
\summ

COLLECTOR CAN

GOLD

EVAPORATOR
MPLE POT
C > HEATER POT

CERAMIC INSULATOR

FIG. 2. Schematic diagram of the high-vacuum flange
used in the photoemission measurement from liquid
indium.

ments, no attempt was made to measure the phys-
ical “damage” to the surface. However, the “op-
timum point” in the cleaning process is that at
which the reflectance shows a maximum and the
photoemission spectrum shows the highest ratio of
high-energy electrons to scattered electrons. Un-
doubtedly, at this point, a compromise between
cleanliness and surface damage is being made.
Although we recognize that x rays penetrate deeper
into the sample than the probing photon (~10 eV),
the diffraction measurements indicated crystallinity
of the sample before and after the ion-bombardment
process.

C. Sample Preparation: Liquid Indium

Measurements on liquid samples of indium were
made in two different experimental systems: One
was a sealed-off glass phototube, and the other was
an all stainless-steel high-vacuum chamber.® Al-
though the data from the two systems were similar,
the high-vacuum chamber had distinct advantages
including the facility to clean the sample at better
vacuums and higher temperatures. For this rea-
son, only the data from the chamber are discussed
here.

Figure 2 shows a schematic diagram of the high-
vacuum flange which was used for the preparation
of the liquid sample and the photoemission mea-
surements. The flange is housed in a stainless-
steel chamber with a LiF window on the optical
axis. The chamber was pumped by a combination
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ion and getter pump*! and routinely achieved base
pressures of 6x 107! Torr after a 200°C bake. A
45° aluminum mirror was used to direct the light
beam onto the sample. The energy analyzer is
similar to the one mentioned previously, but ori-
ented with the light axis vertical.

Shortly before sealing the flange to the vacuum
chamber, the sample pot was loaded with chips or
pellets of 99. 99 at. % indium. To avoid condensa-
tion of contaminants on the sample during the bake
cycle, the sample was heated (with the analyzer
shutter closed) and maintained at a temperature
slightly higher than its surroundings. In addition,
the gold and aluminum evaporators were thoroughly
outgassed. After reaching base pressures, a layer
of gold was evaporated inside the collector-ana-
lyzer to provide a uniform collector work function;
the aluminum was evaporated onto the glass sub-
strate to form a “fresh” mirror. Final sample
preparation involved heating the indium sample to
about 800 °C for a short period to evaporate or dis-
solve any surface impurities. The final-sample
surface had a highly specular finish with the sample
molten. The frozen solid had a slightly wrinkled
finish.

In these experiments, measurements of both li-
quid and frozen indium were made on the same
bulk sample. Room-temperature measurements
were made on the frozen solid, whereas those on
the liquid were made as the sample cooled from 200
to 185 °C (melting point at 156 °C). X-ray diffrac-
tion measurements® on the frozen solid showed no
signs of crystallinity. Undoubtedly, such noncrys-
tallinity would be expected of the liquid sample.

The fact that the frozen sample was noncrystalline
suggests that it is disordered like the liquid, i.e.,
that it is amorphous.

III. EXPERIMENTAL RESULTS

Figure 3 is a family of electron energy distribu-
tions for the crystalline sample of indium. The
ordinate gives the absolute differential yield (elec-
trons per absorbed photon per eV); the Fermi en-
ergy is taken as the zero of energy. Up to photon
energies of 9.0 eV, the EDC are characterized by
a single broad peak of electrons. As %w increases,
this peak moves to higher energy by an amount equal
to the change in photon energy. At higher photon
energies, a low-energy shoulder develops about
4.5 eV below the Fermi energy, and the total yield
continues to increase. Near 11.0 eV, the low-en-
ergy shoulder becomes discernible as a peak as it
just evolves from the strong influence of the thresh-
old. At the highest photon energies, the total yield
begins to decrease as evidenced by the decreasing
area under the EDC. A property which is charac-
teristic of the photoemission from indium is shown
in Fig. 4. Plotted here is a subset of the EDC of
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Fig. 3, with the electron energies referred to their
initial states (the Fermi energy is still taken as the
zero of energy). We see that the leading peak
(near — 1. 0 eV) and the lower-energy peak (near
—4.0 eV) are aligned at the same electron energy
for the various photon energies. We believe that
both peaks are features which arise from structure
in the density of filled states of indium. The rea-
sons for this will become apparent in later sections
of this paper.

Figure 5 is a corresponding family of EDC for
liquid indium (these are scaled arbitrarily). As
we saw in the crystalline sample, the leading peak
in these energy distributions moves by an amount
equal to the increase in photon energy. There is
also a low-energy feature with a character which
is somewhat different from that of the correspond-
ing peak in the crystal solid. Namely, it develops
into a well-defined peak and grows in intensity rela-
tive to the leading high-energy peak. A general
character of scattered electrons is to produce a
peak at electron energies just above threshold.

This peak increases in magnitude but does not in-
crease in energy with increasing photon energy.’
The low-energy group of Fig. 5 does increase in
intensity with increasing photon energy; however,
they do not remain fixed in energy with respect to
the threshold. They have a finite motion to higher
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Normalized electron energy distributions for a sample of crystalline indium.

energy with increasing 7w, which eventually moves
them away from the threshold. However, the rate
of motion is less than the rate of increase in 7w.
As mentioned above, such behavior is distinct from
usual behavior of scattered electrons which remain
at low energy near threshold. This would suggest
that the low-energy group is a combination of ex-
citation from a maximum in the valence density of
states and a contribution from scattered electrons.
This result might also be deduced from the rather
significant degradation of the leading high-energy
peak with photon energy. These high-energy elec-
trons are rapidly being removed from the primary
spectrum by inelastic scattering events. This
scattering is not temperature dependent since the
room-temperature EDC from the frozen solid dis-
played virtually the same characteristics. In our
measurements, we noted a reversible change of the
photoemission threshold with temperature, but
little change of the EDC over a range of approxi-
mately 200~-25 °C (melting point at 156 °C). This
might suggest a source of scattering such as a
foreign surface layer which was not removed by
the cleaning process.

Figure 6 displays the quantum yield for the crys-
talline sample, the liquid sample, and the solid
formed by cooling from liquid. X-ray studies
showed the latter to be noncrystalline, i.e., amor-
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FIG. 4. Partial set of normalized
EDC plotted with respect to the initial
states.
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phous. Corrections for reflection losses on the

crystalline sample was made using reflectance
data from a similarly prepared optical sample in a
high-vacuum reflectometer.* The yield data of the
liquid and frozen (noncrystalline) solid were cor-
rected using the data of Wilson and Rice.!? No

in situ reflectance measurements of photoemission
samples were made; therefore, the yield curves
of Fig. 6 represent an upper limit. The liquid
sample had a specular surface whereas both the
frozen solid and the crystal sample had some visi-
ble imperfections (i.e., wrinkles on the frozen
solid and grain boundaries on the crystal).

By fitting to Fowler plots, work functions were
obtained from the three yield curves near thresh-
old. Interestingly, the work functions were found
to be identical (4.14 +0.05 eV) within experimental
error. van Laar and Scheer!® have reported a

work function of 4.08+0.01 eV for evaporated films.

LIQUID
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FIG. 5. EDC for a sample of liquid indium (not nor-

malized).

Within a few eV of threshold the magnitude of the
yield decreases almost a factor of two when the
liquid is cooled to form the room-temperature
solid. This change in yield is quite reproducible
as the temperature is cycled from room tempera-
ture to above the melting point. However, despite
the change in magnitude of yield near threshold,
the work function obtained from the Fowler plot
does not change.

IV. DISCUSSION RESULTS FROM CRYSTALLINE INDIUM

A. Introduction

Spicer!* and Doniach'® have given some argu-
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FIG. 6. Measured yields for (a) the liquid sample,

(b) the noncrystalline solid sample formed by cooling
the liquid, and (c) the crystalline sample.
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ments for the validity of the nondicect transition in
certain materials. Localization of an excited hole
has been suggested as a possible mechanism that
will allow a nonvertical transition and a breakdown
of K conservation. Indium, however, is a relative-
ly free-electron metal with a wide occupied band
(8.6 eV). Therefore, there is no a priori reason
to overlook the direct transition in favor of the
nondirect transition. The characteristic feature

of stationary structure on an E - 7w plot (e.g.,

Fig. 4) is one definite property of nondirect tran-
sitions; however, it has been found in certain cases
to occur for calculated electron-energy spectra
based on direct transitions.!»'*~!® Therefore, this
aspect is not exclusive to nondirect transitions.
Calculations on aluminum, ! the noble metals,

and palladium!” show that, despite the necessity

to conserve K, the EDC show some stationary be-
havior when plotted with respect to E — 7w. Of these
metals, aluminum is the most free-electron-like and
has no sharp features in the experimental spec-
trum!®; the calculated spectra for direct transi-
tions® appear to reproduce the density of states in
the manner expected of nondirect transitions.

B. EDC Calculated on the Basis of Direct Transitions

We have calculated electron energy distributions
for indium as a function of the incident photon ener -
gy. The method used to determine the spectra is

]

Ty( K) —Eg(iz) Vin

Vin T,(K) - Eg(i;)
0=

Vin Vooz

Vaoo Vin

where

T,(k)=k?, Ty(k) = (k -Kypy)?, \
(2

Ty(k) = (k -Kyyy)?, T4(E)= (k = Kpgo )? -

E,(IT:) are the eigenvalues for the energy bands; the
Vg are the Fourier coefficients of the potential
arising from the Kth lattice wave vector. These
were determined according to a method provided
by Ashcroft and Lawrence?®; they calculated the
appropriate potential for a “best fit” to Fermi-sur-
face data. In each sector, Eq. (1) (with the appro-
priate matrix elements) was solved by reducing the
quartic approximately 3% 10° times giving a total

of about 3.5X 10° contributing eigenvalues. Each
point of the l'z-space mesh was weighted according
to its symmetry in the zone.
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essentially identical to the method described in
Ref. 1; the eigenvalue calculation differs for in-
dium and so will be described here. The indium
crystal is a body-centered-tetragonal crystal, and
for our convenience, by a 45° rotation about its ¢
axis, we can consider it to be face-centered te-
tragonal. In this configuration, it has fcc struc-
ture, but distorted by 8% along the ¢ axis (for the
purposes of discussion, all references to symmetry
points will be based on this fct-fcc structure). For
fcc aluminum, a 4 symmetry sector of the Bril-
louin zone was considered, and a calculation using
four orthogonalized plane waves (4 OPW) was suf-
ficient!; due to the tetragonal distortion in indium,
a 1‘5 symmetry sector is required and a minimum
of 6 OPW must be used. In order to reduce the
computation time, a simplification was made: The
11"3' sector was divided into three inequivalent parts,
each of which corresponded roughly to ﬁ of the
original full Brillouin zone. In each “%” sector,
the appropriate 4-OPW equation (instead of the 6-
OPW) was solved. This simplification results in

a slight mismatch of energy bands at the two in-
terior contact faces of the three “#” sectors.
However, the number of such mismatched points

is small compared to the total number of points and
its effect on the results is small. The final result
is then calculated as an average of the three sec-
tors. In each sector, an equation of the following
type was solved:

Vin Vaoo

Voo Vin

. , (1)
Ty(k) - E(Kk) Vin

Vi Ty(k) - E,(k)

The density of states resulting from this calcu-
lation is shown in Fig. 7 (dotted curve; the dashed
curve will be discussed in Sec. IVC). Up to about
4.0 eV, it rises free-electron-like; above this,
three pieces of structure are prominent. Deviation
of this density of states from a free-electron be-
havior is due to the band gaps at the zone bound-
aries caused by the potential. In an earlier paper,
Ashcroft and Lawrence?® discuss a pseudopotential
band-structure calculation for indium. From the
potential matrix elements, they determined the
band gaps at the various faces of the Brillouin zone
of indium. These were then used to calculate the
band density of states using the following equation
(see also Ref. 21):

D(E) [, dQ(E)/VZE , &)

where Bz means Brillouin zone and dQ(E) is an
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FIG. 7. Calculated density of states for indium

(4-OPW), and the empirically determined optical density
of states.

increment of energy surface at E. When the gra-
dient becomes small, particularly at the zone
boundaries, the density-of-states function develops
singularities. The energy gaps at the zone faces
change the local curvature of the bands and cause
a departure from the free-electron density of
states. The largest deviation for indium occurs
between 4.0 and 6.0 eV. This is caused primarily
by the large band gap at the L face (hexagonal face)
of the Brillouin zone, and results in the peak near
4.5 eV and the valley at 6.0 eV. The structure
near the Fermi energy is a result of the interaction
of the band gaps at the x face and the z face of the
zone. The small resolved peak near 7.0 eV is not
seen in the results of Ref. 20 and 21, although the
same band structure was used. This is primarily
due to the approximations used in the present cal-
culations which resulted in the mismatch of bands
at the two interior faces of the pseudo # sectors.
Figure 8 shows the calculated electron energy
distributions for indium using direct transitions
with broadening. In each box, the upper histogram
represents the internal distribution of photoexcited
electrons; the lower represents the external EDC.
The external spectrum was calculated by applying
the appropriate threshold function to the internal
distribution.! Broadening has been introduced into
these curves by allowing a finite spread in the ex-
citation spectrum (0. 3 eV). Although the EDC
(lower curves) are normalized with respect to each
other, no attempt was made to scale them to the
absolute yield. In general, all of the EDC display
a rather strong valley separating a leading doublet
peak from a low-energy peak. The correspondence
of the structure in the EDC with similar structure
in the density of states (Fig. 7) is evident. An im-
portant feature to note is the behavior of this struc-
ture as a function of the photon energy. Similar to
the experimental energy distributions of Fig. 3,
the structures in the calculated EDC move with in-
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crements in the final-state energy equal to the in-
crements in the photon energy; plotted with respect
to the initial states, these features would remain
at a fixed energy; this is seen in Fig. 9 and can be
compared with the experimental distributions of
Fig. 4. As it was seen in earlier results from
aluminum,® copper,® and palladium,'” it is féund
here that some features which are characteristic
of nondirect transitions can also be seen as a re-
sult of direct transitions. Despite the 0. 3-eV
broadening introduced into the calculated EDC,
there are detailed differences between them and
the experimental EDC. For example, experimental
EDC have only a single broad peak near the maxi-
mum energy whereas two narrower peaks appear
in the calculated EDC. Another difference is that
width and relative amplitude of the peaks in the cal-
culated EDC vary with Zw much more than the ex-
perimental results.

Another feature that is seen in the calculated
EDC of Fig. 8 is the apparent band width due to
the photoemitted electrons. At a photon energy of
12, 8 eV, the lowest excited electron has sufficient
energy to escape. However, these low-energy elec-
trons did not come from the I" point at the bottom
of the band. Excitation of electrons from I' would
require much higher photon energies (Zw~ 20 eV).
Thus, the full bandwidth of 8. 6 eV would not be
evident until such photon energies are incident. In
the case of nondirect transitions ( Sec. IV C), the
full bandwidth would be accessible when the photon
energy exceeded the bandwidth plus the work func-
tion (~12.6 eV). This is just beyond the reach in
the present experiment due to the cutoff of the LiF
window.

C. EDC Calculated on Basis of Nondirect Transitions

In earlier studies of photoemission and the elec-
tronic structure of solids, Spicer? and Berglund
and Spicer2 suggested the nondirect transition to
account for an apparent lack of importance to con-
serve k. Based on their observations, they pro-
posed a model in which (i) conservation of K is un-
important as a selection rule and (ii) that the op-
tical-transition probability is proportional to a
product of initial and final density-of-states fac-
tors. In 1967, Spicer!* reviewed the available ex-
perimental data and made qualitative suggestions
as to possible reasons for the nondirect transitions.
Doniach!® has recently presented many-body calcu-
lations which give some support to the nondirect
picture. In the considerations of both Spicer and
Doniach, nondirect transitions were expected from
high-mass relatively tightly bound states, such as
the d states of metals, rather than from almost
free-electron states as in indium. However, the
present authors®! found previously that the experi-
mental data from indium can qualitatively be de-



|

PHOTOEMISSION STUDIES OF INDIUM

- INDIUM r
fw=5.80 eV L fw=6.80 eV
3 L
H i
=
5 L
£ L
El L
3
o L
5 L
8 10 12 14 0 8 10 12 14
L hw=7.80 eV L hw=8.80 eV
zr r
r -
-
5+ L
L L
s
Sr
o T L
&L -
L L
0 2 4 6 8 10 12 14 0 10 12 14
ELECTRON ENERGY (V) (@) ELECTRON ENERGY  (eV)
r INDIUM o
L hw=9.80 eV . hw=10.80 eV
s I .
it L
g I _
:"5 - L
5 L
3L L
= |
s -
L | L
0 12 14 0 2 12 14
L hw=11.81 ev hw=12.81 eV
it L
- F L
g
= - -
o
5 | L
3L L
u
s r -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
ELECTRON ENERGY (V) (b) ELECTRON ENERGY (V)

FIG. 8.

scribed by a convolution of density-of-states fac-

tors.

Therefore, in order to make a comparison

of results with the direct-transition model, the

(a) and (b) Calculated EDC for indium assuming direct transitions.

nondirect model will be discussed here.
The nondirect model assumes that the energy
distribution of emitted electrons takes the form
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FIG. 9. Calculated direct transition EDC plotted with
respect to the initial states.

N(E, w)=ACla(w), L(E), T(E)IN(E)N(E - hw),

(4)
where N(E - 7iw) and N(E) are, respectively, the
initial- and final-states densities. a(w) is the op-
tical-absorption coefficient, L(E) is the character-
istic length which determines the probability that
an excited electron will reach the surface, and T(E)

0.028
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is the probability of escape for an electron. The
function C can be called an over-all escape factor,
and A is a normalizing constant. Further details
are given in Ref. 5 and we essentially follow the
technique described in Ref. 23.

The method is empirical in that the density of
final states N(E) and initial states N(E - %w), which
gives the best over-all fit to the experiment, are
determined iteratively. The result of such an anal-
ysis is called an “optical density of states” (ODS).
For indium, we assumed a bandwidth of 8.6 eV
(corresponding to the free-electron width) and a
work function of 4.0 eV; the results are shown in
Fig. 7 and compared to the derived band density of
states. There are some gross similarities, but the
empirical ODS obviously does not reflect the details
of the singularities of the calculated density of
states. This is to be expected since the ODS re-
flects the experimental data which does not have
any sharp features.

Figures 10 and 11 show the EDC and yield de-
termined from the empirical ODS of Fig. 7. In
the calculation of the yield, the energy-dependent
electron-scattering length L(E) was adjusted by a
multiplicative constant over a range to find the best
fit to the experimental values. Shown in Fig. 11 are
yield curves with the scattering length equal to 50,
200, and 1600 A at an energy 8.5 eV above the
Fermi energy. The lowest curve [L(8.5)=50 A |
gives a reasonable fit to experiment up to about 7.5
eV; at this point, the experimental data make a
sharp increase. The curve for L(8.5)=1600 A fails
to fit the yield at either the high or the low ener-
gies; undoubtedly, 1600 Aisan unreasonably long

INDIUM

EXPERIMENTAL (normalized)
————— CALCULATED (scaled)

0.024

———
~—

0.0201

0.016

0.012f-

0.008

7L (E,w) (electrons/photons/eV)

0.004+

0.000

FIG. 10. Experimental EDC com-
pared to the EDC calculated from the
deduced optical density of states (the
calculated yields have been adjusted
to the experimental data).
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FIG. 11. Experimental yield of the crystalline sample
compared to the yield calculated from the nondirect mo-
del using various electron-electron mean free paths.

scattering length. It is evident that an exact pre-
diction of the yield is not possible. Although the
absolute yield is quite sensitive to the scattering
length, the over-all shape of the EDC is not. In
Fig. 10, the shape of the EDC was calculated on
the basis of L(8.5)=200 A; the absolute magni-
tudes were adjusted to match the experimental
yields. The nondirect analysis is successful in
predicting the shape of the experimental spectrum
over a large photon energy range, but does not give
good results for the absolute yield.

Recent work by Endriz and Spicer® on aluminum
has indicated that (i) surface plasmons may be op-
tically excited by surface roughness, and (ii) that
the surface plasmon has a high probability of de-
caying with the excitation of a photoelectron. In
aluminum, the surface-induced plasmon causes
significant enhancement of the photoyield between
8.0 and 11.0 eV (Zw/v2 =10.4 eV). For indium,
the “free-electron” surface plasmon occurs at
nw/V2 =8.7 eV. Energy-loss measurements by
Robbins? indicate a loss peak near 8.7 eV which
can be attributed to the surface loss. It is possible
that some of the discrepancy between the experi-
mental and the calculated yields of Fig. 11 [partic-
ularly for the case L(8.5)=50 A] can be attributed
to a surface plasmon contribution to the experi-
mental yield; this onset is near 7.5 eV and of
course is not accounted for in the nondirect calcu-
lation. In fact, such an effect could also account for
the large difference in yield between the crystal
and liquid sample (Fig. 6) since the liquid should
not have surface roughness and thus no coupling to
surface plasmons would be possible. We could ex-
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pect, however, that the largest enhancement due
to surface plasmons would occur near 8.7 eV. The
divergence of the two yield curves of Fig. 6 con-
tinues beyond 10 eV suggesting that another mech-
anism dominates the crystal yield at high photon
energies.

Figure 12 compares the experimental EDC to
the two calculated EDC’s for a photon energy of
10. 8 eV. The absolute magnitudes of the curves
have been adjusted for the sake of comparison.
It is evident that the nondirect-transition calcula-
tion gives reasonable agreement with experiment;
this is to be expected since the ODS, from which
this EDC was calculated, was determined from
experiment. There is less agreement for the di-
rect-transition calculation. However, the gross
trend indicates the presence of at least two major
groups of electrons. The lack of more detailed
agreement can probably be traced to a number of
sources. The most obvious would be the band-
structure calculation of the energies. Although the
potentials were adjusted for a best fit to Fermi-
surface data,?® this would not necessarily guarantee
accurate eigenvalues away from the Fermi energy.
Some contribution to the discrepancy can be traced
to the approximations introduced by the division of
the & sector into the three inequivalent “%” zones
and using the 4-OPW calculation instead of the 6-
OPW. Aside from the calculation, another distinct
source of error could be the experimental data it-
self. Strong inelastic scattering in the emission
process would tend to wash out details of the ex-
perimental EDC, particularly at the high-energy
end. This could introduce an uncertainty in k and
move the optical selection rules toward those of
the nondirect model. At any rate, we do not pre-
sent a case for detailed agreement here. The cal-
culations show that either model can give a qualita-
tive description of the photoemission process in
indium. However, from a simple theoretical stand-

DIRECT
-—-— NONDIRECT sy
EXPERIMENT ’

N(E, w)

INDIUM
hw=10.8 ev

PHOTON ENERGY (ev)

FIG. 12. Comparison of the experimental EDC to the
calculated EDC’s using the direct and nondirect models
at a photon energy of 10.8 eV.
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point, the known free-electron nature of indium
would favor the direct-transition model.

V. DISCUSSION OF RESULTS FROM LIQUID INDIUM

During the past decade, a significant quantity of
theoretical and experimental work considering the
electrical properties and electronic structure of
liquid metals has been presented. A number of
theoretical papers consider the conductivity prob-
lem as well as the electronic structure.”®~%" The
approach to the band-structure problem ranges
from the free-electron theory of Ziman®® to the
“pseudobands” of Knight et al.?” The available ex-
perimental data on liquid metals include measure-
ments of x-ray diffraction, 26,29 optical proper-
ties,12:30:3! characteristic energy losses,®?~** and
X-ray emission,3% %

Let us examine the systematics of the results
from the last three types of experiments, i.e.,
those involving strong electronic excitations.
These results can be classified according to wheth-
er or not the transitions or excitation observed
disappear when the long-range order is destroyed
by melting. The optical structure studied can be
divided into two classes: (i) the direct transitions
between states which would be free-electron-like,
except for the periodic potential, and (ii) transi-
tions from d states (or f states) which would not be
free-electron-like even in the absence of a periodic
potential. Two examples of each case are con-
tained in the references quoted above. The transi-
tions near 1.5 eV in A1* and Hg 2 are clearly of
the first type; these transitions disappear when the
crystalline samples are melted. Similar behavior
is seen in the 1.5-eV transitions for solid indium*
and liquid indium. ¥ In contrast to this behavior,
the optical-absorption edge due to Fermi-level
transitions of d-band electrons in Cu and Ag % does
not disappear on melting, although some of its
sharpness is lost. In addition, recent measure-
ments of photoemission from liquid Au® verify the
persistence of d-band structure in the liquid.

Soft-x-ray emission measurements of the Ljg
level of aluminum by Caterall and Trotter® indicate
that the emission spectrum for the liquid differs
very little from that of the crystalline solid.
Powell** has measured the electron energy-loss

spectra for liquid aluminum as well as for the solid.

He found that both the surface and bulk plasmons
could be identified for a range of temperature right
through the melting point. A discontinuity at the
melting point was consistent with the known change
in the mass density of aluminum at the melting
point. In the same paper, he also described the
results for Bi, Au, In, Ga, and Hg and found, in
general, that the loss spectra for these liquid met-
als were quite similar to those for the correspond-
ing solid. One can summarize these results in the
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following way: Electronic excitations must involve
states which are a direct and unique consequence
of the long-range order if they are to disappear
when melting destroys the long-range order.

To first order, the electron-energy distributions
of Fig. 5 show the same leading peak that the crys-
talline solid shows (Fig. 3). A discussion of the
origin of such structure was given in Sec. IVB. If
the structure of Fig. 3 can be attributed to the den-
sity of states, then one could conclude that the
structure of Fig. 5 (particularly the leading peak
and the valley that follows it) has the same density-
of-states origin. This strongly suggests that the
density of states of indium changes very little on
melting. From an intuitive point of view, one
could consider that, although the long-range order
is destroyed, the local coordination changes very
little. In this respect, it is of interest to note that
the measurements of Ocken and Wa.gner29 indicate
a change in coordination number from 10.5 to
10.1 atoms on heating liquid indium from 170 to
280 °C. In addition, their measurements reveal
that the interatomic distance changes on the order
of 0.06 A (decreasing) with a 500 °C increase in
temperature. Such small changes of short-range
order may have only moderate effect on the elec-
tronic structure. Thus, as suggested by Knight
et al.,”" the energy structure of such metals may
be more a consequence of local order than of long-
range order.

Judging by the behavior of Al and Hg, one would
expect the characteristic optical direct transition
near a photon energy of 1.5 eV to disappear on
melting. Theoretically, that is reasonable since
that transition depends on k conservation and, thus,
Bragg reflection and long-range order. In contrast,
the present results seem to indicate that gross fea-
tures of the density of states, even in an almost
free-electron metal such as In, do not depend on
long-range order but can be related to the short-
range order which persists into the liquid. Thus,
it would be very interesting to use photoemission
as well as other methods to look at the density of
states in liquid Al and Hg as well as In. The tech-
niques used by Eastman on Au might be applicable
to Al.

Shaw and Smith*® have used a perturbation tech-
nique with a model potential to calculate the density
of states for both the crystalline and liquid phases
of indium. Their results for the crystal show struc-
ture similar to that shown in the calculated curve
of Fig. 7, but on a considerably smaller scale.

For the liquid, their results show virtually no struc-
ture although the over-all shape seems to follow the
trend of the crystal density of states. The net re-
sult is that the liquid density of states is a highly
smoothed crystal density of states. This general
behavior may be consistent with the results from
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this experiment; however, the magnitude of their

predicted deviation from the free-electron density
of states is so much smaller than the observed ex-
perimental structure and the experimental results
are sufficiently obscured by scattering effects that
it is difficult to make a definitive comparison.

VI. SUMMARY

Measurements of the photoemission energy dis-
tributions from crystalline indium reveal two major
groups of electrons. These electron excitations
(whether direct or nondirect) can be traced to cor-
responding features in the density of occupied
states; major structure is due to the large band gap
at the L face of the Brillouin zone. Similar struc-
ture is observed in the measurements from liquid-
phase indium. This suggests that only small changes
occur in the valence density of states on melting.
Since only short-range order is retained in the liq-
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uid, it would appear that potentials giving rise to
structure in the occupied states is more a conse-
quence of short-range order than long-range order.

Calculation of energy distributions based on two
different excitation mechanisms was made. Al-
though neither mechanism can explain fully the
quantitative features of the experiment, either can
give a qualitative description. A “natural” conse-
quence of the nondirect model is to give an optical
density of states which resembles the experimental
distributions. By contrast, there is no a priori
reason to expect direct transition EDC to resemble
the density of states. However, as it was found
earlier for aluminum, the calculated direct transi-
tion EDC show a strong resemblance to the calcu-
lated density of filled states. This feature of both
calculations supports the contention that observed
structure in the experimental EDC is due to struc-
ture in the occupied density of states.
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