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Detailed computer calculations of angle-resolved photoemission are used to demonstrate
that experimental data on Ni(110) and Cu(100) show effects that are found in the single-

step model of photoemission, but not contained in the usual three-step model. In particu-
lar, the effect of inelastic scattering on the widths and shapes of direct-transition peaks is
investigated directly and compared with simple line-shape formulas which are derived from
the theory. Constant-initial-state spectra provide a particularly useful method for the
determination of the inelastic scattering in the upper state. However, direct interpretation

by a Lorentz-curve fit may overestimate the inelastic scattering slightly, since a somewhat
smaller value is obtained by comparing the experiment with detailed calculations. Proper
interpretation of the nickel data requires that the upper-state bands should be calculated in-

cluding a damping due to inelastic scattering. Surface-matching effects appear to influence
the shape of direct-transition peaks in copper.

I. INTRODUCTION

In this paper we examine, by detailed computer
calculation, some of the effects contained in a
single-step model of photoemission which are not
contained the usual three-step model, and demon-
strate that they occur in previously published exper-
imental data on Ni(110) (Ref. 1) and Cu(100}. ' In
the usual three-step model of the photoemission ex-

periment, the observed phenomenon is simplified by
breaking it up into three separate processes: (1) The
transition of electrons from an initial state below
the Fermi level to a final state in the bulk of the
crystal at the energy at which they are later collect-
ed, (2} transport of these excited electrons from the
bulk of the crystal to the surface with attenuation
of the flow due to inelastic scattering, and (3)
transmission of these electrons from the crystal to
the detector in vacuum with a loss due to (possibly
total) internal reflection. This model has been com-
pared quite successfully with experimental data.
However, in this model there is no photoemission
when there is no final-state Bloch wave with a k
vector equal to the k vector of one of the possible
initial-state Bloch waves. (We assume here that the
wave vector of the photon is negligible. ) This as-

pect of the model limits it to direct transitions, and,
because of the exact conservation of k, it does not
deal with the width of direct transition lines.

In the more sophisticated single-step model of
photoemission these three steps are combined into a
single coherent quantum process. Surface photo-
emission is contained in the single-step model, and

this emission is clearly not contained in the three-
step model. However, in this paper we limit our-
selves to an increased understanding of the bulk
emission that can be obtained by going from the
three-step model to the single-step model.

In particular, we note that in the three-step model
the excitation of an electron from the initial state to
the final state is a bulk transition between the ener-

gy bands of the solid. In the single-step model this
excitation process is modified by the inelastic
scattering, as well as the presence of the surface. In
the three-step model, the inelastic scattering and
surface effects cannot influence the excitation pro-
cess because they are relegated to separate, later
steps. One result of combining the steps is that the
Bloch wave functions and band energies to be com-
pared with photoemission experiments (particularly
the upper-state wave functions) should be calculated
including inelastic scattering. This has already been
pointed out by Nilsson and Dahlback, and by oth-
ers, the earliest relevant work probably being that
of Slater. We have substantiated, by detailed cal-
culations for nickel, the effects of wave damping
proposed by Nilsson and Dahlback on the basis of
simple-model calculations for copper.

We find that peak widths are largely determined
by the inelastic scattering, although density-of-
states effects also play a role. We derive simple ex-
pressions for the shapes and linewidths of direct
transition peaks from the single-step model and
compare these results with more detailed computer
calculations and with experimental data.

We also focus on the problem of finding the life-
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time of an electron in the upper state from photo-
emission experiments. We compare the published
experiments on Ni(110) and Cu(100) with detailed
calculations to determine the lifetimes implied by
these experiments. Using the analysis, we then as-
sess the validity of using simple linewidth formulas
for finding lifetimes. In particular, one can also ob-
tain the inelastic scattering in the upper state quite
directly from the widths of direct transition peaks
in experiments in which the collection energy and
photon energy are varied together so that the
initial-state energy remains constant. If a suitable
initial state can be found, this indeed appears to
give a relatively simple method for obtaining the in-

elastic scattering, ' ' although comparison with the
procedure using detailed calculation of the photo-
emission indicates that this simpler method may
overestimate the amount of inelastic scattering.

The photoemission in a gap in the band structure
should be less attenuated by inelastic scattering than
photoemission into bulk band states. Comparing
photoemission in a gap with the photoemission into
a nearby band should give a measure of the inelastic
scattering in the band without an absolute calibra-
tion of the signal into the detector. We use detailed
calculations to extract the inelastic scattering from
this comparison. This procedure gives a result
which agrees generally with the results we obtain
from peak widths, but, at present, does not appear
to be more accurate than the peak-width results.

We also demonstrate here, using the Ni(110) data,
that such photoemission in a gap can have a defin-
ite bulk character, in the sense that, when we take
the inelastic damping into account, it occurs be-

tween the same initial and final Bloch waves as or-
dinary bulk emission, and that these waves are not
changed qualitatively in character. The usual
direct-transition peaks can occur even when the
upper-state electron has a quite short mean free
path, in fact only four layers of penetration are suf-
ficient. Thus it is not surprising that bulk emission
persists in a gap, where the upper state is only
somewhat more strongly decaying than in a band.
To understand the k, values actually involved in
such transitions, it is necessary to take into account
the effect of inelastic scattering on the band struc-
ture.

II. THEORY OF ABSORPTION EFFECTS,
DERIVATION OF SIMPLE LINE-SHAPE

FORMULAS

The theoretical treatment used in this work is
based on a rigorous description of the effects of in-

elastic scattering, and treats them in a particularly
lucid way. In a many-body treatment of the motion
of an electron through the crystal, these effects are
produced by the imaginary part of the self-energy in
the equation for the single-particle Green's func-
tion. This imaginary part acts like an absorptive
term in the potential. In the present work, the
upper-state band structure of the crystal is calculat-
ed with the imaginary part of this self-energy term
included with the potential. The calculated Bloch
waves have wave vectors with a positive imaginary
part in the direction of the energy flux, and hence
their amplitudes decay as they move through the
crystal.

As is common in low-energy electron diffraction
(LEED) calculations, ' the imaginary part of the
self-energy, —P, is taken to be independent of the
position and direction of motion of the electron, but

may depend on its energy. Following Slater we
will call P the damping, and also sometimes the ab-

sorption. Adding this negative imaginary term to
the potential is equivalent to adding the imaginary
term i P to the energy.

A simple description of the line shape can be ob-
tained directly from this addition of an imaginary
term to the energy. According to the time-

dependent Schrodinger equation

the final-state wave function in the photoemission
process must decay exponentially with time.
Fourier transform from time to frequency then sug-

gests that the line shape for the transition will be
Lorentzian. " We shall not pursue this further be-

cause the standard treatments of the single-step
model, which give a more complete picture of the
various factors which can influence line shape can
be developed directly from a time-independent
steady-state scattering theory.

In the single-step model, the imaginary part of
the wave vector ~ of a Bloch state which is obtained
from

E(k„,k~, k, +is) =Eo+iI3

plays a much more direct role in determining the
line shape than P. The quantities k„, kz, and Eo are
determined by the geometry and collection energy
of the experiment. For a uniform imaginary contri-
bution to the potential P, the procedures of our
computer program are equivalent to solving this im-

plicit equation. This x is easily related to a mean
free path for an electron (or hole if we look at the
lower-state bands) in the final state of the electronic
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transition. Since this mean free path measures the
loss of coherence of the wave rather than the
electron's loss of momentum, it is more directly re-
lated to the lifetime of the state than to the mean
free path measured in the usual layer-penetration
experiments, ' in which the attenuation of emitted
electrons is stuided using absorbed layers of varying
thicknesses. Phonon or electron scattering near the
forward direction has little effect in such experi-
ments, but is completely effective in destroying
phase coherence. One would expect that this ~
would show greater spatial variation and directional
anisotropy than the experimentally measured mean
free path. Such effects may be obtainable from the
interpretation of photoemission data sufficiently
resolved in energy and angle, and would give valu-
able information about the self-energy of excited
electrons (and holes) in the crystal.

We have some idea of the value to be expected for

p from LEED analyses, ' which find agreement be-
tween theory and experiment for typical materials
with values of P around 3 to 4.5 eV for electrons
with kinetic energies from 30 to 150 eV. Similar
values are obtained from calculations for a uniform
electron gas. ' There are also inelastic processes in
LEED involving phonons which leads to a Debye-
Waller factor that gives a smooth decrease in inten-
sities with increasing energy. Although Debye-
Waller effects have been included in photoemission
calculations, ' it is probably better, at room tem-
perature and below, not to include them in the usual
simple form. This is because Eq. (3), the theoretical
expression from which we obtain the photoemission
gives only the intensity of electrons which suffer no
inelastic scattering in leaving the crystal. Thus if
the Debye-Wailer factor is included, electrons
which are scattered through some angle by a pho-
non on its way out of the crystal are treated as to-
tally lost. Since many of these phonon-scattered
electrons are defiected through only small angles
and leave the crystal with a negligible loss of ener-

gy, they will be detected as though they were elastic
electrons. We can include these electrons in the cal-
culation by leaving out the Debye-Wailer factor and
treating them as elastic electrons. This will be a
good approximation as long as the phonon scatter-
ing is primarily near the forward direction. Of
course, when most of the phonon scattering is away
from the forward direction, it is better to put the
Debye-Wailer factor in. At high temperatures and
high energies, where phonon scattering is strong
and not restricted to the forward direction, the ex-
perimental photoemission is best described by the
indirect transition model. '

The single-step model gives a general description
of the photoemission process which reduces to a
direct-transition description under appropriate cir-
cumstances. ' If we disregard emission from the
surface itself, the intensity of emitted electrons has
the form '

I~ ggC„'C A(n, m)(n
~ p E~ m)

m n

(3)

with

h(n, m)=
exp[(ik, ' ik, —' k)a—] 1—(4)

where C~ and C„are the coefficients of the Bloch
waves m and n in the initial and final states, respec-

itvely, and where (n
~ p E

~

m ) is the matrix ele-

ment of the electric field between these states
evaluated for a single bulk cell.

Direct-transition behaivor is produced by the in-

terference of the waves emitted from different

planes of the crystal parallel to the surface. The
factor 5 of Eq. (4) arises from summing the contri-
butions of all the layers of the crystal parallel to the
surface. These contributions from the various

layers differ only by powers of the exponential fac-
tor in the denominator of b, . We obtain simplified
formulas for the line shape of a direct transition by

simplifying A. Here a is the length of the unit cell

perpendicular to the surface, exp( —A,a) is the de-

crease of the electric field in penetrating one layer,
and k' and k are the wave vectors of the initial and

final Bloch waves. The decay of the electric field is

generally small, so that A, can be set equal to zero in

discussing the properties of this expression.
Direct transitions occur when 6k=k, —k,' isf

small in one of the terms, i.e., when the final and

initial wave are in phase on all the planes of the
crystal below the plane of the surface. When this is
true, the denominator of b, in this term is near zero.
We need consider only this one large term in the

sums in this case. The denominator cannot reach
zero because k has the imaginary part ~, due to
inelastic electron scattering, and k' has the ima-

ginary part a' due to inelastic scattering, y (analo-

gous to p), of the hole. Because of both of these im-

aginary parts, the contributions from deeper layers

are reduced, and the interference between layers re-

sponsible for the direct-transition selection rule is
also reduced.

When the inelastic scattering is small, we may ex-

pand the absolute square of the factor in Eq. (2) to
second order in b,k (around the position of a direct
transition) to obtain the result
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with

(b,E) +(sf+a'}A. (6a)

ak,' akf" =
aE aE

aEI

ak,
aEf
ak,

or

A= aEf aE' 'aEf aE'
=ak, ak, ak,

(6b)

when the photon energy is constant, and

aEI'=
ak,

when the initial energy is constant. Furthermore, if
the inelastic scattering, p, of the electron is small,
we have by a Taylor expansion of Eq. (2),

f aEf
(9)

This approximation is nearly exact for quadratic

(k —k') +(sf+a')
Here kf has been written for the real part of k, .
Because the final state is a time-reversed LEED
wave function, the imaginary parts of the final and
initial k's add although the real parts subtract. The
expansion used here is valid if b,ka «1, i.e., if the
transition is localized to a small region of the Bril-
louin zone. This must be fulfilled in any experi-
ment in which the bands can be mapped out.

One usually measures the variation of the emis-
sion intensity with energy, either the energy of the
outcoming electron or the photon energy. In the
neighborhood of a direct transition this variation
arises from the variation of the k's in Eq. (5}. We
shall study two cases. First, when the photon ener-

gy and collection energy are varied together so that
the initial energy (and k') is constant (the so-called
constant-initial-state spectrum, such as in Refs. 2
and 3), and second, when the collection energy is
varied at constant photon energy so that both the
initial and final states change (the so-called energy
distribution curve) such as in Ref. 1. The quantities
which determine the peak widths are found to be
different in these two cases. We may convert the
variation of this expression with k to a variation
with collection energy in an approximate way by
performing a Taylor expansion of Eq. (2) for the in-
itial and final states. If we expand bk about zero
which is the position of direct transition, we obtain

bands because the ~ term is real, and therefore does
not contribute to the imaginary term containing p.
If the hole lifetime is long we have the same ap-
proximation for ~',

; aE'
'ak, =—~

Thus, Eq. (6) becomes

(10)

where

(&&)'+ (y+&)'

5=(P+y)
Bk Bk

—
Bk

in the case when the photon energy is held constant,
and

where

A 2

(&F- }'+(p+ g)'
(12)

aEf aE'
k=r

ak ak,

when the initial state is held constant. Both of
these expressions give the standard Lorentzian line
shape if we assume that p, 5,(, and the other factors
in the intensity are constant across the peak profile.
We see that the approximations necessary to obtain
a Lorentzian shape are not severe. However, we do
find deviations. In the work on nickel we find that
the density of states can vary across the peak. In
the work on copper we find that there are devia-
tions from Lorentzian shape which arise because
other terms in Eq. (3) beside the dominant, direct-
transition term are not completely negligible.

The matrix element over a bulk cell can also vary
across the line, but this shows the same behavior as
we have just found for h. This is to be expected be-
cause the interference between the scattering from
different atomic layers we have described extends to
interference between the scattering from different
planes within an atomic cell. This is particularly
clear when the initial and the final Bloch waves are
represented by plane waves. In this case the in-
terference within cells and between cells can be
treated on the same footing. If the initial Bloch
wave is better represented by a tight-binding form
with wave functions localized on the atoms, and the
transition occurs principally to a single spherical-
harmonic component of the final state (as is often
the case), the interference effects within the cell will
be small.
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III. DISCUSSION OF THE NICKEL DATA

In the usual determination of the lower-state
bands using photoemission, the energy of the initial
state and the component of its k vector in the plane
of the surface are easily obtained from the parame-
ters of the experiment but the determination of the
value of k„ the component of the wave vector per-
pendicular to the surface, is more difficult. Usual-

ly, k, is obtained from knowledge of the upper state
of the transition which, according to the direct-
transition model, has the same value of k, . This
upper state is normally approximated by a nearly-
free-electron model adjusted to flt the gaps and crit-
ical points observed in the experiment. When the
energy of the upper state reaches a gap in the band
structure, in a simple description without damping,
one expects the peak to disappear for lack of a final
state.

In the experimental data for normal emission
from Ni(011) the observed peaks do not disappear
beyond a band edge, but become stationary with
photon energy. Figure 1 shows the previously pub-
lished' electron emission as a function of lower-
state energy for a sequence of photon energies.
These were taken at constant instrumental energy
resolution and aperture so that the intensity of
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FIG. 1. Normal photoemission from Ni{110). To the
left are experimental energy distribution curves for a
number of photon energies. To the right, the upper-state
bands used in interpreting these spectra, arid the lomer-
state bands obtained from this data {from Ref. 1).

emission observed for different photon energies can
be compared directly on the same scale. The results
were obtained for s-polarized light (electric field
parallel to the surface) with the consequence that no
plasmon or other dielectric effects, and no surface
photoemission, are involved in their interpretation.

We see that there is an unresolved pair of peaks
at —0.35 and —0.19 eV at 11 eV photon energy
(marked by ticks), which move up with photon en-

ergy to —0.25 and —0.04 eV at 15 eV photon ener-

gy. The tick-marked peak positions were obtained
by resolving the experimental structure into two
Lorentzians of equal area but differing widths and a
steplike electron-loss function for the secondary
electron background. ' As the photon energy in-
creases from 16 to 18 eV, the peaks remain at the
same initial-state energy of —0.24 and —0.03 eV.
Below the photon energy of 15 eV, this pair of
peaks has been determined to be direct emission
from the spin-split s-p bands along the S line (E to
X) in the Brillouin zone to an upper state which
comes into X5 as shown at the right side of Fig. 1.
Above 15 eV, we find that these same peaks, now
stationary, correspond to transitions to the LEED
wave function in a gap in the band structure [origi-
nally determined by comparison with Cu(011)].'

The intensity of these peaks increases as the pho-
ton energy increases from 11 to 15 eV, as one might
expect from the increase of the initial density of
states as the transition moves along the band to-
wards the flat region around the X point. For pho-
ton energies above 15 eV the strengths of these
peaks decrease to about 95%%uo of their maximum
values at 16 eV photon energy, and 65%o at 18 eV.
Such a decline is expected from the increased at-
tenuation of the evanescent waves from the surface
of the crystal as the upper-state energy of the tran-
sition moves deeper into the gap, and the LEED
wave function is more strongly attenuated. Note,
however, that at 18 eV, which is near the middle of
the calculated gap, the strength of these peaks is
still greater than the strength of these same pair of
peaks at 13 eV, where they represent "standard"
direct transitions into a normal bulk Bloch state.

IV. COMPARISON OF THEORY
WITH THE NICKEL EXPERIMENTS

The computer program used in this work is
described in previous publications. ' Briefly, the
photoemission is calculated as a transition from the
initial state representing the reflection of a bulk
Block wave at the surface to a final state given by
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the time-reversed LEED wave function with inelas-
tic scattering taken into account as discussed in Sec.
II. The initial state contains not only the incoming
and reflected Bloch waves, but also the evanescent
waves in the neighborhood of the surface required
to match with the proper exponential tails in vacu-
um. The final state is also composed of Bloch
waves, here carrying flux towards the surface and
also evanescent waves in the surface region. For
emission in a gap, all of the waves present in the
final-state wave function are evanescent. When
there is more than one band at the initial energy, we
add together the photoemission intensities from the
separate initial states, each made up from a Bloch
wave moving toward the surface and its reAected
waves.

The photoemission calculations were performed
by a "beam" method' which is quite standard in
LEED work. This method of calculation becomes
more difficult when the planes of atoms parallel to
the surface of the crystal are close together relative
to the spacing of the atoms within a plane. We find
for the Ni(110) surface that 41 Fourier coefficients
were necessary to obtain an adequate representation
of the initial-state wave functions halfway between
the planes of atoms. This was far more then were
needed for the upper state, and also far more than
were needed in previous calculations for Cu(001)
and Cu(111).'

The hole lifetime v. has been set equal to zero in
the calculations presented here for nickel, because
the initial state involved in these experiments is very
close to the Fermi level. Herice, the shapes of the
computed peaks are determined by P, and by the
changing slope of the initial band which gives the
variation of the initial density of states. Note that
various approximations have been used in the
derivations of Eq. (11). The computer program
used in this work evaluates Eq. (3) directly without
these approximations. As a result, the actual com-
puted line shape does differ from a simple Lorentzi-
an. Our calculations do in fact give line shapes and
widths quite close to what is seen experimentally.
Examination of the calculations shows that the
difference in shape that we calculate from the sim-

ple form arises from the change in the initial densi-

ty of states with energy. In particular, the spectral
peak is cut below the Fermi level because of a lack
of available initial band states.

Figure 2 shows photoemission intensity curves
calculated for the values 1.75 and 2.5 eV of the ima-
ginary contribution to the potential used to obtain
the upper-state wave function in the photoemission
process. These are to be compared with the experi-
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FIG. 2. Photoemission from Ni(110) as calculated in
this work. Upper curve of each of these pairs of curves is
calculated for an absorption of 1.75 eV, and the lower
curve for an absorption of 2.5 eV. It is estimated that the
actual experimental absorption of the upper-star electrons
is between these values, perhaps nearer the lower value
since these curves are not broadened to simulate experi-
mental energy resolution.

mental curves of Fig. 1. Calculations were per-
formed for paramagnetic rather than ferromagnetic
nickel so that a single degenerate spin peak in the
theory must be compared with the spin-split pair in
the experiment. The potential used was that of
Moruzzi, Janak, and Williams. The behavior of
the photoemission intensity with the change in
character of the upper state between band and gap
should be modeled adequately by these calculations
for paramagnetic nickel. The calculated peak
shapes compare quite well with either of the spin-
split pair in the experiment and the trend in chang-
ing peak heights with photon energy is reproduced
qualitatively.

Comparing the 1.7- and 2.5-eV absorption curves,
we see, as might be expected, that the effect of in-
creasing the inelastic scattering in the upper state is
to reduce the intensity of photoemission every-
where, but most strongly in the region below 15-eV
photon energy where the emission arises from tran-
sition to a final state containing bulk Bloch waves
for which band-gap effects do not limit the penetra-
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tion of the final-state wave function into the solid.
From a comparison of the two sets of theoretical
curves with the experimental curves, our best esti-
mate of the damping P is between 1.75 and 2.5 eV,
i.e., about 2 eV. The calculated peaks have not been
broadened to model the resolution of the experimen-
tal apparatus, so that perhaps a slightly smaller
value of P, e.g., 1.75 eV, is probably more appropri-
ate. Notice that each theoretical peak has a long
tail to deeper energy resembling an inelastic tail.
This is an elastic rather than an inelastic contribu-
tion to the photoemission arising from the large
value of P, much larger than the peak widths seen

here. Inelastic contributions, i.e., scattered secon-
dary electrons are not included in these calculations.

The intensity of the photoemission peaks should
be some measure of the volume in the crystal con-
tributing to the observed signal, and hence a mea-
sure of the damping which determines the size of
this volume. While the absolute intensity of the sig-
nal is not easy to measure, one can compare the in-

tensity in a band with the intensity in a nearby gap.
The thickness of the region under the surface pro-
viding electrons is limited by both known gap-wave
effects and inelastic dampling for final states in a
gap, and only by inelastic damping for final states
in a band. Hence, one has the chance of obtaining
the inelastic attenuation by comparing the intensity
of the photoemission into a band, where it acts
alone, with the intensity in the gap, where its action
is combined with the known gap-wave effects. We
shall attempt to find a damping P which gives the
same value of this ratio in our computer calcula-
tions as is found experimentally.

To make this comparison we graph, in Fig. 3, the
area of the experimental peak structure (including
both spin-up and spin-down peaks} compared with
the calculated peak areas for photon energies across
the region from the band into the gap. The normal-
ization of each of the curves was chosen to give the
same area at its maximum, which occurs at 14 eV
for the theoretical curves and at 15 eV for the ex-
perimental curve. The results shown for various
values of the inelastic scattering in the upper state
approximate the experimental curve in the gap re-

gion above 15 eV, but lie well above the experiment
in the band region below 15 eV, for this choice of
normalization. Including hole-lifetime effects in
the calculation would be expected to reduce rather
than improve this aspect of the comparison. The
areas actually plotted in this figure are the areas
above a straight line drawn tangent to the curve in
the tail region around —1.0 eV, because this is a
sensible procedure for making the result for the
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theoretical curves insensitive to the tail region. In-
tegrating the full area of the experimental curves
down to this same energy gave essentially the same
results. Using peak heights, rather than areas, also
gives curves very similar to the ones shown above
for the areas, although the problem appears to be
that the tails of the theoretical curves are larger
than what is seen experimentally.

One would expect that the estimate of the damp-
ing which we obtain by comparing the penetration
in a band with the penetration in a nearby gap
would should be less dependent on initial-state life-
time, interference from other peaks, and experimen-
tal energy and angle resolution than the result from
peak width measurements. Unfortunately, as we
see, the theory is presently unable to fit the experi-
mental intensities well enough at present.

V. CALCULATION OF THE DAMPED
WAVES IN THE CRYSTAL

The left panel of Fig. 4 shows the upper-state
band of principal importance in the photoemission
process, calculated with a damping of 1.75 eV as a
thin line, and, with no absorption as a series of dots.
We plot the energy against the real part of k, for
the plot with absorption. The band moves up the
left-hand side of this diagram reaching X at about
17.5 eV. There is a large band gap in the bands

PHOTON ENERGY (ev)

FIG. 3. Areas of the theoretical and experimental
peaks above the tail (see text) at various photon energies.

X, experiment; f, theory with an absorption P=1.75
eV; and ~, theory with an absorption P =2.5 eV.
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FIG. 4. Band structure along the I -E-X direction,
perpendicular to the Ni(110) surface. Bands without, and

with, 1.75 eV of absorption are plotted on the left with

dots and solid line, respectively. The corresponding ima-

ginary part of k, in inverse angstroms is plotted on the
right, a heavy curve for the calculation without absorp-
tion, and a lighter curve for the calculations with an ab-

sorption of P= 1.75 eV.

without absorption between 15 and 20 eV. This gap
is smoothed out in the curve for 1.75-eV absorption.
This modification of the band structure by damping
is the same behavior as seen in model calculations
by Nilsson and Dahlback. There is also a small

gap around 10 eV with a flat band which is not
shown completely. This gap is also removed by
adding absorption. The parts of the bands across
the gaps are derived from the real lines which occur
in these gaps for the band structure without damp-
ing. The transition from a real line to a spanning
line can be followed by performing calculations
with small amounts of damping.

A comparison of these curves shows that the
zero-absorption band structure is a good guide to
the band structure obtained with absorption includ-
ed, but the later is changed enough to explain the
reduction of gap effects seen in the experiment.
The principal difference between the absorption and
no absorption bands is that the absorption effective-
ly broadens the bands into the gaps. The band
structure is modified back toward that of a free
electron.

The band states of a crystal are produced by the
interference of waves scattered by the regular array
of atoms. The presence of inelastic scattering
reduces the amplitude of waves reflected back from

greater distances, and therefore smooths out the
finer features of the band structure just as replacing
a large grating by two or three slits also broadens
the diffraction features. Photoemission experiments
share this feature with extended x-ray absorption
fine-structure (EXAFS) experiments, which can be
interpreted using a scattering by only the near
neighbors rather than a treatment of the band struc-
ture. ' However, in EXAFS another feature of the
experiment is also important in making this great
simplification possible. In EXAFS the sharply lo-
calized source of waves is very near, or actually
contained in the diffracting lattice. Thus the usual
Fraunhoffer diffraction common for gratings is re-

placed by what could be considered to be an ex-
treme case of Fresnel diffraction, in which a wide
variety of angles of incidence on the regular array
of atoms occur together. This also blurs out the
diffraction features. Thus in EXAFS a single-

scattering approximation can be used profitably in
the same energy range where a multiple-scattering
treatment is absolutely required in LEED and in the
usual photoemission, although such simplifications
are also possible in photoemission from surface
atoms. ~2 A free electron in an effective medium ap-
pears to give an interesting approximation for bulk
photoemission (see below).

The upper-state bands with absorption should be
used for determining k, in the standard procedure
for obtaining the initial-state bands from the angu-
lar photoemission experiment, rather than the usual
bands without absorption. While Rek, remains
zero in the gap for the ordinary band structure, we
find that Rek, changes uniformly through the gap
region at the same rate as it changes within the
bands for either band structure.

The panel on the right in Fig. 4 shows ~, the ima-

ginary part of k, for the most important band in
the left-hand panel. For no absorption, sc is zero

0
within the bands but rises to a value of 0.17 A ' on
the real line in the gap which connects the bands at
15 and 24 eV. For P= 1.75 eV, the value of s in the
bands is generally about 0.15 A ' which increases
to a value of 0.22 A ' in the middle of this gap.
The most reasonable definition of the mean free
path, l, of an electron in a wave is the reciprocal of
the decay exponent of the intensity of this wave,
i.e., 1=1/(2s). Thus, the most important Bloch
wave in the final state has a mean free path of 3 A
in the band and 2 A in the gap according to the cal-
culations. The quantity I can be related to the life-
time, w, of an electron in a band state by I=vg~,
where vg ——A 'dE/dk is the group velocity, since,
on the average, and electron will move a distance I



26 SINGLE-STEP-MODEL ANALYSIS OF ANGLE-RESOLVED. . .

in the time before inelastic collision. The inverse
lifetime expressed in energy units is thus
A/w=l dE/dk. Combining this definition of r
with the approximate equation [(9)] gives 213'=Si, —
an approximate uncertainty relation between the
lifetime and 2P, i.e., twice the imaginary contribu-
tion to the potential due to inelastic scattering. In
Eq. (12), 2P is seen to be a peak width. Using the
result for ~ in the band and the slope of the band in

Fig. 4, the lifetime is 1.7 eV, in reasonable agree-
ment with the previously published' estimate of 2
eV. (This latter estimate should really be con-
sidered a determination of P which we also find to
be 2 eV.)

A free-electron estimate of the decay length in
the band can be obtained from the formula

fP(k+i a ) =F.+s
2m

(13)

where E is the energy measured from the bottom of
the valence band. This equation is an approxima-
tion to Eq. (2). The imaginary part of this equation
gives

fPka.

m
(14)

VI. EFFECTS OF DAMPING
IN THE INTERPRETATION
OF EXPERIMENTAL DATA

Figure 5 shows the theoretically calculated
(paramagnetic) lower band involved in the photo-
emission process, as a solid curve. Sections of the
upper-state band (with absorption) are also shown,
translated down by some of the photon energies, as
dot (16 eV) and diamond (13 eV) lines, in such a

which resembles the approximate equation [(9)].
Using the same value of P as in the band calcula-
tions, this equation gives a value of 4.4 A for the
mean free path I. This is somewhat different from
the more accurate values obtained previously in-

cluding band effects. We can explain this differ-
ence qualitatively by arguing that the electron must
follow a curved path through the potential from one
plane to the next which is longer by a factor of 1.5
over the direct free-electron motion without the po-
tential. Thus Eq. (13) is not completely accurate for
a non-free-electron material like nickel. It is
reasonable to compensate for this factor by using an
effective mass in both equations [(13) and (14)] over
a limited energy range. This represents an electron
moving through an effective medium.
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FIG. 5. Effect of the lifetime broadening on the exper-
imental determination of E(k). Triangles are E(k) points
determined without absorption, and the open circles are
the same data interpreted using a final state with an ab-
sorption of 1.75 eV. Solid line is the calculated
(paramagnetic) initial band. Solid circle and diamond
lines are the final-state band calculated with this absorp-
tion shifted down by a 16 and 13 eV, respectively, so that
the crossings of these lines with the initial bands indicates
the energy and k, for direct transitions in the data at
these photon energies.

way that the conditions for direct transition, i.e.,
k, =k,' and E'=E~—hu are satisfied where these
curves cross the solid curve representing the initial-
state band. We might expect a significant change in
the lower-state band structure obtained by using the
bands with absorption rather than the usual upper-
state bands in interpreting the experimental data
shown in Fig. 1. Actually, the experimental points
which were used in finding the lower bands lie out-
side, or at worst, on the border of the region where
the upper-state curves are changed by absorption.
Thus, using the final-state bands with absorption
rather than the usual bands for interpreting the ex-
periment gives very little change. The modification
is shown in the figure as the change from the solid
triangle points to the open circles. The same sym-
bols are used for both the spin-up and spin-down
bands.

The peaks remain stationary in energy for pho-
tons between 15 and 18 eV because the initial bands
are very flat in a very small region around the X
point. The photoemission in the gap is large be-
cause the initial density of states is high in this re-
gion. In this small region, the initial density of
states actually seen in the experiment is modified by
hole-lifetime effects which are not included in the
present calculations. The effect is to reduce the ef-
fect of the high density of states in the narrow flat
region by broadening the transition over a larger re-
gion in k, .
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VII. PHOTOEMISSION FROM COPPER

The amount of inelastic scattering of an electron
in the upper state can be obtained much more
directly from constant-initial-state measurements.
The quantity g in Eq. (12) can be made small in
comparison to P by choosing an initial state for
which BE/Bk, is large. When this can be done,
constant-initial-energy experiments give a fairly
direct determination of P, as the half-width at half-
maximum for each direct-transition peak seen. In
any case P+g can be determined. We shall com-
pare this method of determination with the pro-
cedure of matching the experimental curves to
theoretical curves calculated for various values of P.
In Fig. 6 we show the experimental curves of
Himpsel and Eberhardt obtained in this mode
along with theoretical curves calculated for various
values of P. The large direct-transition peak around
84 eV in the experiment is reproduced exellently by
theory, including a shoulder, for a value of P some-
where around 4 eV. A Lorentzian curve corre-
sponding to Eq. (6b) with P equal to 5.0 eV is also
shown for comparison. This gives the shape of the

tn
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FIG. 6. Experimental and theoretical constant-initial-

state spectra for normal emission from Cu(100) in the

range from 50 to 200 eV. Diamond points are the experi-

mentally determined values. Dots are theoretically deter-

mined values for various values of the absorption P: 1,
2.5, 4.0, and 5.0 eV going from the bottom to the top of
the figure. Solid curve is a simple Lorentziau for P=5.0
eV placed below the experimental peak for comparison.

peak (without the shoulder) quite well. Note, how-

ever, that the estimate of P we obtain from the de-

tailed calculations is somewhat smaller than one
would obtain for a Lorentzian fit.

It is not possible to see the variation of P with en-

ergy from this data alone, since there is a strong

direct transition at only one energy. There is also a
small peak in the experiment at about 65 eV which
is not reproduced by the theory. Similar emission
has also been seen from Cu(110). We find a
final-state band in our calculation connected to the
initial state by a direct transition at this energy, but
the intensity calculated for it is too small to give a
peak in this figure. The reason this peak is so small
in the calculation is that this upper state is
transmitted through the surface very poorly, prob-
ably because this flat band has little of the character
of the plane wave it must match outside the crystal.
This flat band should have a larger matrix element
with the initial state, and a higher density of states,
but these effects are not strong enough in the
present calculation to make up for this poor
transmission. Since this transition is excited by the
component of the electric field perpendicular to the
surface, field-enhancement effects in the surface of
the crystal may be involved in producing the ob-
served intensity in this peak. There are also sharp
changes in the theoretical curves for large energy
(115 eV) and large P which are probably artifacts of
the calculation due to poor convergence of the beam
expansion under these conditions.

Figure 7 shows a direct transition peak at 10.6 eV
observed in normal emission from this same surface
by Eastman, Knapp, and Himpsel. We also show
calculations of this peak for assumed values of the
damping P of 0.2, 0.4, and 0.6 eV. Our calculations
determine a value of P of 0.4 eV, which is again less
than the value 0.6 eV, that has been obtained by a
simple Lorentzian fitting. The origin of this
discrepancy is not clear. It is possible that the vari-
ation of bulk-cell matrix elements across the line
discussed at the end of Sec. II plays a role. Com-
bining the work on this 10.6-eV peak with the re-
sults for the 84 eV peak, two points on the
absorption-versus-energy curve for the Cu(100) sys-
tem are available at the present time. More data for
Cu(110) is promised in Ref. 14 of Ref. 23.

Notice that the calculation peaks must be shifted

by a few tenths of an eV to superimpose them on
the experimental peak. This is perhaps at least
partly explained by a real contribution to the poten-
tial from the self-energy which is different from the
contribution to the ground state by an amount
which is roughly equal to its imaginary contribution
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at this excitation energy. These real and imaginary
parts are comparable in size in jellium calcula-
tions, ' and LEED determinations for nickel.

The experimental peak in Fig. 7 shows a small

asymmetry in the form of a tail to higher energies.
The theoretical curves also show such a tail, but on
the low-energy side of the peak. The origin of the
tail in the theoretical curves has been determined
from an examination of intermediate results in the
calculations, and can be stated in simple terms. In
the neighborhood of the peak Eq. (2) can be written

approximately as

I ~ +a+ib1

hk+ta' (15)

where the first term in this absolute value represents
the dominant term in the sums which is responsible
for the direct transition and a+ib represents the
contribution from the sum of all of the other terms
which remains relatively constant as the energy
changes across the width of the peak. The first
term has a pole near the real axis in the center of
the peak, so that this term goes through a change in
phase of 180' as the energy changes across the peak

I I I I I I
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FIG. 7. Experimental and theoretical constant-initial-

state spectra for normal emission from Cu(100) around

10 eV. Diamond points are the experimentally deter-

mined values. Lines drawn with various symbols are
determined theoretically for values of the absorption P of
0.2, 0.4, and 0.6 eV, for the curves with squares, trian-

gles, and dots, respectively. Calculated results have been

arbitrarily shifted up in energy by 0.4, 0.5, and 0.6 eV,
respectively, to match the peak positions to that of the
experimental data (see text).

profile. This means that the two terms under the
absolute value sign will tend to add on one side of
the peak and will tend to subtract on the other.
This gives a modified line shape of the form

A+BEE
(&E)'+13'

(16)

Thus a direct transition is analogous to a resonant

process in the theory of Fano, and we obtain the
usual Pano resonant line shape.

Closer analysis of the computer calculations
shows that even more can be said. There are only

two Bloch waves in the initial state which give im-

portant contributions to the formation of this peak
shape. One of these waves is incident on the surface
from inside the bulk of the crystal, and the other,
moving back into the crystal from the surface, is

produced from it by reflection from the surface.
The reflected wave produces the first term in Eq.
(15) and produces the direct transition, while the in-

cident wave is responsible for most of the back-
ground term a+ib. The relative phase of these two
terms, which determines whether constructive in-

terference and hence the tail, will occur above or
below the peak is fixed by the reflection at the sur-

face. The theoretical calculation gives the tail on
the wrong side of the peak because our model of the
surface region apparently gives the relative phase of
these two waves incorrectly.

The calculation has been repeated with a
random-phase relation between these two waves,

representing diffuse reflection at the surface, and

with the phase artificially shifted by 180'. These re-

sults are plotted along with the original curve and

the experimental curve in Fig. 8. We see that with

the 180' phase change the tail of the experimental
curve is reproduced somewhat better. The same

change improved the agreement with experiment in

previous work on copper. '

In very recent work, the curve with open squares
was obtained by using a Lang-Kohn potential
suitable for copper to give the surface profile, rather
than a hyperbolic tangent shape. This gives the
large tail on the peak to the right without any ad-
justment of the phase. The curve shown here was

obtained with a damping of 0.5 eV. This fits the
experiment well around the center of the peak but

has too small a tail to higher energy. We intend to
extend this work to other choices of the surface po-
tentjal.

The width chosen for the rise in the potential be-

tween the inside surface of the crystal and vacuum

also had an effect on the shape of the photoemis-
sion curves for nickel. The curves shown in the ftg-
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ures were calculated for a very gradual transition
0

with a width of about 1 A where this sensitivity is
only minor. For a somewhat sharper transition of
about 0.6 A, the photoemission, particularly at the
X point, is reduced by interference within the initial
state. Again, the contributions from the Bloch
wave incident on the surface from within the crystal
interferes with the contribution from the Bloch
wave reflected back into the crystal from the sur-

face. When this transition region was taken still
0

narrower, about 0.3 A (which gives behavior ap-
proximating that of a sharp step), a surface reso-
nance moved down from above the Fermi level to

8.0 8.5 9.0 9.5 10.0 10.5 1 1.0 1 1.5 12.0

PHOTON ENERGY (eVj

FIG. 8. Experimental and theoretical constant-initial-
state spectra for normal emission from Cu(100) around
10 eV. Diamond points are the experimentally deter-
mined values. Lines with dots of various shapes are
theoretically determined values obtained for various
choices of the phase shift in the scattering of the Bloch
waves in the initial state at the surface (see text). Curve
drawn with triangles is the standard calculation for 0.4
eV shown in Fig. 7. Curve drawn with squares is the
same calculation except that the phase difference between
these waves has been changed by 180'. Curve drawn with
dots was obtained by dropping the background Bloch
wave, corresponding to diffuse scattering at the surface.
Curve drawn with open squares was obtained by using a
more realistic surface step potential (see text). Theoreti-
cal curves have been shifted so that the peak is at the
same energy as that of the experimental curve.

the initial-state energies involved in these experi-
ments. Since neither the interference effect nor the
surface resonance are seen in the experimental re-

sults, we conclude that a gradual transition is a
better description of the electron density profile in
this nickel surface. It is clear that this scattering of
Bloch waves by the surface in photoemission
deserves more attention.

VIII. SUMMARY

Experimental data has been interpreted using cal-
culated curves to estimate the inelastic scattering of
an electron in the upper state. Comparison has been
made with values obtained from simple peak-width
formulas. Two types of experiments have been
treated, experiments which give energy distribution
curves at constant-photon-energy and constant-
initial-state experiments. The second of these ex-
periments is found to be easier to use for this pur-
pose. The calculated elastic peak shapes for nickel
are more complicated than those given by simple
formulas, with tails to deeper energy which could be
confused with inelastic contributions. However,
half-widths at half maximum appear to be quite
similar. In the Ni(110) data treated here, bulk emis-
sion occurs into what should be a gap in the band
structure. Here the upper state calculated without
lifetime effects has a gap, but including the inelastic
scattering gives band lines across the gap in a nar-
row region of k which correspond to a modification
of the band structure back toward the free-electron
case. In this narrow region the initial-state band is
very flat. This gives peaks which do not move with
energy (like surface emission) over the region of the

gap, in spite of the fact that they are clearly direct-
transition peaks. Using the undamped final-state
band instead of the band damped by inelastic
scattering for an empirical determination of the
initial-state bands leads to no significant error in
the work previously reported for Ni(110) normal
emission.
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