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Photoelectron energy distributions and their second derivatives have been measured on Cu,
Pg, and Au in the photop energy range 4.0-11.4 eV. Samples were prepared by evaporation
in ultrahigh vacuum and were coated with an approximate monolayer of Cs or Na in order to
]ower the work function. The experimental energy spectra show much new structure, and in
each metal there are instances of behavior indicative of direct transitions from the d bands.
The prePictions of th'e direct-transition nmde1 have been calculated by performing numerical
evaluations of the energy distribution of the joint density of states (EDJDOS) using interpolated
band structures. Energy locatipns of structure in the experimental spectra are compared with
peak loci in th|. theoretical EDJIX38. The agreement is found to be good for Cu and Ag, and
reasonable (in view of the npnrelativistic nature of the calculations) for Au. Calculations of
the density of states and the interband joint density of states are also presented, and the lat-
ter are compared with experimental values for ~2.

I. INTRODUCTION

Photoemission has emerged as a powerful method
for determining the band structure of solids. The
usefulness Of the technique in metals was demon-
str'ated by Berglgnd and Spicer' in theiq pioneering
experiments on Cu and Ag. While their spectra, re-
vealed the location of the d bands in a new and spec-
tacular way, Qerglund and Spicer found that they
could not completely reconcile their results with
the conventional theory of direct (k-conserving)
transitions. This has contributed to the proposal
of nondirect transitions in some materials. More
recent experiments3 ' have revealed the direct-
transition effects. This paper reports the results
of extensive measurements and calculations of the
photoelectron energy spectra on Cu, Ag, and Au.
An interpretation will be attempted in terms of
direct tg ansitions,

The work has proceeded along two parallel
courses, one experimental, and the other theoretical.
The experimental work has consisted of fne@suring
the photoelectron energy spectra on samples of Cu,
Ag, and Au whose work functions had been lowered
by applying an apyroxi~ate rponolayer of Cs or Na
to the surface. Measurements were also performed
on the clean surfaces prior to cesiation or sodiation;
these reproduced the results of other workers and
will not be discussed in detail here, It has been
found in this work, 3 an& in other laboratories, that
it is possible to cesj,ate samples with much less
distortion and less obliteration of spectral structure
than in earlier experiments. The successful cesia-
tion and Sodiation of Au has been particularly grati-
fying in view of the severe alloying problem which
can occur with t,his metal.

Another development in the experiments was the
use of higher-derivative spectra. It was found that
measurements of the second derivative of the photo-

electron energy distribution revealed structure not
discernible in the energy distribution itself. ' The
combination of the two techniques —(i) cesiation or
sodiation to lower the work function and (ii) mea-
surement of higher-derivative spectra, to improve
the resolution —has uncovered much new informa-
tion.

The theoretical side of the work has consisted of
performing numerical calculations with model band
structures. A detailed calculation of the exact shape
and magnitude of the energy distribution of photo-
emitted electrons would be difficult since the photo-
emission process is quite complicated and involves
knowledge of electron-electron scattering strengths,
momentum matrix elements, optical-absorption
depths, transport and escape considerations, surface
phenomena, etc. We have therefore contented our-
selves with calculations of the energy distribution
of the joint density of states (EDJDOS). This is a
simple property of the band structure with which
we can meaningfully compare the experimental
spectra. It is determined entirely by the E-k dis-
persion relations. We therefore avoid making as-
sumptions concerning the details of the photoemis-
sion process. We do, however, make one very
important assumption, namely, that there exists
a volume contribution to the photocurrent in which
electrons are optically excited within the interior
of the material and then escape without scattering.
This assumption does seem to have been substanti-
ated experimentally. The k-space integrations in-
volved in the evaluation of the EDJDOS necessitate
the use of an interpolation scheme. The details of
the numerical calculations are described and illus-
trated in Sec. II using Cu as the prime example.

In Secs, EV and V, we compare the energy loca-
tions of structure in the experimental spectra with

peaks in the theoretical EDJDOS. Our emphasis in
both theory and experiment will therefore be on peak
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positions. In this respect, and also in the use of
higher-derivative spectra, our approach resembles
that used in modulated optical-absorption studies. "
There, the first line of attack in interpretation is
to assign structure in the modulated spectra to
analytic singularities in the joint density of states
(JDOS). The distinction in photoemission studies
is that we will be working in terms of the energy
distribution of the joint density of states (EDJDOS).
It is this capability of providing information on
both the energies and the frequencies of optical
transitions which gives the photoemission technique
its extra power.

II. PHOTOEMISSION AND BAND STRUCTURE

A. Energy Distribution of Joint Density of States

In conventional theory, optical interband transi-
tions are direct in the sense that they can occur
only between states with the same reduced k vector.
If $, (%) and $&(k) represent the electron energies
in an initial band i and a final band f, and if S&g is
the photon energy, optical transitions are restricted
to a surface in k space of constant interband energy
difference given by

Q~, (%) = St(k) —$,(jt) -S(v= 0. (l)

An important quantity is the JDOS defined by

8{5(o)=(2v) 'Q ~ d'k5(Qt, (R)) . (2)
fe&

g

The prime on the integral sign indicates that the
range of integration is restricted to those portions
of b space for which 8&& E& &8, , where E~ is the
Fermi energy. The summation is performed over
all pairs of bands (i, f) which can participate. The
JDOS therefore represents the total number of
direct transitions which can take place at the fre-
quency N+. If me wish to connect with any experi-
mentally observable quantity, we should weight each
transition with an appropriate strength factor given
by I P&& I, the square of the momentum matrix ele-
ment. The interband contribution to the imaginary
part of the dielectric constant. c2 is given by the
well-known expression"

In what follows, however, we will adopt a constant-
matrix-element approximation in which each transi-
tion is treated with equal weight. In this approxi-
mation, the JDOS is a measure of the total number
of photoexcited electrons at frequency N&.

In photoemission experiments, we are interested
in not just the number of photoelectrons but also
their energy spectrum. A property of the band
structure which we require is the EDJDOS defined
by

I
n(S, N(d) =(2r) ' Z d'b ~(fit))5(& -&$(k)) .

fr&

The extra 6 function picks out the direct transitions
from a specific initial energy 8. The EDJDOS rep-
resents the energy distribution of photoexcited elec-
trons referred to initial states. Strictly speaking,
each transition should be weighted by I P« I if we
wish to connect with the true photoelectron spec-
trum, but we will remain within the constant-
matrix-element approximation. This has the ad-
vantage of making calculations very straightforward
since S(8, S&u) is a property solely of the E-k dis-
persion relations and requires no.knowledge of the
actual wave functions.

Another quantity of interest is the usual density
of states (DOS) defined by

(5)

The interrelationships among the various densities
of states which we have introduced are immediately
apparent from their definitions. The EDJDOS bears
a resemblance to the DOS, the main difference
being the inclusion of the extra 5 function 5(A&, ).
It is useful to think of the EDJDOS as the density of
states over the surface of constant interband enexgy
difference, a surface which shifts to a new position
in k space on changing the photon energy. Mey. sure-
ments of the photoelectron energy spectra should
give fine-grained information on the band structure
since we are, in essence, sampling the density of
states over a succession of different slices through
k space. The information is potentially richer than
that contained i.n the DOS, which is the density of
states over the whole Brillouin zone.

B. Interpolated Band Structures

The integrals defined above have been evaluated
numerically by a histogram technique mhich involves
sampling points in k space arranged along a very
dense mesh. The calculation requires a method for
generating the energy eigenvalues 8,(k) and 8&(k)
at general points in the Brillouin zone. Moreover,
the method must be quite fast since a great many
points have to be visited in order to accumulate
sufficiently large statistical samples. The combined
interpolation schemes devised recently for d-band
metals meet these requirements very mell. The
scheme adopted here is that due to Hodges, Ehren-
reich, and Lang, ' although the similar scheme due
to Mueller" would serve just as well. The pro-
cedure consists of setting up the elements of a 9&9
Hamiltonian matrix composed of a 4x 4 orthogonal-
ized plane wave (OPW) and a 5& 5 tight-binding d
Hamiltonian in the diagonal blocks; terms in the
off-diagonal blocks simulate the effects of hybridi-
zation. Diagonalization of the model Hamiltonian
provides a fast and convenient way of generating the
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energy eigenvalues throughout the whole zone.
The procedure has been to fit the interpolation

scheme to the results of reliable band calculations
taken from the published literature. A choice
arises as to whose band calculation we shall fit the
parameters, and so we have been guided by the fol-
lowing four empirical criteria.

(i) The depth of the uppermost d band below the
Fermi level shouldbe 2. 1, 4.0, and 2. 5 eV, re-
spectively, in Cu, Ag, and Au. These values are
known from the edge in experimental a2 data" '
and are confirmed by photoemission spectra.

(ii) The width of the d bands should be 3.2, 3.5,
and 5. 7 eV in Cu, Ag, and Au, respectively. These
values are known from other photoemission experi-
ments' and are confirmed by the work described
below.

(iii) The levelly, must lie afew tenths of an eV
below the Fermi level in order to bring about the
well-established necking of the Fermi surface with
the hexagonal face of -the Brillouin zone.

(iv) The I 3.-I, band gap is known from optical
studies to be about 4 eV in each metal, "' a value
which is confirmed by photoemission spectra.

In the case of Cu, the choice was quite easy. The
bands obtained in the AP%' calculation by Burdick'7

satisfy all four criteria. %e therefore used the fit
to Burdick's bands proposed by Hodges et aE. » with-
out any changes-.

The situation in Ag and Au is not as good. Band
theorists have experienced difficulty in producing
results which satisfy criterion (i). Recent calcula-
tions have incorporated an element of empiricism.
For example, Snow ' has been able to locate the top
of the d bands correctly by using 6 of the convention-
al Slater exchange. A similar approach has been
adopted by Ballinger and Marshall, ' who have pub-
lished band structures for both Ag and Au. Ballin-
ger and Marshall's banda satisfy criter'ia(ii) and(iii) i

very well and are also quite good for criterion (i).
Vfe have therefore used Ballinger and Marshall's
bands as the starting point of our fitting procedure.

In both Ag and Au, the d-band levels of Ballinger
and Marshall were left untouched, thus preserving
agreement with criterion (ii). The Fermi levels
were adjusted by a few tenths of an eV to secure
better agreement with criterion (i). In Ag, the lev-
els I z', X~, , and L» were given minor adjustments
so as to restore agreement with criterion (iii) while

maintaining agreement with criterion (iv). In Au,

the level L,2 was lowered to improve agreement mith

criterion (iv) and restore agreement with criterion
(iii).

The interpolation scheme was fitted to the ad-
justed Ag and Au band structures outlined above

using a prescription proposed by Hodges. 20 Further
details of the parameters are to be found in the Ap-
pendix. Figure 1 shows the resulting interpolated
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FIG. 1. Energy band structures of Cu, Ag, and Au in
the I'X direction calculated from the interpolation scheme,

band structures plotted for the FXdirection. These
are the band structures used in the numerical cal-
culations reported below. It is recognized that
these interpolated bands have their hmitations.
First, the interpolation scheme i.s nonrelativistic.
This could lead to particularly severe errors in the
base of Au where the spin-orbit splitting is known

to be large. Mueller et al. have shown that com-
bined'interpolation schemes can be modified to ac-
commodate relativistic effects, but such modifica-
tions have not been included here. A second limita-
tion concerns the behavior of the bands at high en-
ergies. %e will be concerned with optical transi-
tions to final states ll.eV above the Fermi level.
These states are well removed from the d-band re-
gion and are determined largely by the four-QPVf
portion of the Hamiltonian. It is highly doubtful
mhether four OP%'s are sufficient and an inspection
of Burdick's original bands, for example, reveals
that the interpolation scheme does indeed go astray
at these high energies. A certain amount of latitude
should be allowed when it comes to comparing the
predictions of these band structures to experiment.

C. Numerical Results

The JDOS, EDJDOS, and DOS were computed by
a histogram technique similar to that used by Brust
on Si and by Koyama and Smith on Al. A total of
375 000points arranged on a cubic mesh in the irre-
ducible ~~ of the Brillouin zone were sampled. At

12000 of these points, the energy eigenvalues mere
determined by- diagonalization of the model-Hamil-
tonian matrix. The eigenvalues at the other points
were determined by linear interpolation.

The photon energy and electron energy scales
had been divided into intervals, thus creating a set
of "bins" to be used for keeping running scores of
the optical transitions. The counting procedure
was to scan through k space along the points of the
mesh. At each point, the energy eigenvalues:ivere
calculated. The permitted optical transitions were
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FIG. 2. Histograms of the EDJDOS for Cu at three
different photon energies. The smooth curves @&ere ob-
tained by including a 0.3-eV Lorentzian .broadening. The
EDJDOS is referred to the energies of the initial states
in the optical transitions, taking the zero at the Fermi
level.

density of states over a surface in k space which

shifts its position on changing I:v.
The smooth curves also shown in Fig. 2 were ob-

tained by convolving the histograms with a Lorent-
zian broadening function whose width at half-maxi-
mum was 0. 3 eV. The broadening illustrates the
possible effects of lifetime broadening and finite
instrumental resolution. By multiplying these
curves by an appropriate escape function, it is pos-
sible to arrive at a quantitative prediction for the
energy spectrum of externally emitted photoelec-
trons. Such curves have been calculated and have

proved quite successful in comparisons with the
experimental spectra for both clean ' and cesiated'
Cu. These calculations, however, assume that the
photoemission process is exclusively a volume ef-
fect. Recent theoretical work indicates that surface
contributions could be important. ~~ In view of this
and other likely distorting effects, such calculations
will not be repeated here. The emphasis in this
paper will be on structure in the EDJDOS, its exis-
tence and energy location.

A convenient way in which to summarize large
numbers of histograms such as those shown in Fig.
2 is to construct the structure plot shown in Fig. 3.
The smooth curves represent the energy locations
of peaks in the EDJDOS. The full curves represent
strong peaks and the broken curves represent
weaker peaks. The distinction is arbiteary but
serves to illustrate the relative strengths of the
peaks and the variation in strength with photon ener-
gy

We draw particular attention to the region for
which —3.9 & 8 & —2. 6 eV and 6. 5 & I& & 8. 5 eV in-
dicated by the dotted rectangle in Fig. 3. The in-
terweaving and crisscrossing of the curves in this
region is once again a consequence of the k-conser-

deduced and then dumped into the appropriate bins.
At the end of the scan, histograms for the EDJDOS
were constructed from the contents of the bins. The
DOS was computed in a similar fashion.

The histograms for the EDJDOS in Cu are shown
for three widely spaced photon energies in Fig. 2.
The main features are a set of prominent peaks ex-
tending from —2. 0 to —5. 5 eV. (The Fermi level
is taken as zero on the energy scale. ) These peaks
are due to transitions from the d bands. At the
lower photon energies, the peaks are sharp and well
separated. With better resolution, these peaks
would possibly reveal themselves to be of the log-
arithmic singularity variety discussed by Kane. ~'

Note that the profile of the EDJDOS changes quite
markedly on varying the photon energy. This is a
consequence of the restrictive nature of the k-space
sampling imposed by the energy and wave-vector
conservation rules. The EDJDOS represents the
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FIG. 3. Structure plot of the energy location of peaks
in the EDJDOS of Cu.
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vation selection rule. It will be seen in Sec. IV
that this behavior can be seen quite clearly in the
experimental spectra and provides one of the most
conclusive indications if direct transitions in d-
band metals.

For photon energies greater than about 9 eV, the
curves in Fig. 3 remain approximately horizontal.
This implies that peaks in the photoelectron spec-
trum are predicted to remain stationary when re-
ferred to initial-state energy. Alternatively, when

referred to final-state energy (i.e. , the energy with
which the yhotoelectrons actually emerge from the
metal), a given peak will advance in energy on

changing @co by an amount equal to the increment in
Iv. Such equal-increment behavior has been taken
as strong' (although not completes~) evidence that
k conservation is unimportant. However, it is
apparent from Fig. 3 and from the calculations of
the EDC's reported by Smith and Spicer~' that equal-
increment behavior in Cu is not a serious obstacle
to a direct-transition interpretation.

The line labeled L in Fig. 3 differs from the other
curves in that it represents an edge rather than a
peak in the EDJDOS. It corresponds to the low-

energy limit for conduction-band-to -conduction-
band transitions. These start in the vicinity of I 2.
-L& and then spread to other parts of the zone on

increasing S~. At low photon energies, the con-
tribution to the EDJDOS from the conduction-band-
to-conduction-band transitions is distinct and can be
seen as the rectangular-box-shaped contribution with

a low-energy edge at —1.3 eV in the histogram for
1(d = 6.0 eV in Fig. 2. In fact, the rectangular-box
shape can be understood in terms of a simple two-

band model discussed by Koyama and Smith. ' The

characteristic square shape for the low-energy edge
arises from one of the three kinds of singularities
in the EDJDOS discussed by Kane. " Evidence of
this edge was seen in the early experiments by

Berglund and Spicer' on Cu and Ag. It has also been

seen in Au, and the behavior in the three metals
will be compared in Sec. V.

D. e& and Joint Density of States

The JDOS was generated as a by-product of the
calculations for the EDJDOS, since it follows from
the definitions above that

g(h(u) = J de&(8, I(u) .
In other words, the JDOS is simply the area under

the EDJDOS histogram. It follows also from Eq.
(3} that, in a constant-matrix-element approxima-
tion, &~ is proportional to the JDOS; we have

e, ~8 (If(c)/(u' .
The histograms obtained for 8(h&u)/uP are shown in

Fig. 4, where they are compared with the experi-
mental values of Ez taken from a recent paper by
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FIG. 4. Comparison of the experimental E2 with

S (h&u)/&u2for Cu, Ag, aud Au. The vertical scales corre-
spond to the units of &2, the theoretical histograms con-
tain an arbitrary scaling factor (but which is the same
for each metal).

Beaglehole and Erlbach. " The edge in c~ is repro-
duced reasonably well, which is not surprising since
the edge was used in fitting the optimum depth of the
d bands in the model band structures. The relative
strength of pieces of structure in e2 is not well
reproduced, and the discrepancy presumably lies
in the assumption of constant matrix elements.

The comparison in Fig. 4 gives us an estimate of
the adequacy of the constant-matrix-element approx-
imation. For example, in Cu there are two main

peaks in && at 2. 5 and 5. 0 eV. The 2. 5-eV peak is
due to transitions from the uppermost d band, and

the bulk of the 5.0-eV peak is now generally attri-
buted to transitions from the lowermost d bands. '
The values of 8(ka&)/&o, however, show a large in-
tensity bebveen these peaks, indicating that the
constant-matrix-element approximation tends to
overestimate the relative strength of transitions
from the intermediate d bands. Calculations of aq

which include the effects of matrix elements have
been attempted by Mueller and Phillips" and by
Dresselhaus. While the matrix elements are
shown to vary considerably across the zone, the
agreement with experiment obtained by these au-
thors is barely better than that shown in Fig. 4.
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E. Discussion

Several valid criticisms can be leveled at the at-
tempt outlined above to relate photoemission energy
spectra and band structure. These are now dis-
cussed and it will be argued that some of the objec-
tions can be sidestepped by confining one's attention
to the energy location of structure in the spectra and
deferring the problem of peak strengths and shapes
for further study.

The most conspicuous defect is the assumption of
constant matrix elements. Calculations by Mueller
and PhBlips" indicate that the matrix-element vari-
ations are quite considerable. The effect on the
relative heights of peaks in the photoelectron spectra
will be more severe than in E~ since the latter is an
integrated quantity [Eq. (3}]and the variations have
an opportunity to average themselves out. However,
the calculated matrix elements seem to vary
smoothly with k, and it is difficult to see how they
could produce fresh structure. It is suggested that
the worst effects will be the occasiorial suppression
of a peak when the matrix elements vanish com-
pletely.

Another problem which we have ignored is the
transport of the photoexcited electron to the surface
and its escape across it. Attempting to be a little
more precise than in Eq. (4), the energy distribution
of photoemitted electrons &($, 8'&o) should be written
as follows

m($, I")=C P d'us(a„(k)) V($ -$,(k))
&, S

x
I Ps, l'T($s k) (8)

where C is a normalization factor and T($s, k) is
an escape function which incorporates the probabili-
ties of the electron reaching the surface and escap-
ing. It is possible to integrate over the 5 functions
to obtain

The line integral is performed round the line of in-
tersection of the constant energy surfaces given by
8&= 8 and 8s =8+@+. In simple theory, ' the escape
function T($s, k) contains the factor nl, where n is
the optical-absorption coefficient and l is the hot-
electron mean free path. The mean free path may
in turn be expressed as r lv'$sl/8; the product of
a scattering time and a group velocity ™kegthe
substitutions into Eq. (9), we see that the factor
V&Ss will appear in both the numerator and the de-
nominator of the integrand. The partial cancellation
can bring about a suppression of structure in the
EDJDOS; the magnitude of the effect has been con-
sidered by Janak et aE. and by Kane. Calculation
of T($s, k) should also take account of crystal ori-
entation. Mahan has shown that such angular con-

siderations can cause additional distortion from the
EDJDOS. A common approximation, however, is
to replace T($s, k) by some averaged escape func-
tion which can then be taken outside the integral.

In the foregoing discussion, the photoemission
process has been treated as a completely volume
effect. Recent theoretical developments "have

revived the view that the surface photoelectric
mechanisms may provide a contribution. The notion
that the volume process occurs in three sequential
steps —(i) optical excitation, (ii) transport to the
surface, and (iii) escape —has also come under

question.

III. EXPERIMENTAL DETAILS

A. Measurement Technique

The experimental photoelectron energy spectra
reported here were measured by the modulated re-
tarding potential technique using a cylindrical geom-
etry. The method consists of applying retarding
voltages to a collector electrode and superimposing
a small ac sine voltage. The first harmonic of the
ac component of the photocurrent is proportional to
dI/dV, the first derivative of the curve of photo-
current I vs retarding voltage V' dl/dV i—s in turn
proportional to the energy distribution curve (EDC)
of photoemitted electrons.

An advantage of the ac technique is the ability
to measure derivatives of the EDC by tuning in on
the higher harmonics. '" Much of the interpretation
in this paper will be based on curves of d'I/dV'
which were measured by synchronously detecting
the third harmonic of the ac photocurrent. The
dsI/dV~-vs-V curve represents the negative of the
secomf derivative of the EDC. Results for -dI/dV
and dsI/dV~ obtained on cesiated Cu at a photon en-
ergy of V. 8 eV are shown in Fig. 5. - The sign of
the third-derivative curve was chosen so that re-
gions of high negative curvature in the EDC (i.e. ,
peaks and shoulders) come out as peaks in the
higher-derivative curve. This peak-for-peak(and
valley-for-valley) correspondence makes measure-
ments of dI/dV~ (and odd harmonics) easier to in-
terpret by eye than measurements of daI/dV (and
higher even harmonics). The sign inversion in the
d'I/dV'spectra will be maintained throughout this
payer. It is seen that in the higher-derivative
curve, the effect has been to pick off the structure
and eliminate the background. More important than
this, we note that the higher-derivative curve has
revealed new structure. For example; the rather
broad single peak in the 2. 2-3.5 voltage range
shown in Fig. 5 has been resolved into a'closely
spaced quadruplet (three peaks and a shoulder) The.
reasons for the higher resolution and the details of
the measuring technique will be discussed else-
where. We attribute the structure in the photo-
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FIG. 5. Photoelectron energy spectra measured on
cesiated Cu at h~ =7.8.eV. Curve {a) is the amplitude
of the first harmonic and corresponds to -dI/dV and the
photoelectron energy distribution; curve {b) is the ampli-
tude of the third harmonic corresponding to dtI/dV3, the
negative of the second derivative of the energy distribu-
tion. [Curves (a) and (b) have different vertical scales. ]
The vertical arrows represent the estimated location of
the Einstein cutoff.

electron energy spectra to singularities in the
EDJDOS. The derivatives of the spectrum are ex-
pected to be large at the singularities. In this re-
spect, the higher-derivative technique bears a close
resemblance to the modulation techniques used in
optical-absorption studies.

Locating the high-energy cutoff of the EDC poses
the folioing minor problem. The work function
esp of the sample used in Fig. 5 was measured by
means of a Fowler plot and found to be 1.8 eV. Ac-
cording to the well-known Einstein relation, the
maximum kinetic energy with which a photoelectron
can emerge is given by I& -ey, which equals 6.0
eV. The measured energy distribution is two- or
three-tenths of an eV wider than this, due presum-
ably to instrumental broadening effects. Where,
then, is the true high-energy edge'P Since the inside
of the collector was of the same material (cesiated
Cu) as the sample, the work functions are identical,
which means that the zero of retarding voltage coin-
cides with the zero of kinetic energy. In a recent
analysis of the broadening factors in the retarding
potential method, DiStefano and Pierce'~ concluded

that the geometrical distorting effects become more
severe at the high-energy end of the EDC. Following
a suggestion by Eastman, "we regard the zero end
of the EDC as the most reliable and then measure
out an exact S~ -ey eV along the horizontal scale
and locate the Einstein maximum at the point indi-
cated by the vertical arrows in Fig. 5. Note that
this location coincides with where the d'I/d V' curve
passes through zero. This is just what one would
expect if there was a well-defined edge in the true
(i.e. , unbroadened) EDC.

The method used for locating the Einstein maxi-
mum described above has been used consistently
throughout the work described in this paper. Some
workers prefer to use the point where the EDC
meets the horizontal axis, or the point where the
straight portion of the leading slope would cross the
axis if it were produced. The various choices ac-
count for some of the differences which the reader
will encounter in the literature. For example, we
now place the uppermost d peak in Cu at 2. 15 eV
below the Fermi level, which is closer than the
value of 2. 3 eV quoted previously by the author'3'
and by other workers. e Another example is the case
of Au. In this work, we locate the uppermost d
peak in the EDC at about 2. 5 e7 below the Fermi
level. This agrees with the position found by East-
man and Cashion, ', who used the same method for
locating the Einstein maximum. " We therefore lo-
cate the Au d bands marginally closer to the Fermi
level than the 2.6 eV quoted by ¹ilsson et al. ,

4 3'

and significantly closer than the S.0 eV quoted by
Krolikowski and Spicer. '

Use of the higher-derivative spectra can also
cause slight changes in the energy location of peaks.
In Fig. 5, the uppermost d-band peak in the d'I/dV'
curve (retarding voltage - 3.9) occurs at a slightly
higher energy than the corresponding peak in the

dI/d V curv-e. The peak positions in the higher-
derivative curves are regarded as a better indica-
tion of the true positions of singularities in the
EDJDOS than the peaks in the EDC.

The spectra shown in Fig. 5 show a large peak
within 1 eV of the low-energy end. This is attrib-
uted to photoexcited electrons which have undergone
an inelastic electron-electron scattering but are
sufficiently energetic to escape from the metal.
Berglund and Spicer' demonstrated that a peak of
just this kind is to be expected. The scattering peak
is not directly related to band structure and will
therefore be- ignored in the interpretation which
follows.

8. Sample Preparation

The samples of Cu, Ag, and Au were prepared
by evaporation from tungsten filaments in an ultra-
high-vacuum system in which the typical operating
pressure was 10 ' Torr. Photoemission measure-
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FIG. 7. Photoelectron energy distributions measured
on cesiated Cu referred to initial-state energy.

ture in the clean Cu EDC's in the regions where
comparison is possible. The new EDC's presented
here, on the other hand, satisfy this correspondence
criterion quite well. It is conjectured that the
spurious peak in Berglund and Spicer's data is an
effect of alloying between the Cu and the Cs.

Notice also that the EDC's in Fig. 7 show no

evidence of the peak observed by Berglund and
Spicer' at —6 to —7 eV. This anomalous peak has
been the subject of some speculation and has been
attributed, among other things, to anunanticipated
peak in the Cu density of states. The peak finds its
way into the optical density of states proposed by
Krolikowski and Spicer. R has been found in this
work that the anomalous peak does sometimes ap-
pear in samples which have been excessively
cesiated. Similar effects have been reported by
Callcott and MacRae4' in their work on Ni. It ap-
pears, therefore, that the anomalous peaks, when

they occur, are associated with the Cs and do not
represent an intrinsic property of the underlying
metal.

A selection of the second-derivative spectra taken
on cesiated Cu is shown in Fig. 8. The same
structural features can be seen as were observed
in Fig. 7. The greater resolution of the derivative
technique enables us to see new features. For ex-
ample, the doublet 2'+3' once again evolves into
the doublet 2+3 but the intermediate stages
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FIG. 8. Second derivative (minus) of the photoelectron
energy distribution measured on cesiated Cu.

are now seen to be more complicated. Clearly, the
photon energy range 7.4-8.4 eV is of great interest
and it has been investigated more intensively. The
results are illustrated in Fig. 9, where we show
the second-derivative spectra at very close in-
tervals of I'~. The profile changes are quite rapid.
The peak labeled 2' is observed to split into a
doublet on increasing I~. A further splitting gives
rise to the quadruplet at K&o = V. 8 eV (three peaks
plus a shoulder representing the remains of peak
3'). On increasing K&o further, the quadruplet
eventually evolves into the doublet 2+3. The se-
quence of events in the electron energy range —3.9
to —2. 5 eV is doublet-triplet-quadruplet-triplet-
double, which is much richer than the doublet-
singlet-doublet sequence observed with the lower
resolution of the regular EDC's in Fig. 7. Note
that this interesting behavior occurs in the energy
range singled out for special attention in Sec. IIC
and indicated by the dotted rectangle in Fig. 3. In-
deed, the numbering of the peaks in the experiment-
al spectra of Figs. 7-9 was chosen so as to match
.the numbering of the EDJDOS peak loci plotted in
Fig. 3.

Theory and experiment are summarized and
compared for a wide range of photon energies in
the structure plot shown in Fig. 10. The smooth
curves represent the loci of peaks in the cf-band
region of the theoretical EQJDOS; these curves are
identical to those shown in Fig. 3. The full circles
represent the energy locations of peaks in experi-
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FIG, 11. Phhotoelectron energy distributions measured
on cesiated Ag referred to initial-state energy.

there is no sign of peak 3. This peak emerges
somewhere between I& =9.8 and 10.0 eV. The
abrupt emergence of a peak is a characteristic ef-
fect of the direct nature of optical transitions. The
behavior is seen much more clearly in the second-
derivative spectra illustrated in Fig. 12. The
abrupt emergence of peak 3 between I& = 9.8 and

10.0 eV is unmistakable.
Theory and experiment are summarized and com-

pared in the structure plot shown in Fig. 13. The
smooth curves are loci of peaks in the theoretical
EDJDOS calculated from the interpolated band
structure based on Ballinger and Marshall's band
as described in Sec. DB. The full and open circles
are the locations of structure in the experimental
spectra. At the high photon energies the path of
each of the experimental peaks 1 to 5 falls close to
one of the theoretical curves with which it can
therefore be identified. Notice also that the theo-
retical peak 3 is predicted to split off from peak 2

just below 5& =10 eV. There are parts of the struc-
ture plot where theory and experiment diverge;
however, the over-all agreement seems to be very
good.

Calculations of the EDJDOS were also performed
after fitting the interpolation scheme to Snow's band
calculation of Ag using $8- of the Slater exchan e 18

The peak loci predicted by this EDJDOS were also

I I I I I I
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FIG. 12. Second derivative (minus) of the photoelec-
tron energy distribution measured on cesiated Ag.
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FIG. 13 Structure plot for Ag comparing peak posi-
tions in the experimental spectra (full and open circles)
vrith peak loci in the theoretical EDJDOS (smooth curves).

.in qualitative agreement with experiment in pa-
lcular, peak 3 was still predicted to split off f
eak 2.

i o rom
pe . The width of Snow's Ag d bands was some-,
what narrower than that observed in the experiment-
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FIG. 14. Photoelectron energy distributions measured
on partially sodiated Au referred to initial-state energy.

al spectra. Ballinger and Marshall's bands give
the correct width, and so we regard them'as mar-
ginally superior.

C. Gold

Photoelectron energy distributions measured on
partially sodiated Au are shown. in Fig. 14. There
are six principal pieces of structure labeled 1-6
and these correspond to the peaks B-G observed
by Nilsson et al. ' On cesiated Au. The fact that
the same structure is observed in different labora-
tories and on both cesiated and sodiated samples
is encouraging. It is observed that peak 2 splits
off from peak 1 somewhere near I&=9.0 eV.

A selection of second-derivative energy spectra
taken on cesiated Au is shown in Fig. 15. The
peaks numbered 1-6 are seen once again, but the
sharper resolution of the higher-derivative curves
enables us to see more detail. The splitting of
peak 2 from peak 1 is clearly evident. The doublet
composed of peaks 3 and 4 undergoes some changes
in profile and gradually fades away at the higher
photon energies. Peak 5 also undergoes some pro-
file changes and is observed to have a shoulder on
its low-energy side at some photon energies. Peak
6 is also interesting; it increases in strength quite
suddenly at 5& =10.2 eV and is then later split into
a doublet at 5& = 10.8 eV.

All the effects mentioned above-namely peaks

INITIAL ENERGY (eV)

FIG. 15. Second derivative (minus) of the photoelec-
tron energy distribution measured on fully cesiated Au.
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FIG. 16. Structure plot for Au comparing peak posi-
tions in the experimental spectra (full and open circles)
with peak loci in the theoretical EDJDOS (smooth curves).

splitting, fluctuating in strength, appearing, dis-
appearing, etc. -are highly characteristic of direct
transitions.

Theory and experiment on Au are summarized
and compared in Fig. 16. The smooth curves are
the peak loci in the EDJDOS based on Ballinger and
Marshall's nonrelativistic bands as outlined in
Sec. IIB. It is seen that the agreement is not as
good as for Cu and Ag. The numbers in Fig. 16
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V. CONDUCTION-BAND-TO-CONDUCTION-BAND

TRANSITIONS

A direct-transition effect observed and identified
by Berglund and Spicer' in their early work on Cu
and Ag was due to transitions from the conduction-
like bands between the top 'of the d bands a.nd the
Fermi level to a higher-lying conduction band.
These transitions start near L; -L, and spread to
other parts of the zone on increasing hrq. They
manifest themselves as a peak which appears at
the high-energy end of the EDC and then moves to
lower initial energies on increasing S~. This
observation has been confirmed in our new experi-
ments on Cu and Ag and has been seen also in
sodiated Au. ¹i1sson et al.s' have observed the
same transition in cesiated Au. The effect is
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FIG. 17. High-energy end of the EDC's on Cu, Ag
and Au taken at low photon energies on low work func-
tion samples.

are associated with the experimental points. It is
seen that experimental peaks 1 and 2 fall close to
theoretical curves which do diverge from a single
curve at low photon energies. Experimental peak
6 also falls close to a theoretical curve with which
it could possibly be identified. However, the cor-
respondence between theory and experiment in the
intermediate d-band region is not so encouraging.
It is possible that experimental peak 5 is associated
with the theoretical curve 0. 6-0. 8 eV lower down

in energy. It is also possible that peaks 3 and 4
are associated with two of the three theoretical
curves with whose energy range they overlap. In

view of the strong likelihood of large relativistic
effects which have been completely neglected here,
it would be dangerous to make any definite identifi-
cations. It is felt that the modest measure of
agreement between experiment and theory shown
in Fig. 16 is about as good as can be expected from
a nonrelativistic band calculation.

illustrated in Fig. 1V, where we show the high-
energy end of some of the EDC's measured in this
work on all three metals.

By examining the band structure along the
I'I. symmetry direction, Berglund and Spicer'
were led to suppose that the contribution to the
EDC from such transitions would consist of a
narrow sharp peak which they then identified with
the observed peak. A more recent analysis of the
problem by Koyama and Smith shows that the
apparent peak really corresponds to the low-energy
edge of a rectangular-box-shaped contribution to
the EDJDOS. In fact, the locus of this edge is
plotted as the line L in Fig. 3 and is discussed in
Sec. IIC.

Since the d bands are not involved in these transi-
tions, we may dispense with the combined interpo-
lation scheme and use a simple two-band model.
Koyama and Smith show that, in this approxima-
tion the locus of the low-energy edge is given by

Fo equals (@ j2m)G, where G is one of the (111)
reciprocal-lattice vectors; V~ is the 6th Fourier
component of a pseudopotential. For the purposes
of fitting the bands we put 2V~ equal to the La, - I.,
band gap, which is known to be 4. 2, 4. 2, and 3. 5

eV in Cu, Ag, and Au, respectively. ' '~ The curve
of 8 „vs @~ must pass through the energy of the
La. point when@~=2V~. We place L~. at O. V, 0. 3,
and 0. 5 eV below the Fermi level in Cu, Ag, and

Au, respectively. These values are consistent
with those quoted elsewhere' and are found to give
reasonable results for the radii of the Fermi-sur-
face necks (see Appendix). The values for Fo cal-
culated from the lattice constants are 34. 6, 2V. 0,
and 2V. 2 e7 for Cu, Ag, and Au, respectively.
The parameters for computing Eq. (10) are
therefore completely specified and the curves are
plotted in Fig. 18. The circles represent the lo-
cations of the peaks in the experimental EDC's and

are found to fall at energies slightly greater than

the line for E „. This is not surprising since
the true location of the edge probably occurs some-
where on the slope at energies below the peak rather
than at the peak itself.

In Cu and Au the experimental points do not ex-
tend too far since the peak quickly becomes ob-
scured by the d-band structure. In Ag, where the
d bands are much lower, the conduction-band-to-
conduction-band peak can be followed over a much
wider range of photon energy. An interesting ef-
fect seen in Fig. 1V is the sharpness of the direct-
transition peak in Ag at the lowest photon energies
compared with the other metals. This has given
rise to some speculation concerning the possibility
of many-body resonances. 44 However, we see
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FIG. 18. Structure plots comparing the peak positions
indicated in Fig. 17 with the loci of the low-energJJ edge for
conduction-band-to-conduction-band transitions.

from Fig. 18 that at its onset the peak is predicted
to be narrower in Ag than in Cu or Au. The
sharpness of the peak in Ag may be merely an indi-
cation that L,, is significantly closer to the Fermi
level than in the other metals. It is suggested,
therefore, that there is no clearcut evidence for a
many-body effect.

In Au, it is evident from the data in Figs. 17 and
18 that the separation between L~. and L, cannot
be greater than about 4 eV. Our EDC's and those
of ¹lsson et al, on cesiated Au tend to confirm
the value of 3. 5 eV deduced from modulated optical
studies' and alloy reflectance work. ' We conclude
that the value of 6. 0 eV calculated by Ballinger and
Marshall" and the value of 8. 0 eV proposed by
Krolikowski and Spicer are far too high. Krolikow-
ski and Spicer's estimate was based on an entirely
different piece of structure. It occurs between the
d bands and the Fermi level and is labeled A in

Fig. 14. The more recent work therefore indicates
that their tentative assignment was incorrect.

At photon energies below the L~ - L, threshold
we still observe photoelectrons all the way up to
the high-energy end of the EDC's as determined by
the Fermi level. No direct transitions are per-
mitted in this energy range. Experiments were
performed on cesiated Cu at liquid-nitrogen tem-

perature and showed that the EDC's were insensi-
tive to temperature, indicating that indirect (phonon-

assisted) transitions can be ruled out. The transi-
tions must therefore be categorized as nondirect.

VI. CONCLUSIONS

The main conclusion of the present work has been

the successful interpretation of the photoelectron
energy spectra from Cu, Ag, and Au in terms of
direct transitions. This is in contrast to early
work where it was concluded that optical transitions
in the noMe metals are predominantly nondirect. '
The experimental spectra reported here and in

recent work at other laboratories ' show numerous

instances of characteristically direct behavior
(i. e. , peak splittings, abrupt appearances, and

disappear'ances of peaks, etc. ). Apart from these
purely qualitative observations, we have seen good
correlation between energy locations of peaks in

the experimental spectra and peak loci in the

EDJDOS calculated numerically from model band

structures. This lends further support to the
direct-transition interpretation. A corollary of
the main conclusion is the success of one-electron
band theory whose validity has been tactily as-
sumed throughout.

The phenomenological aspect of the nondirect
model consists of unfolding the experimental EDC's
to obtain an "optical density of states. " ' The
resemblance of the optical DOS's to calculated band
DOS's has proved to be a valuable guide to band

theorists. Expanding the experimental energy
range, either upwards' or downwards, ' reveals
effects which cannot be accommodated in the non-

direct model. The present work suggests that a
more reliable way of determining the density of
statep is to find a band structure whose EDJDOS
is consistent with the photoelectron energy spectra
and then to compute the DOS from the band struc-
ture. The DOS's computed from the band struc-
tures used in the calculations. described above are
shown in Fig. 1S. The DOS's for Cu and Ag are
regarded as quite reliable. In view of the poorer
agreement between the EDJDOS and the experimen-
tal spectra, the density of states for Au is not so
reliable, although it is probably as good as one can
do with a nonrelativistic band structure.

We place the upper edge of the d-band contribu-
tion to the DOS's at 2. 0, 4. 0, and 2. 35 eV below

the Fermi level in Cu, Ag, and Au, respectively,
The uppermost d-band p eaA. is placed, respective-
ly, at 2. 15, 4. 3, and 2. 7 eV below the Fermi level.
These locations are slightly nearer to the Fermi
level than in some of the other photoemission in-
vestigations. This is a consequence of the method
of determining the Einstein cutoff discussed in
Sec. IIIA. Placing the top of the d band any lower
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would raise the frequency of the fundamental edge
in the theoretic+ ez shown in Fig. 4. Our model
band structures have, ho+evqr, been able to fit
simultaneously the position of the uppermost d

peak in the photoelectron spectra and the edge in
This provides another reason for preferring

our choice for the location of the Einstein maxi-
mum,

The emphasis in thj. s paper has been on the exis-
tence and energy location. of structure both in the-
ory and experiment, No serious attempt has been
made to predict the exact shape and magnitude of

FLPggRQN gf4ERG't {eV)

FIG. 19. Densities Of gta.tea fey Cu, Ag, and Au com-
puted froxn the intexpo1ated band Structures. The zero
of energy is taken at the Fermi level.

the EDC's. This would be a difficult task —in-
volving, as it does, knowledge of momentum ma-
trix elements, electron-electron scattering
strengths, angular anisotropies, crystal orienta-
tion effects, surface transmission coefficients,
etc. In addition, there are possible processes
which could occur during the optical excitation
event and cause a breakdown of strict conservation
of one-electron k vector; electron-electron
scattering and localization of the hole have been
proposed in this context. '4' Such processes may
indeed occur. For example, it has never been
demonstrated that the broadening in the experi-
mental EDC's is due entirely to finite instrumental
resolution. The k-violating processes may cause
a smearing and may contribute to the background
of the EDC's. ' They do not seem to destroy the
applicability of a direct-transition interpretation
of the structure. The experimentalist interested
in band-structure effects is more or less obliged
to concentrate on the location of the structure in
the spectra until some of the theoretical questions
have been resolved. Much use has been made in
this paper of higher-derivative spectra which have
the effect of picking out the structure and discarding
the background. It may be that in taking the higher-
derivative spectra we are doing precisely what is
required to isolate the volume contribution and the
one-electron band-structure effects.

The procedure described here has been to com-
pare experimental spectra with the predictions of
model band structures. Finding suitable band
structures has involved an element of trial and
error. The optical transitions involved in photo-
emission occur at general points in the Brillouin
zone, and this has necessitated the use of an inter-
polation scheme. The currently available interpo-
lation schemes contain about a dozen disposable
parameters. An interesting question is whether
these parameters could be determined entirely
from the photoelectron spectra'. This has not been
attempted so far, but in view of the improved
precision of the higher-derivative spectra, it would

certainly be worth a try. We note in this regard
the guidelines for empirical fitting procedures laid
down by Phillips. Certain combinations of the
parameters are inadmissible, and the number of
independent parameters can actually be reduced.

.It has been pointed out"" that the parameters
describing the form of the d bands are tied to two

fundamental quantities: the width of the d reso-
nance and the location of its center with respect
to the free-electron™like s, P bands. %'ith a re-
duced number of parameters, it may be possible,
armed only with the photoelectron energy spectra
and an interpolation scheme, to arrive at an al-
most purely experimental determination of the
Z-k curves for an arbitrary d-band metal. It
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TABLE I. Energy levels at symmetry points in the

model band structures. Energies are in Ry. TABLE II. Parameters of the interpolation scheme
used iri numerical calculations.

Ff
I'25

Xgg

X3
X2
X)
X4i
I|.4
+11
L3~

L32

Ep

—0.10
+ 0.299
+ 0.357
+ 0.163
+ O. 200
+ 0.399
+ 0.412
+ 0.704
+ 0.367
+ 0.156
+ 0.297
+ 0.401
+ 0.510
+ 0.853
+ 0.560

0.565
—0.445
-0.355
—0.56
—0.555
—O. 295
—0.275
(+O. 145)
-0.345
-0.535
-0.435
—0.295
(- o.oo5)
(+ O. 295)
+ 0.020

—0.62
—O. 43
—0.32
—0.61
—0.60
—0.235
—O. 20
+ 0.11
—0.30
-O. 61
—0.44
—0.22
—o.06
(+ o. 24)
(—o.o25)

p

~2oo

Eo

A(
A2

A3
A.4
A5

A6

B)
B2

0.01531
—0.1000'0

0.12500
0.17600

0.33075'
-0.00445

0.02031
0.00619
0.01025
0.01295
0.00262
0.00826

0.4125
1.00

0.01461
—0, 56500

0.14116
o.22487

-0.38750
—0, 01990

0.02813
0.00688
0, 01623
0~02060
0~00376
0.00985

0.- 60
o.56

0.01383
-0.62000

0.).0387
0.15H6

—0.35750
-0.02512

0.03938
0.01063
0.02003
0.02628
0.00831
0.01708

0.57
1.16

seems likely that further developments in the use
of photoemission as a means of determining band
structure will go hand in hand with developments
in the use of interpolation schemes.
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APPENDlX

Listed here are the parameters of the interpo-
lated band structures used in the numerical calcu-
lations described in Sec. II. The interpolation
scheme used was that due to Hodges, Ehrenreich,
and Lang. '

Table I shows the energies at the symmetry
points T'„»„»,X„, X„X,, X„X4„L»,
L3$ L3„L~., and L». The position of the Fermi
level F~ on the same energy scale is also shown.
The values in parentheses are values which have
been adjusted by the author. All energies are in
By.

In Ag, Ballinger and Marshall's' values for L2, ,
L», X4., and E~ were all raised by 0.020 Ry.
This is equivalent to a rigid downward shift of the
d-band complex with respect to the free-electron
s, P bands. This small adjustment appears to be
quite consistent with the guidelines laid down by
Phillips.

In Au, Ballinger and Marshall's value for Fz was
lowered by 0.025 By. This is equivalent to a

small rigid raising of the d bands. The level L,2

was lower'ed by 0. 14 By. This was considered
necessary in order to bring the I.3. - L&& band gap
in reasonable agreement with the optical value.
This adjustmerit is quite important for another
reason. In the procedure used here for fitting
the interpolation scheme, the position of the upper
unfilled bands is determined largely by where one
chooses to place L». This therefore influences
the frequencies of the permitted optical transitions
all over the zone. Iri view of this large arbitrary
adjustment, and also the neglect of large relativis-
tic effects, the band structure used here fox Au
must be regarde'd with greater caution than that
for Cu or Ag.

The parameters of the interpolation scheme are
shown in Table II. The values for Cu are taken
from Hodges et al. ' ' 0 The values for Ag and Au
were deduced by the authox' by fitting the energy
levels listed in Table I using a, method-described
by Hodges. 3 The reader is referred to the original
papers by Hodges ef a/. for an explanation of the
symbols. Very briefly, the parameters &, P, V»„
and V»0 specify the four-OPVf part of the band
structure; 80, ~, A„A,„A3, A4, As, and As
specify the tight-binding d bands. By.and 82 are
parameters which simulate the effects of hybrid-
ization.

The radii of the Fermi-surface necks given by
these band structures are 0. 20, 0. 19, and 0.17 ex-
pressed in-@nits of the free-electron Fermi radius
for Cu, Ag, arid. Au, respectively. The experimen-
tal values from de Haas-van Alphen and, magneto-
acoustic experiments are 0. 19, 0. 14, and 0.18,
respectively. %'ithin the enex'gy resolution Of photo-
emission experiments (=0. l eV), the Fermi-surface
agreement may be regs. rded a,s good.
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