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Model band structures are constructed for Rh, Pd, Ag, Ir, Pt, and Au using a combined

interpolation scheme,

Spin-orbit coupling and other relativistic corrections are included.

The energy distributions of the joint densities of states (EDJDOS) are calculated using qua-
dratic interpolation and a Monte Carlo sampling of # space. Extensive numerical results are

presented.

A strong resemblance is found between the variation of the profile of the EDJDOS

with photon energy and the profile changes seen in experimental photoemission spectra. This
has been used to make empirical adjustments to the widths of the d bands in some of the model

band structures.

1. INTRODUCTION

In the preceding paper of this series® (hereafter
referred to as II), experimental photoemission
spectra were presented for Rh, Ir, Ni, Pd, and
Pt and were compared with those on Cu, Ag, and
Au. A consistent pattern of behavior was observed
from metal to metal for the changes in the profile
of the spectrum on varying the photon energy 7w.

In this third paper of the series, we examine in de-
tail the extent to which this pattern is predicted by
the one-electron band theory. To this end, we have
used the variant of the combined interpolation
scheme described in the first paper of the series?
(hereafter referred to as I).

In Sec. II, the construction of the empirical band
structures for Rh, Pd, Ag, Ir, Pt, and Auis de-
scribed. The starting point is the set of parame-
ters for the scheme obtained by a nonlinear least-
squares fit to the nonrelativistic augmented-plane-
wave (APW) calculations presented inI. To these
parameters, two basic adjustments are made: the
first to accommodate relativistic effects, and the
second, where necessary, to bring the width of the
d band into closer agreement with the experimental
photoemission spectra of II.

In Sec. III we present, in the form of figures, the
results of numerical calculations of the energy dis-
tribution of the joint density of states (EDJDOS) for
each of the metals under consideration. It will be
seen that the evolution of the profile of the EDJDOS
on varying #w closely parallels that observed in the
experimental spectra reported in II, Indeed, this
forms the basis of the identifications used in the
empirical adjustments to the bands.

We do not consider, in this paper, the 3d metals,
Cu and Ni. Cu has been discussed extensively
elsewhere.? In the case of Ni, the experimental
data is fragmentary. Also, the complication of
ferromagnetism would take us beyond the scope of
this paper. In this regard, we note that there are
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indications? that the photoelectric properties of Ni
may not be consistent with a simple band model.
We confine ourselves, therefore, to the 4d and 5d
metals Rh, Pd, Ag, Ir, Pt, and Au. Calculations
of a similar nature have been reported for some of
these metals by Christensen and by Janak et al.®

II. EMPIRICAL BAND STRUCTURES

The model band structures presented here were
generated by the following systematic procedure.
The starting point was the nonrelativistic-APW
calculations reported in I. To these results were
fitted the parameters of the combined interpolation
scheme also described in I. We will use hereon
the nomenclature of that paper and will refer to
this starting set of parameters as the Mattheiss
parameters. The scheme is a variant of the one
devised originally by Hodges, Ehrenreich and Lang
and by Mueller. ® It differs from the earlier
schemes in that special attention has been given
to obtaining a good reproduction of the unoccupied
bands.

A. Relativistic corrections

The most conspicuous relativistic correction
required in the model band structures is for spin-
orbit coupling. It lifts degeneracies and brings
about a qualitative modification to the bands. It
is readily incorporated into the model Hamiltonian
by insertion of the matrices M and N given by
Friedel ef al. and Abate and Asdente.” A further
parameter is required, namely, the spin-orbit
parameter £. To avoid introducing this as a dis-
posable parameter, we simply set it equal to the
atomic value taken from the tables of Herman and
Skillman.

The other relativistic corrections (mass-veloc-
ity and Darwin shifts) were absorbed by adjustment
of the parameters of the scheme so as to fit cer-
tain eigenvalues of the relativistic-augmented-
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plane-wave (RAPW) calculations of Andersen®
(Rh, Pd, Ir, and Pt) and Christensen'®!! (Ag and
Au). It was found that, after insertion of the spin-
orbit coupling and adjustment of the parameter
E,, the d-band eigenvalues obtained using the
Mattheiss parameters were quite close tothefirst-
principles RAPW results. At this stage, there-
fore, we have all the parameters of the d-d block,
namely, E,, A,, A,, A;, Ay, A5, Ag, and A,

The parameters of the plane-wave and hybrid-
ization blocks were then obtained by application of
the quick recipe described in Sec. III B of I to the
appropriate RAPW eigenvalues. Before this could
be done, however, it was necessary to remove the
ambiguities in the identification of the four plane-
wave-like levels at W. As discussed in Sec. III D
of I, the four relativisitic levels, Wy, W,, Wq,
and W,, correspond in the nonrelativistic limit to
the levels W;, W,,, W3, and W5, but the individual
identifications are not obvious. We would like to
know which levels in the relativistic case would
correspond to which levels in the nonrelativistic
case if spin-orbit coupling were removed but the
other relativistic effects retained. In the case of
Au, it was argued in I that the respective shifts
of the s- and p-like levels at X and L indicate that
the identification and ordering of the four plane-
wave-like levels at W must be E(W,.) > E(W,)
>E(W;)> E(W,). Likewise, comparison of Christen-
sen’s RAPW eigenvalues for Ag!'! with his earlier
nonrelativistic results using the same potential'?
leads one to conclude that the identification and
ordering would be E(W,.) > E(W,) > E(W;) > E(W,).

In the cases of Rh, Ir, Pd, and Pt, Andersen'?
has kindly provided the author with estimates of
the identification and ordering. These are shown
in Table I together with those already inferred for
Ag and Au.

Having obtained the ordering of the plane-wave
levels at W, we may now proceed straightforward-
ly with the recipe of Sec. III B of I. First of all,
we set the radius parameter R equal to a constant
value of 0.41, and thereby remove it from the list
of disposable parameters. This maneuver is jus-

TABLE I. Identification and ordering of the four
plane-wave levels at W in RAPW calculations.

Decreasing Energy —

Rh Wy, w, W, W,
Pd W, W, w, W,
Ag W, w, w, W,
Ir W, W, W, A
Pt W, w, W, w,
Au Wy, W, W, W,

V. SMITH 9

tified by the nonlinear least-squares fitting experi-
ments described in Sec. IV of I. There, it was
shown that R deviates very little from its average
value of 0. 41 for all the metals considered.

The hybridization parameter B was determined
by examining the hybridization shifts of the d-like
levels X,, L, W, , and W5 according to the
recipe. We made no distinction here between the
e, and t,, subbands (i.e., we set B,=B,=B). This
is also justified by the nonlinear least-squares
fitting experiments in I, where it was found that
the values determined for B, and B, were always
very close.

The parameters Vy;;, Vj, and S were fitted
to the band gaps betweenthe plane-wave-like levels
at X, L, and W. The parameters Vg, and @ were
obtained by a similar straightforward application
of the recipe. All that remains, at this stage, of
the original Mattheiss parameters are the values
for Ay, A,, A;, A, A5, Ay, and A. All the other
parameters have suffered some adjustment.

The procedure adopted in this paper differs from
that in an earlier paper by Smith and Traum!* in
only one respect. Here we have used, for each in-
dividual metal, the Mattheiss parameters for the
d bands. In the earlier paper we used a uniformly
stretched version of the parameters required to
fit the d-bands of the APW calculation on Cu by
Burdick.'® Our concern there was to perform an
explicit test of the resonance formulation of d-band
metals. !*!7 The main results of the resonance
formulation are embodied in the Mattheiss param-
eters since it can be seen, from Table IV of I,
that the Fletcher-Wohlfarth A, parameters main-
tain roughly constant ratios with respect to each
other.

The parameters presented in this paper are be-
lieved to be superior to those used by Smith and
Traum!? for two reasons. Firstly, Cu represents
an extreme case since it is the metal of the group
having the narrowest d bands. It may therefore
be unwise to use it as the starting point of an ex-
trapolation to other metals. Secondly, the Matt-
heiss parameters are more reliable since they
were obtained by an elaborate nonlinear least-
squares fitting procedure at many points in the
Brillouin zone (BZ). The Burdick Cu parameters,
on the other hand, were obtained by fitting a few
purely d-like levels (namely, Ty, I,, X5, X3,
X,, LY, L3, and K,;). Incidentally, it should be
pointed out that, while this latter method for fitting
the d-band parameters of the scheme to first-
principles results works reasonably well for Cu,
it is not so successful for the 4d and 54 metals.
The difficulty arises when one tries to determine
the parameters B and R from the second-order
hybridization shifts at X, and L;. The estimates
of these shifts are quite sensitive to the values of
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A, A,, etc., determined at an earlier stage.
This can lead to unphysical values for the hybrid-
ization parameters. This, for example, accounts
for the overly large values for R in Ag, Au, and
Rh obtained in previous work by the author!® and
by Pierce.!® Our present method avoids this dif-
ficulty, and the model band structures presented
here supersede all others presented by the
author, 41620

B. Width and position of d bands

In addition to the adjustments made above, the
following empivical adjustments were made,where
necessary, in order to bring the model band struc-
tures into closer agreement with experimental
photoemission spectra. Actual comparison with
experiment is deferred until Sec. IIIE. Here we
discuss only the details of the adjustment itself.

In the cases of Rh and Pd, it was found that,
within the limits of accuracy of the interpolation
scheme and the limit of resolution of the photo-
emission experiments, the agreement was as
good as could be expected. No further adjustments
were made to the parameters for Rh and Pd.

In the cases of Ag, Ir, Pt, and Au, the d bands
were widened by 219, 8%, 14%, and 26%, respec-
tively. The widening was accomplished by scal-

TABLE II.,
structures of Rh, Pd, Ag, Ir, Pt, and Au.
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ing the parameters A;_g and A uniformly in pro-
portion to the d-band widthw. The hybridization
coefficient B was scaled as W!/2 in rough accord-
ance with the requirements of the resonance formu-
lation.!” The position of the d band, E,, was then
given a small readjustment in order to assure
reasonable agreement for the Fermi-surface to-
pology. In the cases of Ir and Pt, the Fermi
level intersects the top of the d bands and is pinned®
there by the requirements that the total number of
occupied states be equivalent to nine and ten elec-
trons per atom, respectively. For Ir and Pt we,
therefore, arranged that any adjustment of W be
accompanied by an adjustment of E, such that E,
+4A, (representing, in the absence of spin-orbit
splitting, the X level at the top of the d bands)
remain constant. Inthe cases of Ag and Au, it
was arranged that the distance between the Fermi
level and the top of the d bands (Ez-E(-4A,) was
in agreement with the photoemission spectra and
that the separation between E and L;. gave a
reasonable value for the radius of the Fermi-sur-
face neck. All other parameters of the scheme
(@, Vosos Vitriy Vagos R, S, and &) were left un-
changed.

The final values of the parameters for the scheme
are shown in Table II. These are to be compared

Parameters of the combined interpolation scheme for the empirical band
Energies are in Rydbergs.

Rh Pd Ag Ir Pt Au
OPW
a 0.01419 0,01329 0.01175 0.01541 0.01436 0.01297
Voo 0,142 0.043 -0.107 0.029 —0.060 -0.164
Vi 0. 0725 0. 0545 0. 0236 0. 0295 0.0102 -0.0133
Vaoo 0.0739 0.0678 0. 0494 0. 0455 0.0313 0. 0090
Orthogonality & Hybridization
R 0.41 0.41 0.41 0.41 0.41 0.41
S 1.58 1.30 0.81 1.63 1.38 0.92
B, 1.70 1.42 1.10 2.04 1.76 1.45
B, 1.70 1.42 1.10 2.04 1.76 1.45
d bands
E, 0.582 0.429 0.056 0,629 0. 461 0.191
A, 0. 0448 0.0362 0. 0254 0.0590 0.0510 0.0390
A, 0.0112 0.0091 0. 0065 0.0139 0.0122 0.0094
A, 0.0154 0.0126 0.0090 0.0191 0.0169 0.0132
A,y 0. 0238 0.0190 0.0124 0.0302 0. 0258 0.0191
A 0.0061 0.0049 0. 0035 0.0079 0.0068 0. 0054
Ag 0.0231 0.0171 0.0115 0, 0282 0.0242 0.0182
A 0.0001 0.0013 0.0050 0,.0005 0.0019 0. 0044
Spin orbit
£ 0.012 0.015 0.019 0,041 0. 046 0.053
Fermi energy
Egp 0.715 0.557 0,450 0.790 0. 645 0. 530
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FIG. 1. Model band structure for Rh.

with the starting parameters in Table IV of I.

Apart from the changes described above, theother
notable difference between the starting values and
final values occurs in the values for the local pseudo-

potential parameters, Vy;;and Vyg, inthe 5d metals.

These are considerably smaller in the final set
than in the starting set. While this improves
agreement with photoemission results (by lowering
band 7 and permitting transitions to it at lower
photon energies), this adjustment was not done by
fitting the experimental spectra. It is actually

a relativistic effect and arises naturally inthe cor-
rections of Sec. Il A. Lowering V;;; and Vg,
while keeping S roughly the same, brings about
both the relativistic shrinking of the plane-wave
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FIG. 2. Model band structure for Pd.
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FIG. 3. Model band structure for Ag.

gaps at L and X and also the relativistic inversion
of the s- and p-like levels at W.

The model band structures obtained using the
final set of parameters of Table II are displayed
in Figs. 1-6. The zero of energy, inthesefigures,
is taken at the Fermi level.

IIIl. ENERGY DISTRIBUTIONS OF
JOINT DENSITIES OF STATES

A. Photoemission and band structure

A fundamental assumption made in the interpre-
tation presented here is that conventional one-
electron band theory is applicable. We therefore
require that the optical transitions be direct; i.e.,
the initial and final states have the same reduced

n
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FIG. 4. Model band structure for Ir,
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FIG. 5. Model band structure for Pt,

wave vector K and their energies are obtainable
from a one-electron band calculation. As pointed
out in several earlier papers, *!*2° we then ex-
pect a resemblance between the photoelectron
energy spectra and the (EDJDOS) defined by the
following integral over the Brillouin zone:

D(E, ﬁw)=f'2ifazdsk5(5f -E;-nw)b(E-E;) .
(1)

E,(K) and E,(l?) are, respectively, the energies

at K in an initial band, i, and a final band, f. The
summation is made over all pairs (f, ¢) of bands
which can participate. The initial state must, of
course, be occupied and the final state unoccupied.
It is therefore understood that D(E, #iw) includes
the factor F(E;)[1-F(E,)], where F is the Fermi
occupation function.

An important word in the preceding paragraph
is “resemblance.” Even within the one-electron
band approach, D(E, Zw) is a rather crude approx-
imation to N(E, Zw), the actual photoelectron ener-
gy spectrum. A more precise expression would
be

N(E, )= C T [, dk| Pyl *T(E,, B)

X 6(E; - E; —liw) 6 (E-E}) . (2)

C is a normalization parameter; ‘Pf,- l %is the
square of a momentum matrix element represent-
ing the strength of a given optical transition;
T(E;, K) is an over-all escape factor representing
the probability of the excited electron reaching
the surface without inelastic scattering and then
escaping across it.

In this paper we offer calculations and results
only for the EDJDOS D(E, Ziw). Our major concern
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is with energy locations of structure in the spectra.
Relative intensities of various pieces of structure
are not considered in detail since they will be af-
fected by the weighting factors |P;;|? and T(E,, K)
which have not been calculated inthis investigation.
The effects of the latter factor can be simulated
approximately by assuming that T(E;, K) is inde-
pendent of K. It may then be taken outside the
integral of (2) and expressed in the form derived
by Berglund and Spicer? using their three-step
model. The approximate N(E,%Zw) curve is then
obtained simply by multiplying D(E, Zw) by this
“effective threshold” function? T(E). Its main
effect is to cause the simulated N(E, 7w) to fall
smoothly as E approaches the low-energy limit
determinedby the work function, and then to vanish
below this energy. The procedure here will be to
present the entire D(E,%Zw) curve. Insertion ofthe
T(E) factor, if desired, is left to the interested
reader.

B. k-space integrations

A practical advantage of disregarding the weight-
ing factors discussed above, is that the EDJDOS
is determined entirely by the E(K) dispersion re-
lations. In order to evaluate the EDJDOS, all
that is required is a fast method of generating the
energy eigenvalues at any point in the BZ. This
need is amply fulfilled by the combined interpola-
tion scheme discussed in I, and whose parameters
have been presented above. The method used here
for performing the k-space integration was a his-
togram technique involving quadratic interpolation
and a Monte Carlo sampling similar in principle
to the methods described by Brust® and Mueller
et al.®* The details are as follows.

The calculations were performed in the same §th
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FIG. 6. Model band structure for Au.
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irreducible wedge of the BZ used in I (k,>k,>k,).
The BZ was divided into cubes having a cube edge
equal to one-tenth of the I" to X distance (i. e. MESH
=10 in the nomenclature of Mueller ef al.?). We
will refer to these cubes as the big cubes, and we
considered only those big cubes necessary to en-
close completely our #4th wedge. Each of these
big cubes was then divided into 27 subcubes having
one-third the cube edge. At 13 points within each
big cube the energy eigenvalues were obtained by
diagonalizing the model Hamiltonian. The 13 points
were the center of the center subcube and the cen-
ters of the 12 subcubes disposed about the center
of the center subcube in the (110 )directions. For
each band, therefore, we have 13 energy eigen-
values which are more than sufficient to determine
the ten parameters of a quadratic interpolation of
the form

E(Ky+6K)=E(K;) +m. 6K +6k.q - 6k , (3)

where K; is the center of the big cube. For MESH
=10, a total of 1625 diagonalizations are required.
Precautions were taken in those big cubes which
are intersected by the boundary planes of the fth
wedge. Some of the subcube centers may lie out-
side the wedge. Rather than diagonalize at such
a point, we diagonalized instead at the point equiv-
alent to it by symmetry lying inside the wedge.
Having set up the quadratic interpolation coef-
ficients within a given big cube, we then performed
a Monte Carlo sampling. In each big cube, 3000
points were generated. This corresponds to atotal
of 250 000 points in the #th wedge or 12 000000 in
the entire BZ. In the boundary big cubes, each
point was tested, and those lying outside the ;l-ath
wedge were rejected. At each Monte Carlo point,
we deduced the initial energies and photon ener-
gies of the direct transitions and added them into
the appropriate EDJDOS histogram bins. A bin
width of 0.1 eV was used on both the E and 7w
scales. All the numerical results presented here
employed 3000 Monte Carlo pointsin eachbig cube.
In some of the earlier runs, where we were con-
cerned only to construct the structure plot, a
sample of 1000 points per big cube was found to be
adequate.

C. Numerical results

The results obtained for the EDJDOS are shown
in Figs. 7 and 8 for the 4d and 5d metals, respec-
tively. Curves are shown for photon energies
spaced at 0.3-eV intervals from Fw=4.5-11.4eV.
Each curve is labeled by the upper limit of the
corresponding 0. 1-eV histogram bin; in other
words, a curve labeled zZw =10. 2 eV corresponds
to optical transitions in the 10. 1=7Zw=10.2-eV
interval. The curves have been smoothed by con-
volution with a Lorentzian broadening function of
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0. 3-eV full width at half-maximum. This is done
primarily for clarity in presenting the figures,
but it has the incidental advantage of simulating
the finite experimental resolution and possible
lifetime-broadening effects.

In Figs. 7 and 8 we present only the EDJDOS
itself. The curves contain no information concern-
ing the momentum matrix elements. They repre-
sent only the phase space available for optical
transitions at their respective photon energies.
As discussed above, no estimate has been included
for attenuation of the curve by scattering or finite
escape probability. Actually, omission of the ef-
fective threshold factor T(E) has the advantage of
permitting the reader to inspect the low-energy
end of the EDJDOS which would otherwise have
been cut off. This may ultimately be of use to
workers concerned with the interpretation of ex-
perimental data for €,, the imaginary part of the
dielectric constant. In a constant matrix element
approximation, w?, is proportional to the joint
density of states which is given by the total area
under the EDJDOS curve. '® It may be possible to
trace structures in the frequency dependence of
€, to developments of the profile of the EDJDOS
in the same frequency range. No such analysis
will be attempted here. We turn, rather, toa
detailed discussion of the consequences of these
results with respect to photoemission spectra.

D. Discussion and identification of structure

The smoothed EDJDOS curves of Figs. 7 and 8
are quite rich in structure, and the profiles of the
curves vary quite markedly with photon energy.
This latter feature is a consequence of the K-con-
servation selection rule. The EDJDOS is the den-
sity of states over a surfaceinthe BZ. The surface
moves through the BZ as 7w is varied, so that we
sample a continuously changing section of the band
structure. We will concentrate here on the more
prominent structures toward the higher energies;
i. e., the features corresponding to electrons
capable of surmounting the surface barrier and
being observable in the measured photoelectron
energy spectrum.

Some of the peaks in Figs. 7 and 8 have been
numbered. We have adopted a uniform numbering
system here in order to bring out our identifica-
tions of given pieces of structure from metal to
metal. The system is the same as that used in I
and is intended also to bring out our identifications
of peaks in the EDJDOS with structures in the ex-
perimental photoemission spectra. We now list
some of the specific changes in the EDJDOS as 7w
is varied.

Feature (i). At the low photon energies in Pd,
Ag, Pt, and Au, a peak labeled 1’ is observed.
This corresponds to optical transitions from the
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FIG. 7. EDJDOS for the 4d metals, Rb, Pd, and Ag, plotted at 0.3-eV intervals inthe 4. 5—11, 4-eV photon energy

range.

flat uppermost d-band. As #w is increased, this
peak is observed to undergo a sudden increase in
strength. This is seen in the curves for Pd, Ag,
Pt, and Au at Zw="7.5, 7.8, 6.3, and 6.0 eV, re-
spectively. After this sudden growth the peak is
given the new label 1. Proceeding to higher photon
energies, peak 1 is observed to split into a doublet
labeled 1a and 15. The component la stays at the
same initial energy as 1. The component 15 moves
to lower initial energies as 7w is increased. In
Ir and Rh, the features listed above are not all ob-
servable. This is because the Fermi level falls
lower so that the flat uppermost d band is largely
unoccupied.

Featuve (ii). At intermediate photon energies,
a peak is observed which we have labeled 2’. This
is to be seen in Figs. 7 and 8 at iw=9.0, 8.1, 8.4,

8.4, 7.8, and 6.9 eV for Rh, Pd, Ag, Ir, Pt, and
Au, respectively. On increasing %, this peak splits
into the doublet labeled 2a and 2b. The component
22 remains at roughly the same initial energy at
which 2’ occurs at the photon energies listed above.
The component 2b appears at a somewhat lower
initial energy. This splitting is quite clear in Ir,
Pt, Au, Rh, and Pd. It is only barely resolved

in Ag.

Featuve (iii). If the same feature labeled 2’ and
discussed in (ii) is pursued to lower photon ener-
gies it is observed to undergo further changes in
profile. Shoulders appear on the high-energy side.
In Ir, Pt, and Rh, peak 2’ is seen to evolve into a
doublet. The lower-energy component is labeled
2¢’ and the upper component retains the label 2’.
In the other metals, the components are not well
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range.

resolved and are simply lumped together under
the collective label 2'.

Feature (iv). A peak labeled 3’ in the EDJDOS
curves and Figs. 7 and 8 is observed to move
downwards slightly in initial energy as %Zw is in-
creased. At a sufficiently high photon energy,
peak 3’ becomes obscured by the abrupt emergence
of a peak labeled 3 at a somewhat higher initial
energy. This event can be seen in the curves at
hw=10.8, 9.6, 9.3,10.5, 9.3, and 8.4 eV for Rh,
Pd, Ag, Ir, Pt, and Au, respectively.

Feature (v). A peak labeled 4’ at the lower pho-
ton energies is observed for initial energies below
those of peak 3'. At a sufficiently high photon ener-
gy, a peak 4 emerges abruptly. This event is seen
in the curves at Zw=10.5, 9.9, 10.8, and 9.9 eV
for Pd, Ag, Pt, and Au, respectively. It is labeled
specifically in Figs. 7 and 8 only for Ag and Au.

It will be noted from the Figs. 7 and 8 that the
structures listed above tend to remain fairly sta-
tionary as 7w is varied. These features therefore
have “initial-state character” and are related to
the occupied d bands. There is, however, anotable
feature of the EDJDOS curves which has final-state
character. For example, if we examine the curves
for Pt in Fig. 8, the abrupt emergences of peaks
1, 2b, 3, and 4 at initial energies of about - 0. 2,

- 2.0, -3.2, and - 4.6 eV are first observed in
Fig. 8 at photon energies 6.3, 8.1, 9.3, and 10.8
eV, respectively., To within a tenth of an eV,
these events occur at initial energies (E) given by

E+hw=6.1eV . (4)

The transitions involved in these events, therefore,
occur to final states roughly constant in energy
located about 6. 1 eV above the Fermi level. This
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indicates something rather special about the band
structure at this energy. Appeal to Fig. 5 reveals
the simple explanation that the minimum energy of
band 7 occurs at about 6.0 eV. The events de-
scribed above are therefore attributed to the onset
of transitions to this new final-state band. Similar
features in the other metals can be explained in the
same way.

The curves for Rh and Ir (and, to a lesser ex-
tent, those for Pd and Pt) show large contributions
to the EDJDOS at its extreme low-energy end.
They are designated as “dd” in Figs. 7 and 8.
These represent transitions from states within the
d bands to the unoccupied d states just above the
Fermi level. Thesefeatures will notbe observable
in photoemission, since they occur below the vac-
uum-level cutoff; nor are they expected to influence
€, too strongly. This is because d —d transitions
are forbidden in the free atom, and the momentum
matrix elements in the solid are consequently ex-
pected to be small.

The structure, labeled L and indicated by a
dashed line in the curves for Ag and Au in Figs. 7
and 8, respectively, is the edge of a rectangular-
box shaped contribution® to the EDJDOS due to con-
duction-band-to-conduction-band transitions in the
vicinity of L, - L,.

E. Comparison with experiment

The reader will probably have noted a strong
point-by-point resemblance between features (i)—
(v) and the respective features observed in the ex-
perimental spectra described in Secs. IIIC and
IODof II. This, indeed, forms the basis of our
identifications and was used to make the empirical
adjustments described in Sec. IIB.

There are two differences in detail between the
features of the EDJDOS described above and those
observed experimentally. The abrupt growth of
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peak 1’ of the EDJDOS into peak 1 has not been ob-
served experimentally. Likewise, the emergence
of peak 4 at an initial energy close to that of peak
4’ has not been established experimentally. There
is also a more general difference between the
EDJDOS and the experimental spectra. The EDJDOS,
apart from the effective threshold factor T'(E), cor-
responds to the photoelectron energy distribution
curve (EDC) denoted by N(E, #iw). The features of
the experimental spectra of II, however, refer to
the negative of the second derivative of the EDC,
- N'"" (E, hw). 1t appears, therefore, that features
of the EDJDOS can be seen and identified in the ex-
perimental spectra, but they are often weak and
appear to be riding on a background. The back-
ground may be an intrinsic phenomenon (as in the
model developed by Doniach?®) or it may be a con-
sequence of imperfect sample or surface prepara-
tion. In this regard, we note that cesiation is re-
sponsible, at least in part, for the washing out of
structure in the experimental spectra.

Turning now to energy locations of structure,
we show, in Figs, 9 and 10, structure plots for
the 4d and 50 metals comparing the peak loci of
the EDJDOS with those of structure in the experi-
mental spectra. The full and open circles repre-
sent, respectively, the positions of peaks and
shoulders in the experimental - N’/ (E, #w) spec-
tra and are the same as those shown in Fig. 12 of
II. The full and broken lines indicate the locations
of structure in the EDJDOS. These were obtained,
as in previous papers, #2° by constructing a coarse
contour map of the — D'’ (E, w) histogram.

It is seen in Figs. 9 and 10 that agreement be-
tween band theory and experiment is quite good.
In the case of Rh and Pd, no empirical adjustment
of the Mattheiss parameters for the d bands was
regarded necessary. The agreement was as close
as could be expected considering the experimental
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FIG. 9. Structure plots comparing the predictions of band theory with the experimental results for the 4d metals
Rh, Pd, and Ag. The full (open) circles represent peaks (shoulders) in the experimental derivative spectra, —N'’
(E, Bw). The full and broken lines represent loci of structures in the EDJDOS.
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The full and broken lines represent loci of structures in the EDJDOS.

resolution and the inaccuracies inherent in the ap-
plication of the interpolation scheme. In the case
of the other metals, Ag, Ir, Pt, and Au, the width
and position of the d bands were adjusted, as de-
scribed in Sec. IIB, until the alignment between
the peak loci of the EDJDOS and the experimental
structure was similar to that for Rh and Pd. No
elaborate fitting procedure was employed. Satis-
factory alignment was judged by the eye of the
author.

Events such as the emergence of peaks 2b and
3 occur at about the same photon energies in the
EDJDOS as in the experimental spectra. As noted
in Sec. III D, these particular events are attributed
to the onset of transitions to band 7. The compari-
sons of Figs. 9 and 10 therefore confirm the rough
locations of band 7 in Figs. 1-6. Note that there
would have been significant disagreement here had
the relativistic corrections described in Sec. II A
had not been made.

Finally, we comment upon an interesting fea-
ture in the Ir and Rh comparisons of Figs. 9 and
10 which appears to indicate an outright breakdown
of the model. In Ir, it can be seen in Fig. 10 that
the leading edge of the EDJDOS falls to lower ini-
tial energies as %w is increased from 5.0 to 8.3
eV. The edge of the experimental spectra, which
lies just above the uppermost row of circles, stays
quite stationary in initial energy. Possible ex-
planations have been discussed in Sec. IVB.of II.

IV. CONCLUSIONS

This paper and the two preceding papers (I and
II) represent an extended program of work attempt-
ing to establish the connection between the photo-
electron energy spectra and the one-electron-band
structures of the fcc d-band metals. A brief sum-

mary of the work of all three papers is as follows.

(a) It has been observed experimentally in II
that the positions of structure in the photoelectron
energy spectra, when plotted in the E- 7w plane,
display a consistent pattern from metal to metal.
The pattern for one metal can be obtained from
the next by uniform shifting and stretching opera-
tions. This is in accordance with the resonance
formulation’®!? of d-band metals, and so the ex-
perimental data has been offered!* as the first
direct experimental evidence for the resonance
formulation.

(b) The model calculations of this paper using
the combined interpolation scheme developed in I
show that the main features of the pattern are pre-
dicted by one-electron band theory and a direct
transition model. The structure observed experi-
mentally, however, is weaker than that calculated.
This may indicate some smearing or a background
due to effects beyond the simple direct transition
model. 26

(c) Observations (a) and (b) have been exploited
to construct empirical d bands!* or, asinthe pres-
ent paper, to make small empirical adjustments
to the first-principles APW calculations of I. The
model band structures which we have finally ar-
rived at may be of use in the interpretation of other
electronic properties of these metals. They are
readily constructed by diagonalization of the model
Hamiltonian described in I using the parameters of
Table II.
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TABLE III. Identification of the present numbering scheme for peaks in the photo-
emission spectra with schemes used in previous papers. The band-to-band assign-

ments are shown in columns 6 and 7.

Present Au Au Ag Cu Band indices
numbering (Ref. 20) (Ref. 27) (Ref. 28) (Refs. 29 and 30) i f
la' la se0 . coe cee ces

1/ 5 6
1,1a i {B} iz} e} 5 7
1 2 c H 3,4,5 7
23.’ 3a s .o se e ee e e
20, SC ce e . o e e LY e e

2! (3,4), 3b ' } 4 6

2a 3 D sc{ {c/ 4 7

2b 4 E | F 4 7

3’ S5a e D D 3 6

3 5 F E G 3 7

A (I =} FE

4 8 ¢ H E 3 7

L e H A A 6 7

APPENDIX ments discussed recently, in the case of Cu, by

A major aim of the present work has been to ex-
amine trends in the behavior of the photoemission
spectra as a function of position in the periodic
table. As part of this survey, we have adopted a
uniform numbering system for structures intended
to indicate (a) the identifications of peaks from
metal to metal and (b) the identifications of experi-
mental structures with peaks in the theoretical

EDJDOS. Previously, a variety of labeling schemes

have been used. Table III is a Rosetta Stone which
translates the present numbering scheme into the
labeling schemes used by other papers, and, in
particular, by the papers on the noble metals by
the photoemission workers at Chalmers Univer-
sity, 2"-2° who have performed experiments on
cesiated samples very similar to those described in1II.
Our present numbering scheme has the addition-
al advantage of embodying the band-to-band assign-

Moruzzi, Williams, and Janak.*® Their identifica-
tions of the initial- and final-state bands contribut-
ing to various peaks in the spectra of Cu are dis-
played in columns 6 and 7 of Table III. Because

of the similarities from metal to metal, observed
in II, we expect these band-to-band assignments to
apply equally well to the other metals. In the pres-
ent numbering scheme, structures in the spectra
have been given labels of the form N, N', Na, Nb,
etc., where N is an integer. Structures which have
a common value of N tend to originate from the
same initial state band, given by {=6-N. At the
lower photon energies, the labels are primed, in-
dicating that the final states lie in band 6. At the
higher photon energies, band 7 becomes available
as an additional svurce of final states; this cor-
responds to the use of unprimed labels in the pres-
ent numbering system.
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