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Band-structure calculations for Rh and Pd have been performed by a second-principles

approach using a combined interpolation scheme. From these bands the imaginary part
of the dielectric function. e2 in the energy range Aco (25 eV has been calculated with full

inclusion of momentum matrix elements and spin-orbit effects. The band-by-band decom-

positions of e2 are presented, and structures are identified with transitions between specific

bands in k space. Agreement with experiment is found to be good, and identifications are
offered for the principal experimental structures. Furthermore, e2 values assuming con-

stant matrix elements for both direct and nondirect transitions have been calculated to as-

sess the influence of the matrix elements and to test the direct-transition model.

I. INTRODUCTION

Over the last few years the electronic properties
of Rh and Pd have been the subject of a number of
papers. ' Particular attention has been paid to
the electronic behavior of Pd, which has been stu-
died experimentally by the de Haas —van Alphen
effect, ' optical spectroscopy, photoemission spec-
troscopy (angle-integrated and angle-
resolved ), Compton scattering9 and thermomod-
ulated reflectance, ' and theoretically using band-
structure computation methods ' '" ' with a non-
relativistic or relativistic, non-self-consistent or
self-consistent approach. This paper continues the
earlier optical-absorption calculations of the noble
metals and the alloy system Ag~ ~ Cdy. The
imaginary part e2 of the dielectric function for Rh
and Pd has been calculated with full inclusion of
momentum matrix elements and spin-orbit effects
in the region Aco (25 eV. So far, the experimental

e2 spectra have been compared only with joint-
density-of-states ' (JDOS) calculations where the
influence of the variation of the matrix elements is
neglected. The calculation procedure is described
briefly in Sec. II. Results are compared with ex-
periment in Sec. III and the band-by-band decom-
position is presented in Sec. IV.

II. COMPUTATIONAL METHOD

The imaginary part e2 of the dielectric constant
was calculated from the standard equation:

2', ,g f,d'k II'f
38m co

X6(Ef(k)—E;(k) fico). (1)—

The superscript denotes that we consider only
direct (k-conserving) transitions. Equation (1) is a
one-electron theoretical expression, and local-field
effects and electron-hole interactions are neglected.

The computational procedure follows basically
the same steps described in earlier papers.
Very briefly, it involves fitting the parameters of a
combined interpolation scheme, solving the eigen-
value problem of a 42)&42 Hamiltonian matrix to
obtain the energy values E;(k) and Ef(k) of the in-

itial and final states, and computing the momen-
tum matrix elements Pf;. The 42&(42 matrix con-
sists of a 16)&16 plane-wave block, a 5)& 5 tight-
binding d block, and a 5)&16 hybridization subma-
trix. This 21X21 matrix is doubled and elements
added to include spin-orbit effects. To obtain the
18 parameters of the combined interpolation
scheme the energy eigenvalues were fitted to the
results of a first-principles band-structure calcula-
tion using a nonlinear least-squares method. Table
I lists the 18 parameters of the combined interpola-
tion scheme for Rh and Pd. The values were ob-
tained by fitting 36 relativistic augmented-plane-
wave eigenvalues at the high-symmetry points I,
X, L, 8', and X calculated by Christensen. ' ' The
rms errors were 0.064 and 0.032 Ry for Rh and
Pd, respectively. The momentum matrix elements
were calculated by differentiation of the Hamiltoni-
an matrix.
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Pd

E

A2

A3

A4

A5

0.6285
—0.0053

0.044 13
0.00478
0.008 22
0.015 55
0.006 55
0.02009

0.4882
—0.0065

0.020 59
0.002 35
0.007 14
0.008 87
0.003 74
0.01021

TABLE I. Parameters of the combined interpolation
scheme obtained by fitting the Rh and Pd eigenvalues of
Refs. 14 and 20, respectively (all values are given in ryd-
berg).

In Eq. (2} it is assumed that the transition matrix
elements are constant. In the cases of ez and e2
the theoretical results have to be scaled to the ex-
perimental data. Therefore, only the frequency
dependence of the curves is important, whereas in
the case of e2(fico) the absolute values as well as the
energy dependence are significant.

III. RESULTS AND COMPARISON
WITH EXPERIMENT

This section compares the main structures of the
theoretical and experimental e2 curves. A detailed
analysis of the band-by-band contributions to the e2
function is given in the following section.
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1.636
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A. Rhodium

Figure 1 shows the theoretical ez results for Rh
together with the experimental values of Weaver
et al. ' ' The experimental e2 results of Rh show
shoulders at the low energies 1.2, 2.8, 5.4 eV, a
minimum at 9.0 eV, and a broad plateau in the en-

ergy range between 10 and 21 eV with three struc-
tures at 11.6, 14.6, and 19.3 eV. The agreement
with the theoretical e2 curve is good with regard
to both positions and intensities of structues. Ab-
solute comparison in the extreme low-energy region
is difficult because the experimental data contain
both the intraband and the interband contributions,
whereas the computation procedure includes only

EF
e2- 2 f N(E)N(E+fia))dE .

CO F
(2)

Results for Zz(fico) have also been calculated
from Eq. (I) by treating the momentum matrix ele-

ments as constant. This quantity is (apart form a
factor involving co ) the JDOS which merely
expresses the total number of possible direct transi-
tions between occupied and unoccupied bands at a
certain photon energy. Comparison between e2
and ez therefore, shows the influence of the
rnornentum matrix elements.

So far only dirix:t interband transitions (where k
vector and energy are conserved) have been con-
sidered. Spicer has postulated a nondirect inter-
band transition model where k-vector conservation
does not pertain or is unimportant. In this model
e 2 can be calculated from the density of states
(DOS}, N'(E), by computation of the following in-

tegral:

8-
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FIG. 1. Calculated e2 spectrum (solid line) of Rh in
comparison with experimental values (dots) of Refs. 18
and 29. Dot-dashed curve: e2 values after convolution
of the solid line with a Lorentzian function of FWHM
= 0.4 eV.
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interband transitions. The theoretical ez shows
peaks at 2.8 and 5.4 eV, a pronounced minimum at
8.8 eV, and a broad plateau in the range 10
&~& 19 eV. Three main structures within this
plateau region at fico = 10.8, 12.5, and 18.4 eV oc-
cur —1 —2 eV lower than those seen in experi-
ment. This discrepancy could be removed, or
much reduced, by an empirical adjustment to the
band stucture which pushes the appropriate final-

state bands to higher energies. This is discussed
further in Sec. IV.

The features in the theoretical ez curves are
much sharper than those observed experimentally.
The smearing is presumably due to lifetime
broadening of the initial and final electron states,
The dot-dashed curve in Fig. 1 represents an at-
tempt to simulate these effects by convolving the

e2 results with a Lorentzian of full width at half
maximum (FWHM) equal to 0.4 eV. This is
equivalent to assuming that the sum of the life-
times of the initial and final states may be treated
as constant.

B. Palladium

Figure 2 shows the theoretical ez results and the
experimental data for Pd published by Weaver and
Weaver et al. ' ' The same notation is used as
in Fig. 1. The experimental data show a change of
slope at 1.3 eV, a well-defined shoulder at -4.3
eV, a minimum at -8.9 followed by a plateau re-

gian having three broad structures at about 10.0,
15.0, and 20.4 eV. The overall behavior is, there-
fore, similar to that for Rh.

The solid line is the result of the e 2 calculation
for Pd. The overall agreement with experiment is
good. The change of slope at 1.3 eV and the peak
at 4.2 eV occur at about the same energies as in ex-
periment. The most noteworthy feature is the
grouping of structures in the theoretical e2 curve
at 20.5 eV. The discussion in the next section will
show that these peaks lie too close to each other
due to difficulties in the fitting method. Therefore,
intensity should be distributed to the regions both
below and above -20.4 eV, resulting in better
agreement. The dot-dashed curve in Fig. 2 is the
result of a convolution of the e2 data with a
Lorentzian of FWHM = 0.4 eV to simulate life-
time effects.

IV. THE BAND-BY-BAND DECOMPOSITION

This section gives a more detailed identification
of the structures in the ez curves of Figs. 1 and 2.
The total e2 spectra are decomposed into the par-
tial contributions E2(i +fl fro—m initial band i into
final band f. The superscript d (for direct transi-
tions) will be omitted. Because of the multitude of
structures, we shall discuss only those features in
the partial e2 spectra which are prominent or
which can be related to experimentally observed
structures.

A. Rhodium

I

cve4'-

0
10 20 25

%u (ev)

FIG. 2. Calculated e2 spectrum (solid line) of Pd in

comparison with experimental values (dots) of Refs. 16,
17, and 29. Dot-dashed curve: e2 values after convolu-

tion of the solid line with a Lorentzian function of
FWHM = 0.4 eV.

The band structure of Rh obtained by the
parameters of Table I and the parial e 2 spectra be-
longing to these bands are shown in Figs. 3 and 4,
respectively. The filled circles in Fig. 3 represent
the first-principles eigenvalues calculated by
Christensen. Below the Fermi level the second-
principles scheme fits the first-principles results
quite well, but the agreement deteriorates in the re-
gion above 14 eV. Figure 4 is divided into seven
parts, each one showing the possible partial e2
spectra from the occupied bands into empty final
bands with the band index running from 4 to 10.
The bands are numbered in increasing order of en-

ergy
In Fig. 4 we can distinguish two main groupings

of structures. Below 8.5 eV contributions are due
to transitions into final bands 4—6, whereas in the
region 8.5 & %co (21.5 eV, final bands 7—9 are
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mainly involved. This accounts for the minimum
at -8.8 eV, followed by an edge which is attribut-
able to the onset of transitions between bands 4—7.

The strong peak at -0.2 eV arises from transi-
tions between bands 3 and 4 near X in the region
close to where both bands cut the Fermi level.
These transitions are possible because the d bands
are hybridized. The change of slope in the experi-
mental data at —1.2 eV (see Fig. 1) originates part-
ly from the strong intensity decrease connected
with transitions from band 5 into band 6 and from
band 4 into bands 5 and 6. Figure 3 shows that
those transitions contributing to the eq(4~5) and
e2(4~6) are possible in large regions of k space.
They do not occur in the near neighborhood of X
and L, because there band 4 is unoccupied, or at I,
because bands 5 and 6 lie below the Fermi level.
The 1.2-eV slope change in the experimental data
cannot, therefore, be associated with any high-

symmetry critical point. The sharp dropoff of the
e'2(4~5) spectrum at -2.3 eV originates from the
maximum energy difference between bands 4 and 5
near the midpoint between 8' and L.

The hump in the experimental e2 data at 2.9 eV
arises from the peaks in the partial spectra
eq(3~5) and e2(3—+6). These transitions occur
mainly at and near L and in the direction X. The
peak in the e2(3~5) spectrum is sharp because the
two bands 3,5 are parallel at L (see arrow in Fig.
3). The maximum of the e2(1~6) spectrum at 5.2

20

t2

-8
X Z W 0 L A I" X KU X

FIG. 3. Band structure of Rh obtained with the
parameters of Table I. The dots represent the first-
principle eigenvalues calculated by Christensen (Ref. 20),
(All numbers are given in eV.)

eV is responsible for the feature in the experimental
data at 5.4 eV and is due to transitions from band
1 into 6 in the X direction. These transitions are
drawn as an arrow in Fig. 3.

Let us turn to the structures above the edge
starting at about 9 eV. As stated above, the edge
itself is due to the onset of transitions between
bands 4 and 7. The three sharp theoretical struc-
tures at 10.4, 10.8, and 12.5 eV arise from the
peaks of the partial spectra e2(4~7), e2(3~7), and

e2(2~7), respectively. The first peak is due to
transitions in the region between 8' and L, where
bands 3 and 4 approach one another (see arrow in
Fig. 3). The second peak (10.8 eV) may be associ-
ated with the IC, U point. The third peak (12.5 eV)
occurs mainly near W in the Q direction.

The maximum of the e2 spectrum at 18.4 eV
(Fig. 1) is mainly due to the structures in the par-
tial spectra ez(2~8), e2(3~8), and e2(4~8). The
sharp peak of the e2(2~8) curve arises from transi-
tions in k space near L in the direction Q, where
bands 2 and 8 are nearly parallel. Transitions at
8' and L are the cause of the two peaks in the
eq(3~8) spectrum at —14.1 and —18.3 eV, respec-
tively. The ez(4 —+8) upper edge at -18.6 eV can
be understood in terms of transitions in the A
direction. The peaks of the e2(2~9) and e2(1~9)
spectra at 20.4 and 21.2 eV are due to transitions
at X and in the direction h. Both transitions are
shown in Fig. 3 by arrows. This figure shows fur-
ther that the fitting scheme has difficulties in
reproducing the first-principles higher bands at the
correct energy, as mentioned earlier. For example,
band 9 is too high relative to the first-principles
results at X and band 8 is somewhat low in energy
at I and in the direction A. Therefore, the peaks
of the partial spectra e 2(2~9) and e 2(1~9) should
be shifted to lower energy by 1.1 eV, whereas the
humps of the e2(4~8) spectrum at —18.6 eV
should be transferred to slightly higher energies.
As a result of both shifts more intensity relative to
the ez curve of Fig. 1 is produced in the region
19.0—20.5 eV, which would go some way towards
improivng agreement with experiment. The most
effective adjustment, however, to bring about agree-
ment between theory and experiment would be to
"stretch" the unoccupied theoretical bands 7 and 8

to higher energies. The need for such a stretch is
well established in the case of Cu, and appears to
apply also in the case of Au.

Our analysis of the "plateau" region may be
summarized as follows. The lower edge of the pla-
teau at -9 eV is due to the onset of transitions
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FIG. 4. Partial ez(i ~P spectra of Rh for transitions from the initial band i into the final band f.

into band 7. The upper edge at -20 eV or
thereabouts is due to the termination of transitions
to band 8. Structures within the plateau can be
identified with individual band pairs involving final
states in bands 7 or 8. Overall alignment between
the theoretical and experimental plateau could be
improved by an empirical stretching of bands 7
and 8 on the energy scale.

B. Palladium

The band structure of Pd obtained using the
parameters of Table I is shown in Fig. 5, and the
partial eq spectra calculated with these bands are

shown in Fig. 6. The filled circles in Fig. 5

represent the eigenvalues calculated by Christen-
sen. ' Figure 6 shows that the ez values presented
in Fig. 2 below 7.5 eV are mainly due to transi-
tions into the final bands 5,6 whereas those above
are due to transitions into bands f)7. The cause
of the minimum at 7.5 eV is the significant separa-
tion of these two regions.

The sharp peak of the e 2(4~5) spectrum at 0.3
eV arises from transitions near X, where both
bands cut the Fermi surface, and near and at I.,
where bands 4 and 5 are just below and above the
Fermi level, respectively. The broad feature of the
e2(3~5) spectrum at 0.5 eV can be identified with
transitions at X. The ez(4~6) spectrum shows a
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FIG. 5. Band structure of Pd obtained with the
parameters of Table I. The dots represent the first-
principle eigenvalues calculated by Christensen (Ref. 14).
(All numbers are given in eV.)

Figure 6 shows that the theoretical sharp features
at and around 20.5 eV in Fig. 2 arise mainly from
contributions of the partial spectra e z(2~7),
e z(3~7), ez(4~7), Ez(2~8), ez(3~8), ez (" =8),
and ez(4~10). The fitting procedure used here
has difficulty in reproducing the eigenvalues calcu-
lated by Christensen for the higher bands, particu-
larly at L. To correct for these differences the
sharp peaks of the e z(3~8) and e z(2~8) spectra
should be shifted to lower energy by an amount of
0.9 eV, whereas the peak of the partial ez(4~10)
spectrum should be shifted to higher energy by 1.4
eV. The result of these changes would be to spread
out the intensity of the structures at 20.5 eV in
Fig. 2 and to improve agreement with experiment.
Even so, the theoretical structures are much
sharper than those observed experimentally indicat-
ing the need to include lifetime broadening effects.

C. Summary

maximum at about 0.6 eV due to transitions main-

ly at L. The structures of the ez(3—+6) spectrum
at —1.0 and 2.8 eV arise from transitions in the 6,
A, and X directions. The shoulder in the experi-
mental curve (Fig. 2) at -4.3 eV coincides with
the maximum of the e z(1~6) spix:trum and can be
identified by transitions from band 1 into band 6 in
the X direction (see arrow in Fig. 5).

The maxima of the partial spectra e z(4~7),
ez(3~7), and e z(2 —+7) are primarily responsible
for the structures in the ez curve of Fig. 2 in the
range 9 & %co & 12 eV. Transitions indicated in
Fig. 5 by an arrow from band 4 into band 7 in the
region between 8' and L, are responsible for the
prominent peak of the partial ez(4~7) spectrum at
9.3 eV. Transitions between band 3 and 7 at L and
at points between U and X contribute mainly to the
two peaks of the spectrum at -9.9 and 11.2 eV,
respectively, and are indicated as arrows in Fig. 5.

The ez(i~8) spectra show sharp and strong
features in the region 19.5 &%co &22.0 eV. The
hump in the ez (3—+8) spectrum at —13.5 eV is
due to transitions in the region between X and 8'
(see arrow in Fig. 5). The very sharp peaks at 20.1

and 20.4 eV are due to transition from band 3 and
2 into band 8 at L, respectively. The partial e z

spectra of transitions into the final band 9 show
only broad structures with little intensity. The
strong peaks in the e z(4~10) and ez(3~10) spec-
tra at -20.4 and 22.4 eV are due to transitions at
L and in the region between 8' and L, respectively.

We list in Table II the energy positions of struc-
tures in experimental e2 data. The energy posi-
tions of theoretical structures are also listed, and
are grouped according to our identifications with
the experimental structures. Band pairs and, where
possible, k-space locations of the theoretical struc-
tures are indicated. It should be borne in mind
that in many cases, the k-space locations are only
approximate and that the transitions take place
over extended regions of k space around the stated
location.

V. OTHER MODELS

The experimental data are compared in Fig. 7
with the results of a model having k conservation
but constant matrix elements (Ez, represented by
short dashed curves) and a nondirect model (e z,
also with constant matrix elements, and represent-
ed by the long dashed curves). The Fz and ez re-
sults have been arbitrarily scaled to the experimen-
tal results. The comparison between the e2 and ez
curves of Figs. 1 or 2 and Fig. 7 shows the influ-
ence of the matrix elements. Inclusion of the ma-
trix elements, for example, reduces the structures
at 1.3 and 4.6 eV in the case of Rh and at 1.2 and
7.5 eV in the case of Pd dramatically. In the re-
gion %co & 8 eV these more approximate models
give ez and ez values which are rather flat and
which do not display the edge and plateau shown

by e 2 and are seen also in experiment. On the oth-
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FIG. 6. Partial ez(i ~fj spectra of Pd for transitions from the initial band i into the final band f.

TABLE II. Locations in energy and k space of experimental and theoretical e2 structures.

Rhodium

Expt. Theor.

(eV) (eV)

Band
pair k-space

location

Expt.

(eV)

Palladium

Theor.

(eV)

Band
pair k-space

location

Low 1.2
2.8 2.8

2.9
3~6
3~5

L,X
L

1.3

Med 5.4 5.2 4.3 4.2

High 11.6 10.4
10.8 U,X

10.0 9.3
9.9

11.2

4~7
3~7
3—+7

L
U,X

14.6
12.5
14.1 —15.0 13.5 3~8 z

19.3
18.4
18.3
18.6

2—+8
3~8
4—+8

Q,L
L
A

-20.4
20.1

20.4
L
L

20.4
21.2

2~9
1~9

X,A

X,h
20.4
22.4

4~10
3~10
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FIG. 7. Comparison of the calculated e2 results for
Rh and Pd obtained using a model having k conserva-
tion but constant matrix elements (short dashed curves)
and a model having nondirect transitions and also con-
stant matrix elements (long dashed curves) with the ex-
perimental data (dots).

er hand, the approximate models are successful in

reproducing features at 2.9 and at 4.2 eV in Pd,
which are present at very similar energies in the
experimental data. The feature at 5.2 eV for Rh
(4.2 eV for Pd) has been attributed to transitions
between bands 1~6 along X. In the case of e 2

this feature arises through transitions to the Fermi
level from the prominent density of states peak at
the bottom of the d bands (see Fig.g). In Rh (Pd)
this peak occurs at —5.2 ( —4.4) eV relative to E~.
The 2.9-eV feature for Rh in ez and e2 arises from
transitions from band 3 into band 5 (and, to a
lesser extent, into band 6). In e z the 2.9-eV feature
arises through transitions from states in the sharp
DOS peak at —2.6 eV to states in the peak just
above EF,' this peak arises predominantly from

band 3. Thus all three models are in agreement
with regard to the source of the initial states for
these. features.

In conclusion, the approximate models can be
quite useful in identifying experimental e2 struc-
tures, perhaps more useful than attempts to make
identifications witli critical-point structures at
high-symmetry points in the Brillouin zone. A full
understanding, however, requires a direct transition
model with inclusion of momentum matrix ele-
ments. Good agreement with experiment is then
obtained both with regard to positions and magni-
tudes of prominent structures. This leads to reli-
able identifications on k-space locations and per-
mits recommendations for empirical adjustments to
the band structure.
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