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We have calculated normal photoemission spectra of Cu(110) for both spin-orbit
interaction neglected and included. Our results show that the occurrence of a
nonrelativistically forbidden transition of type 2,— X, in recent experimental
photoemission data of Goldmann et al. is primarily a relativistic effect. Tt is related to a
relaxation of the nonrelativistic dipole selection rules which is caused by spin-orbit
interaction. Our results prove that in photoemission relativistic effects may be important
even for elements of low atomic number and may dominate effects due to finite

instrumental resolution.

In a recent study! of high-resolution angle-
resolved photoemission spectra of Ag(111), we con-
cluded that relativistic dipole selection rules (RSR)
are essential for a consistent interpretation of pho-
toemission data even for energy bands whose de-
generacy is not affected by spin-orbit interaction
and for elements of low atomic number, where
spin-orbit splittings are difficult to be resolved en-
ergetically in photoemission experiments. Our ar-
gument was based on the fact that spin-orbit in-
teraction causes hybridization of those spinors
which belong to a distinct representation of the
double group of the wave vector K, but whose spa-
tial parts are bases for different irreducible repre-
sentations of the single group of k. This gives rise
to a relaxation of the nonrelativistic dipole selec-
tion rules’ (NRSR), derived within the single-group
formalism. As a consequence transitions which are
forbidden by NRSR may become allowed by RSR
and show up in photoemission experiments.

These conclusions have been criticized recently
by Goldmann et al.? in a Comment on our publica-
tion. On the basis of their photoemission data
from Cu(110), Cu(111), Ag(110), and Ag(111), they
conclude that there is no need to invoke RSR since
their data are in accordance with NRSR.

In view of the excellent series of photoemission
spectra from Ag(111) shown by Goldmann et al. in
Fig. 3 of their Comment we agree with them that
our near-normal photoemission data for Ag(111)
may not provide a definite answer to the question
of whether RSR are important for this material or
not. In fact, their spectra demonstrate that for
near-normal photoemission from Ag(111), relativis-
tic effects, if present, may interfere with effects
due to the angular dependence of the photoemis-
sion intensities and thus become difficult to be
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separated experimentally. On the other hand, we
strongly disagree with the conclusion of Goldmann
et al. that effects due to RSR are generally not
present in their data. In the following we will
prove that contrary to the conclusion of these au-
thors their spectra contain rather obvious effects
due to relaxation of NRSR and thus indeed sup-
port strongly our former conclusions.

To show this we investigate the most instructive
case, namely the normal photoemission spectra of
Cu(110) in Fig. 2 of their Comment. Copper is
generally regarded as an element with low atomic
number. Along the direction X the electron energy
bands are totally split even in the absence of spin-
orbit interaction; therefore, Cu(110) is well suited
for our purposes. As may be seen from their Fig.
2, three main peaks labeled 4, B, and C, contribute
to the spectra, which in the single-group labeling
scheme correspond to transitions 2,—3;, 23 —»>Z2,
and 34 — 3, respectively. According to NRSR,
the transiton A is forbidden by symmetry argu-
ments in normal emission. Its appearance in all
spectra of Fig. 2 is explained by Goldmann et al.
by the nonzero width of the acceptance cone of
their detector, which allows off-normal emitted
photoelectrons to contribute to the spectra. To
check this explanation we calculate the exact-
normal photoemission spectrum of Cu(110) for s-
polarized light with energy fiw=21.2 eV incident
in the FKLU crystal plane. We choose s polariza-
tion since it recently has been found for Cu(111)
(Ref. 4) that the agreement between theoretical and
experimental photoemission intensities for reasons
so far unknown is much better for s polarized in-
cident light than for p polarized radiation. Thus
by choosing the spectrum (c) in their Fig. 2 for a
check we avoid the theoretical subtleties connected
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with the validity of Fresnel’s formulas at a
vacuum-metal boundary in the case of p-polarized
incident radiation.*

To calculate the required photoemission spectra
we use the fcc interpolation scheme developed by
Smith and Mattheiss® in its extended (16 plane
wave) form.® We follow the procedure of Smith et
al.* in their calculation of normal emission spectra,
thereby making the following modifications: (i) To
control the influence of spin-orbit interaction we
use the relativistic version of the scheme.’ (ii)
Since the transitions 4, B, and C occur within a
few tenths of an electron volt, lifetime broadening
is taken into account by convoluting the distribu-
tion using a Lorentzian with an energy indepen-
dent full width at half maximum (FWHM) I". (iii)
The spectra are generated on the basis of 15-meV
data channels. As we are mainly concerned with
intrinsic effects, no further convolution for simula-
tion of instrumental energetic resolution is applied.

Using the 19-parameter set given by Smith,® we
obtain the spectra presented in Fig. 1 for both
spin-orbit interaction neglected (&35 =0) and in-
cluded (&35 =0.08 eV) (Ref. 7). According to
NRSR, only the 2,— 2, transition C is allowed for
s polarized light incident in the TKLU crystal
plane,? and in fact only this transition shows up in
the calculated spectrum for £=0 in Fig. 1(a). If
spin-orbit interaction is taken into account the ini-
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FIG. 1. Calculated Cu(110) normal photoemission
spectra for s-polarized light (#iw=21.2 eV) incident in
the F'KLU crystal plane. The lower panel shows the
corresponding relevant part of the bandstructure with
the final-state band (dashed line) shifted down in energy
by #iw. (a) Spin-orbit interaction neglected, (b) spin-orbit
interaction included.
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tial states with symmetry 2, and =3 hybridizate
with the 2,4 band, i.e., they both contain now a cer-
tain fraction of spatial parts transforming accord-
ing to 2,4, which allows for a contribution to the
exact-normal emission spectrum. From a group-
theoretical point of view this means that restric-
tions due to single-group selection rules, which
enter into NRSR, play no role along = any more.
We thus expect for the case £540, three transitions
A, B, and C to contribute to the spectrum in ques-
tion. This occurs exactly, as shown in Fig. 1(b),
where the transitions B and C, due to their very
small energetic separation (AE~75 meV), are not
resolved despite the small linewidth I'=50 meV
chosen for clarity in this calculation. The close
resemblance of our calculated exact-normal emis-
sion spectrum in Fig. 1(b) with the spectrum (c) in
Fig. 2 of Goldmann et al. demonstrates that the
appearance of peak 4 in their data contrary to
their interpretation is related to a relaxation of
NRSR, and that their critique on our former con-
clusions is, therefore, unfounded.

The energetic separation of the peaks 4 and C in
our Fig. 1(b) is AE~0.16 eV, whereas from the
spectra of Goldmann et al., we estimate a value of
0.3 eV. This experimental value is in accordance
with other photoemission data of Cu(110),%° and
we therefore conclude that the Cu parameters pub-
lished by Smith® are not optimized for energy
bands along 2. The parameters were derived by
Smith from a nonlinear-least-squares fit to the
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FIG. 2. Same as Fig. 1, but parameter set of interpo-
lation scheme now modified according to experimental
data of Ref. 8, as described in the text.
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nonrelativistic first-principles band-structure calcu-
lation of Janak et al.!® Along = the band structure
of Janak et al. shows systematic deviations from
experimentally determined bands, in particular
with regard to the position of the =, band.®
Therefore we present a modified calculation of the
Cu(110) normal-emission spectrum which corrects
for the position of this 2, band.

To achieve this we observe that in the nonrela-
tivistic limit the dispersion of the =, band
I'1,—X, is controlled primarily by the Fletcher-
Wohlfahrt parameters 4, and 45.!! By slightly
varying these two parameters but keeping the value
of 44, — 845 fixed, we are able to adjust the
X5 —X, energy separation to the value of 0.25 eV
without changing the energy at I';,. When spin-
orbit interaction is included, this yields energetic
separations at X similar to those measured by
Dietz and Himpsel,? cf. Table I and Fig. 3 in their
paper. The new parameters are 4,=0.00677,
A5=0.00197. This corresponds to a relative
change of 15% and 30%, respectively.

With these two parameters modified and all oth-
er parameters retained, we obtain the normal-
emission spectra shown in Fig. 2.

Here, for the linewidth a value I' =100 meV
suggested by the spectra of Goldmann et al. was
used. Owing to the small energetic separation of
the transitions B and C the effective linewidth of
the corresponding peak is then approximately 120
meV. The comparison of Figs. 2(a) and 2(b)
proves once more that the appearance of peak 4 is
in fact related to relativistic effects. The very good
agreement of the calculated spectrum in Fig. 2(b)
with the spectrum (c) in Fig. 2 of Goldmann et al.
furthermore suggests that effects due to off-normal
emitted photoelectrons are only of minor impor-
tance in this case. To check this quantitatively we
have calculated for £=0 and £540 four further
spectra by rotating the direction of electron propa-
gation by 3° out of the = direction in the TKLU
and T'KWX crystal plane, respectively. No signifi-
cant differences with respect to the spectra in Fig.
2 were found, which indeed shows that the nonzero
width of the acceptance cone introduces no critical
effects in this case.

The atomic value of 0.08 eV chosen for &3, in
the present calculation actually represents a lower
bound for the spin-orbit parameter. For solid Cu
the experimental photoemission data of Dietz and
Himpsel® suggest £3,=0.1 eV to be more appropri-
ate. If this value is used in the calculation, the
height of peak A relative to that of C increases, and

will produce an even better agreement with the ex-
perimental results.

To show that effects due to RSR are present in
the Cu(110) spectra of Goldmann et al., we have
chosen an example in which relativistic effects
dominate effects due to angular dependence. There
are other spectra in the work of these authors
where both effects interfere. As an example we
cite the Cu(110) spectrum (d) in Fig. 2 of their
Comment. For s polarization with respect to the
TKWX plane, our calculations show that the
height of peak 4, relative to that of B, is strongly
angular dependent in accordance with previous ex-
perimental results.>® We obtain an intensity ratio
similar to that measured® if we rotate the direction
of electron propagation by 2° out of the = direc-
tion. Since the degree of light polarization in prac-
tice is never 100% this angular dependence of
spectrum (d) should, in principle, show up indirect-
ly also in spectrum (c) and affect the relative inten-
sities there.

Calculations of the Cu(110) normal-emission
spectrum in Fig. 2(b) for different values of £ indi-
cate that the intensity ratio of the peaks 4 and C is
roughly proportional to & for small values of the
spin-orbit parameter. For Ag and Cu the ratio of
the spin-orbit parameters is £,4(Ag)/&345(Cu)~3.7
We thus expect in the case of normal photoemis-
sion from Ag(110) and s polarization with respect
to the KLU plane an intensity ratio of the two
peaks 4 and C, which is roughly 3 times larger
than that corresponding to Cu(110). If one com-
pares the spectra (c) both in Figs. 1 and 2 of the
work of Goldmann et al., one finds indeed a com-
parable factor which shows that the occurrence of
peak A4 in this Ag(110) spectrum should also be
primarily a relativistic effect. For the Ag(110)
spectrum (d), which in analogy to the correspond-
ing Cu(110) spectrum should exhibit a strong angu-
lar dependence, a similar comparison cannot be
made on the basis of the experimental data report-
ed, as it is not clear to what extent different angu-
lar effects due to different acceptance cones enter
these spectra. Nevertheless, the general trend in
the Ag(110) spectra is obviously an increase of the
peak A with respect to the other peaks when com-
pared with Cu(110). This observed systematic shift
corresponds very well to the fact that transitions
which are forbidden by NRSR, but become al-
lowed by RSR will contribute the more to a partic-
ular photoemission experiment the stronger the
spin-orbit interaction. In this context it does not
seem to be very convincing to realize for Ag signi-
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ficant shifts in the energy eigenvalues due to spin-
orbit interaction, but at the same time to disregard
any hybridization for the corresponding eigenfunc-
tions in favor of pure instrumental resolution ef-
fects, as has been done by Goldmann et al.

We close this reply by summarizing our essential
conclusions: (i) Since spin-orbit interaction is
present in every material, RSR have to be applied
in any case. (ii) Selection rules provide only infor-
mation on those transitions which are forbidden.
As RSR are not more restrictive than NRSR, the

only case of practical interest for the question of
NRSR versus RSR is a transition which is forbid-
den by NRSR but becomes allowed by RSR. In
this case the transition in question will contribute
the more to a photoemission experiment the
stronger the spin-orbit interaction. (iii) Present day
photoemission experiments exhibit a sufficient high
resolution and sensitivity to show this breakdown
of NRSR even for elements with low atomic
number.
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