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Relativistic effects in angle-resolved photoemission from Cu(110)
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Angle-resolved normal-emission photoelectron spectra of Cu(110) are calculated within

the frame of the three-step model of photoemission with spin-orbit interaction included.

Corresponding experimental spectra for linearly polarized light (Ace=21.22 eV) are present-

ed and good agreement between theory and experiment is obtained. Spin-orbit coupling is

important and gives rise to a detectable relaxation of single-group dipole selection rules even

for materials with low atomic number. Since measured Cu(110) photoelectron spectra de-

pend critically on the experimental angle resolution, care must be taken to separate properly
this intrinsic relativistic effect from those extrinsic effects originating from finite instrumen-

tal resolution. All features in the experimental spectra may be interpreted by direct inter-

band transitions.

I. INTRODUCTION

There has been considerable interest in angle-
resolved photoemission experiments (ARPE) from
single-crystal copper during the last decade. '

This is primarily due to the fact that copper
represents an ideal experimental and theoretical test-
ing material for our understanding of the electronic
structure of d-band metals. In spite of this wealth
of information on copper originating so far from
ARPE, the interest in this material continues and
presently is focused on the following questions: (i)
To which degree can bulk ARPE successfully be in-

terpreted in terms of the direct-transition model of
photoemission' including conservation of energy
and momentum during the excitation process? (ii)
Which theoretical bulk band model produces the
best agreement between theory and experiment both
with regard to the energetic position and the intensi-
ty of the different direct optical transitions? In
practice these two problems are strongly connected
since the usual procedure in interpreting ARPE is to
select first all structures, which on the basis of
known band-structure calculations, may be attribut-
ed to direct transitions between bulk bands, and then
to look for reasonable explanations for the remain-
ing structures.

The aim of the present contribution is to call at-
tention to two points whose importance for ARPE
on copper and their interpretation does not seem to
be widely recognized. The first point is the fact that
even for an element of low atomic number such as
copper (Z =29), the spin-orbit interaction gives rise
to a relaxation of the nonrelativistic dipole selection
rules20 (NRSR), derived within the single-group for-

malism. As a consequence, transitions which are
forbidden by NRSR may become allowed by the in-

clusion of spin-orbit interaction according to rela-
tivistic selection rules ' (RSR) based on the double-

group formalism and which thus show up in
ARPE. ' A further implication is the breakdown
of the concept of parity of initial states with respect
to a mirror plane, which in the past frequently has
been used to determine the symmetry properties of
energy bands by photoemission with unpolarized ra-
diation. ' The second point refers to the strong
angular dependence of angle-resolved photoemission
spectra from copper. The occurrence of this angular
dependence is, of course, well known, ' ' but so
far it has been overlooked that it critically depends
on the polarization of the incident radiation and
easily may be mistaken for effects which, in fact, are
due to spin-orbit interaction.

The organization of this paper is as follows: In
Sec. II we give a short account of the theoretical
scheme used to calculate photoemission intensities
for copper. The scheme essentially represents the
relativistic version of the orthogonalized-plane-wave
linearized combination of atomic orbitals (OPW-
LCAO) scheme for fcc d-band metals originally
developed by Mueller and Ehrenreich and
Hodges, and later modified by Smith and
Mattheiss. ' Experimental details are described
then in Sec. III. In Sec. IV both experimental and
theoretical results for Cu(110) are discussed with
special emphasis on those effects originating from
spin-orbit interaction and the strong angular depen-
dence of the photoemission intensities, and on the
overall agreement between experiment and bulk
band theory.
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II. THEORETICAL PROCEDURE

The theoretical photoemission spectra are calcu-
lated neglecting surface umklapp processes from the
standard expression for normal photoemission
within the three-step model

X(Eg;„,fico) cc g f d k
~

A Pp ~

i,f
XD (Ef, k )T(Ef, k )b,

where

5=5(Ef Ec f—ico)5(E—k;„—Ef+E~«)&(kII)

Herein E„„and Ek;„denote the energy of the vacu-
um level and the kinetic energy of the photoelectron,
respectively; k~~ is the wave-vector component paral-
lel to the surface, A denotes the vector potential of
the electromagnetic field, and Pf; the vector of the
momentum matrix elements between the initial
states

~

i ) and the final states
~ f ). The transport

factor D(Ef, k ) is assumed to be

D(Ef, k) =al/(1+al) =al, (2)

where a denotes the optical-absorption coefficient
and l the hot-electron mean free path. We take
l =a

~

V kEf ~

/iii with an assumed constant lifetime
~ of the photoelectrons. The transmission factor
T(Ef, k) is set to zero for Ef less than E„, and is
sei to

T(Ef k)= g g gf' k ~ G
s=+1/2 (k+~) &p

ing to NRSR are for x, X3~X~, for y, X4~X &, and
for z, X,~Xi, where e=(x,y, z) denotes the polari-
zation vector of the incident light with x~~[001],
ye~[110], and z~ ~[110]. Note that a transition of
type X2—+X& is strictly forbidden in NRSR. If
spin-orbit interaction is taken into account, adjacent
bands with different spatial symmetry X; will

strongly hybridize. The symmetry of all states is
now X5 and each spinor component in principle will
contain nonzero contributions transforming as X;
for all i =1,2, 3,4. This means that every transition
along X will now be allowed for every direction of e.
The resulting RSR for x,y, z, X5—+X5, may be con-
venientl~ written in the form x, X 5 ~X q, y,
X5~X5, z, X5~X5, which elucidates the role of
NRSR within RSR. This form of RSR shows in the
upper index which spatial symmetry X; occurring in
each spinor component is responsible for the
nonzero transition probability of X5—+X5 in normal
photoemission. Owing to the very existence of
spin-orbit interaction in every material the "forbid-
den" transition X2~X &

thus may show up in exact
normal photoemission via hybridization of the
initial-state band with adjacent bands showing dif-
ferent spatial symmetry.

The former argument may be easily transferred to
other low-index surfaces. ' With respect to NRSR
vs RSR, normal emission along X is a particularly
simple case since there is no spin-orbit splitting

e=o
hu)=21. 22 eV

A
'

I

otherwise. This choice of T(Ef, k) is suggested by
the fact that the final-state wave functions

~ f ) are
predominantly plane-wave-like, and may be written
as

I—

LLI
I—
z:

y- po(.
I

~f)= g uf'-„, -, ~k+G, s) . (4)
s, G

Herein
~
k+G, s) denotes the plane-wave Pauli spi-

nor corresponding to the reciprocal-lattice vector 6
and the spin state s. The coefficients uf k+ g as
well as the momentum matrix elements Pf;(I =x,y,z) are calculated by the relativistic version
of the OPW-LCAO scheme for fcc d-band met-

26—29

Conditions for the nullity of the transition matrix
elements Pf; are provided by the selection rules for
electric dipole transitions. For normal photoemis-
sion the final-state function

~ f ) must transform ac-
cording to the totally symmetric irreducible repre-
sentation of the group of k. For photoemission
along X in fcc crystals, allowed -transitions accord-
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FIG. 1. Experimental (dotted line) and theoretical
(solid line) normal photoemission spectra for Cu(110) ex-
cited with linearly polarized light (A'co=21. 22 eV). For
the upper two spectra the electric field vector e is parallel
to [110] (y polarization). For the lower spectrum e is
parallel to the I KLU plane (p polarization), the angle of
incidence is 40'. Binding energies are referred to the Fer-
mi level.
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along X and the d-band complex exhibits an initial-
state band which according to NRSR should not
contribute to normal photoemission for every direc-
tion of e. Thus the relaxation of NRSR may be
easily studied in this configuration.

The group Cz„of the X direction in cubic crystals
may also serve as an example for the fact that elect-
ronic states may no longer be characterized by their
parity with respect to a mirror plane, if spin-orbit
interaction is taken into account: Since there exists
only one additional irreducible representation X5 of
the double group Cz„ there is clearly no way to as-
sign a definite parity to corresponding states. The
same is true for the experimental configuration of
mirror-plane photoemission ': Here the group of
k is usually C„and the two additional irreducible
representations I 3 and I 4 of C, are degenerated due
to time-reversal symmetry. Such photoemission ex-
periments, therefore, will not determine any parity
of the initial state with respect to a mirror plane, but
at the best will provide information on the decompo-
sition of a distinct initial state into the correspond-
ing odd and even parts. Parity with respect to spa-
tial inversion is, of course, not affected by spin-orbit
interaction.

III. EXPERIMENTAL DETAILS

The Cu(110) specimen was mechanically polished
after spark cutting from a single crystal. It was
cleaned by ion bombardment (600 eV) and after-
wards annealed up to 700'C. The ultraviolet photo-
emission spectroscopy (UPS) measurements were
carried out in a magnetic shielded ( &10 mG) ul-
trahigh vacuum chamber with base pressure less
than 1&&10 ' mbar. This chamber was equipped
with low-energy electron diffraction and Auger fa-
cilities, an uv light source, and a movable electron-
energy analyzer to perform UPS experiments. By
the electron-energy analyzer electrons within an ac-
ceptance angle of +1.5 were collected. With a con-
stant pass energy of the analyzer the resolution in
energy was 150 meV or better. A capillary
discharge lamp was used to produce uv light. By a
three-mirror reflecting system, which could be
moved into the light path, the light was polarized to
a degree of more than 90%%uo.

IV. RESULTS AND DISCUSSION

In Figs. 1 and 2 we show both theoretical and ex-
perimental normal photoemission spectra for
Cu(110). The angle of incidence for the light
(Irtru =21.22 eV) was chosen to be 40'. The light
wave was linearly polarized with its polarization
vector e lying in the I EI.U and I ES'X crystal
plane, respectively. The theoretical spectra have

A I

C
I
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f1'= 21.22 eV
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FIG. 2. Experimental (dotted line) and theoretical
(solid line) normal photoemission spectra for Cu(110) ex-
cited with linearly polarized light (fico=21.22 eV). For
the upper two spectra the electric field vector e is parallel
to [001] (x polarization). For the lower spectrum e is

parallel to the I"KWX plane (p polarization), the angle of
incidence is 40'. Binding energies are referred to the Fer-
mi level.
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FIG. 3. Band structure of copper.

been calculated by the procedure outlined in Sec. II
for parameters of the OPW-LCAO scheme as given
by Smith. ' Lifetime-broadening effects have
been taken into account by convoluting the distribu-
tion of N with a Lorentzian assuming a full width at
half maximum (FWHM) equal to A, (E; EF) with—

A, =0.05 eV ' (EF is the Fermi energy). The
screened electromagnetic field A inside the sample
was calculated according to the classical Fresnel for-
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TABLE I. Comparison of experimental and theoretical data for normal photoemission

from Cu(110) for %co =21.22 eV.

Transitions
X 5-+X 5 Theory

Binding energies below Fermi level ( —E~/eV)
This experiment Ref. 13 Ref. 22

C

E
F
6
H
I
E

1=2
l =3
i=4
i=1
i=4
1=2
i=1
l =3

1.98
2.21

2.30
2.53
2.94
3.11
3.40
3.99

2.03
2.20

2.29
2.57
2.88
3.13
3.46
3.92
4.73
5.15

2.02

2.33

2.89
3.19

4.04
4.80
5.20

2.01
2.15

2.33

2.9

4.0
4.8
5.2

mulas from optical constants published by
Hagemann et al. '

The band structure of Cu is shown in Fig. 3. Ow-

ing to crystal anisotropy the d-band complex (bands
2—6) is totally split along X according to
d ~2K ) +X2+X3+X4. For an excitation energy
Ace=21.22 eV, two bands with symmetry X& may
serve as final-state bands in normal photoemission,
namely band 10 for k close to X and band 8 for k in
the interval I K. Altogether, for %co=21.22 eV,
there are eight transitions A —H from d bands ener-
getically possible, which have been listed in Table I.
The corresponding final-state band is band 10 in the
cased —C and band 8 for D H. —

Within an empty lattice, band 8 along I E has the
plane-wave decomposition

~

k-, » & +
~

k-, —, —, &,
whereas band 10 close to X consists of plane waves

+ I k02o& (ktm. = k+GI~. ) T—hus «r zero
effective potential, emission from these two bands
does not correspond to primary-cone emission. But
it turns out that the actual effective crystal potential
results in a strong hybridization of the bands 10
(X&~X3) and 11 (X|~X~) near X by means of lift-
ing the accidental degeneracy of X3 and X& in the
empty lattice. Since band 11 is of type

~ k22O& and
thus gives rise to primary-cone emission, this means
that band 10 near X may also contribute significant-
ly in primary-cone emission. The calculated leading
plane-wave terms at k =(m./4a) (770) in band 10 are,
in fa« o63(~k2m&+~ko»&) —'40~ "22.&
which clearly shows this X~-X ~ hybridization
mechanism due to the actual effective Cu potential.
For band 8 along I E, similar arguments do not hold
and consequently the transitions D—H occur with
very low intensity compared to that of A —C.

In the foHowing we will first discuss the more in-
tense transitions A —C close to the X point. The
spectra in Fig. 1 correspond to linear polarization

y~ ~[110j for s polarization and of type x+z for p
polarization. According to NRSR we thus expect
only transition C to occur for s polarization and
only transition 8 for p polarization. In particular,
the transition A should not show up in the spectra
since it is strictly forbidden by NRSR. It, neverthe-
less, appears clearly for s polarization in both the ex-
perimental and the theoretical spectrum, thus prov-
ing the failure of NRSR even for elements with low
atomic number. In contrast to A, the transitions 8
and C seem to behave according to NRSR, but this
impression is only due to the very small energetic
separation (b,E=0.1 eV) between B and C which
does not allow for a clear resolution of both peaks.
If the spectrum for s polarization is recalculated
with FWHM=0. 05 eV, both 8 and C are clearly
seen. The occurrence of A and B for excitation
with s-polarized light in Fig. 1 has its origin in the
hybridization of the corresponding X2 and X3
initial-state bands with the adjacent X4 band close to
X. The spectra in Fig. 2 yield essentially the same
results. Here s polarization corresponds to linear
polarization x~ ~[001] and p polarization to y+z.
The occurrence of transition 2 in all spectra of Fig.
2 is due to hybridization of the X2 band with the ad-
jacent X3 (X4) band in the case of s polarization (p
polarization). Again a higher energetic resolution of
the main peak in Fig. 2 would reveal that it, in fact,
consists of both transitions 8 and C.

The agreement between the theoretical and experi-
mental photoemission spectrum for excitation with
s-polarized light is much better in Fig. 1 than in Fig.
2. The reason for this fact is that the relative inten-
sity of the peak A is extremely sensitive to slight
variations of the direction of k near the direction X,
if the exciting light shows x polarization. This
mechanism will give rise to a strong dependence of
the measured relative intensities on the effective ac-
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FIG. 4. Theoretical photoemission spectra for Cu(110)
for s-polarized light (upper part) and p-polarized light
(lower part). Electron emission is 1' off the exact surface
normal in the I KWX or I KLU plane as indicated. The
plane of incidence of the light (Boo=21.22 eV) is the
I KL U plane, the angle of incidence is 40'.

ceptance angle of the analyzer if the electromagnetic
field component A is nonzero.

To demonstrate this strong angular dependence

we show in Fig. 4 calculated Cu(110) photoemission
spectra for e lying in the I'ELU plane and electron
emission, which is 1' off the exact surface normal in
the I KWX and I KLU crystal plane, respectively.
If one compares the spectra in Fig. 4 and Fig. 1, one
finds no significant angular effect in the relative in-
tensities for s-polarized light, but rather drastic ef-
fects for excitation with p-polarized light and elect-
ron emission within the I EWX plane. The effect
becomes even more clear if e is changed to lie in the
I KWX plane. The corresponding spectra are shown
in Fig. 5 for off-normal electron emission in the
I KWX and I KLU plane, respectively. The com-
parison of Fig. 5 and Fig. 2 now yields immediately
that it is the s component A„of the electromagnetic
field A parallel to the I KWX plane, which is re-
sponsible for the pronounced angular effect, and
that this strong effect occurs only for those pho-
toelectrons emitted in the 1"KWX plane. The
initial-energy plane in k space, defined by
Ef( k ) —E;( k ) = fico, is, therefore, highly anisotropic
near X in the sense that the degree of hybridization
of X2 and X3 states strongly varies near X in the
I KWX plane, but remains nearly constant in the
I KL U plane.

These theoretical predictions concernig. g the angu-
lar dependence of the Cu(110) photoemission spectra
are completely corroborated by the experimental
data shown in Fig. 6, Both series of spectra corre-
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FIG. 5. Theoretical photoemission spectra for Cu(110)
for s-polarized light (upper part) and p-polarized light
(lower part). Electron emission is 1 off the exact surface
normal in the I KWX or I KLU plane as indicated. The
plane of incidence of the light (%co=21.22 eV) is the
I KWX plane, the angle of incidence is 40'.
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2.5 3 2 2.5
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FIG. 6. Experimental photoemission spectra for
Cu(110) excited with s-polarized light (%co =21.22 eV).
The electric field vector e is parallel to [001] (x polariza-
tion). Electron emission is analyzed off normal by an an-

gle 8 in the I KWX and I KL U plane as indicated.
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spond to excitation with s-polarized light in the
I EWX plane, i.e. , e along x~ ~[001]. It is seen that
in the case of off-normal emission in the I ELU
plane, the relative intensities stay nearly constant up
to 4' and then decrease. For emission in the I KR'X
plane, on the other hand, the intensity of peak 3 in-
creases drastically with increasing emission angle.
These results clearly demonstrate that in normal
photoemission from Cu(110), pure external instru-
mental effects due to angle resolution, acceptance
angle of the analyzer, and degree of light polariza-
tion may easily mask intrinsic effects in the elect-
ronic structure of the sample and must be taken into
account correctly, in order to avoid errors in the in-
terpretation of experimental data.

%'e now turn to a discussion of the low-intensity
transitions D—H. The small intensity of these tran-
sitions, when compared to that of A —C, is due to
secondary-cone emission and makes their experi-
mental observation in photoemission with polarized
light very difficult. But for excitation with unpo-
larized light the different transitions may be clearly
identified, as demonstrated in Fig. 7 for fico =21 ~ 22
eV. Figure 7 shows in the upper part the complete
experimental spectrum and in the lower part that
spectrum which is obtained after subtracting the
most intense peak C according to a Lorentz distribu-
tion. The transitions D—H clearly show up in Fig. 7
and demonstrate that all direct transitions, which
are expected on the basis of the band structure in
Fig. 3, in fact do occur in the experimental spectra.
The agreement between theoretical and experimental
binding energies for A —H according to Table I is
excellent and shows that the underlying bulk band
model is basically correct. There is no indication
that density-of-states arguments play any significant
role for the observed features 2 —H.

There are two peaks in Fig. 7 which may not be
explained by direct transitions between bulk bands
calculated for the ground-state potential of solid Cu.
These features occur at a binding energy of 4.73 and
5.15 eV, respectively. They may be interpreted as
transitions into evanescent band-gap states, i.e.,
states which decay towards the solid and propagate
on the vacuum side. Nilsson and Dahlback" have
pointed out that the occurrence of such transitions
may be explained by the damping of the excited
states, which makes the band gap disappear and
gives rise to bands with a free-electron-like behavior
within the gap. In this context emission from
evanescent band-gap states must be interpreted as an
excited-state effect which critically depends on the
finiteness of the electron and hole lifetime, and,
therefore, cannot be directly related to usual
ground-state band calculations. In a strict sense this
reservation holds for all photoemission data, since in
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order to measure the binding energy and the wave
vector of an electron, it must be excited out of the
ground state. But the results of this work as well as
those of many other authors in this field show that
most of the photoemission data in the uv spectral re-
gion may, in fact, be understood on the basis of
ground-state properties of the solid. Nevertheless,
the general problem remains, how to take into ac-
count final-state corrections in order to correlate ex-
periment and theory in a more rigorous way.

V. SUMMARY

From a comparison of theoretical and experimen-
tal photoemission spectra for Cu(110) we have found
that all ten experimental features 3—E occurring in
normal emission for Ace=21.22 eV may be attribut-
ed to direct interband transitions along X within a
ground-state band structure (A H) or a self-—
energy-corrected band structure (I,K). There is no
indication that density-of-states transitions play any
significant role for Cu(110).

For the peaks A —H, corresponding to direct tran-
sitions within the ground-state band structure, the
agreement between experimental and theoretical
spectra (calculated relativistically within the three-
step model) is very good, both with regard to the en-
ergetic positions and the strengths of the transitions.
The large observed and calculated intensity of the

BINDING ENERGY {eVj
FIG. 7. (a) Normal-emission photoelectron spectrum of

Cu(110) excited with unpolarized light (duo=21. 22 eV)
with a high signal-to-noise ratio. (b) Peak C together with
a constant background has been subtracted from the spec-
trum shown in (a) in order to detect the low-intensity
peaks.
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transitions 3—C, when compared to that of D—H,
shows that the distinction of primary- and
secondary-cone photoemission may break down
completely in those cases, where the actual varying
crystal potential induces strong hybridization be-
tween bands showing the same spatial symmetry.

Spin-orbit interaction plays an important role for
Cu(110) by mixing different spatial symmetries for
adjacent initial-state bands. This in turn changes
the dipole selection rules and gives rise to the oc-
currence of forbidden transitions. The importance
of this effect, even for low-Z materials, may be
judged from the observation that in the case of
Cu(110), the emission intensity due to transition A

clearly exceeds that originating from evanescent
band-gap states (I,K) and true secondary-cone emis-
sion (D H)—.

Great experimental care must be taken not to con-
fuse this intrinsic effect due to spin-orbit interaction
with extrinsic effects originating from finite experi-
mental resolution. In this regard for Cu(110) the
most critical experimental parameter turns out to be
the acceptance angle of the analyzer.
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