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Experimental analysis of valence-band photoemission intensities for Cu„111… and Cu„100…

A. Gerlach, R. Matzdorf, and A. Goldmann
Fachbereich Physik, Universita¨t Kassel, Heinrich-Plett-Strasse 40, D-34132 Kassel, Germany

~Received 12 May 1998!

Angle-resolved photoemission withp-polarized HeI radiation has been used to study transition matrix
elements of bulk direct transitions in copper. From peak intensities as a function of light incidence angle the
direction and relative magnitude of the momentum matrix elementPfi5^ f upu i & have been determined. At a
fixed point ink spacePfi is independent of the special experimental geometry and depends only on the initial-
and final-state wave function. Therefore it is particularly suitable for comparison to theory. We present mea-
surements of the momentum matrix element for bulk transitions out ofd- andsp-like bands. Selectedk-space
points have been triangulated from Cu~111! and Cu~100! surfaces. Within the error bars direction and absolute
value ofPfi are found to be independent of the particular surface. This shows that the description of the matrix
element in terms of bulk direct interband transitions may be a reasonable approximation in many cases.
Moreover these results demonstrate that the macroscopic Fresnel equations are appropriate to describe the light
properties inside the sample under the experimental conditions of our experiment.@S0163-1829~98!07240-3#
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I. INTRODUCTION

In the past two decades angle-resolved photoemission
been used very successfully to measure solid state prope
with resolution in the reciprocal space. In particular the bin
ing energy of the electrons as a function of the wave vec
Ei(k), i.e., the band structure has been studied.1–3 In addi-
tion, the lifetime of the initial stateui& and the final stateuf&
involved in the photoemission process can be measure
favorable cases by linewidth analysis.1–7 As a third quantity
the squared photoemission matrix element may be extra
from experiment by analysis of line intensities. This qua
tity, although very interesting for comparison to theoretic
calculations, has been studied less than the others. M
elements are more sensitive to the involved wave functi
than the energy eigenvalues and can be used to examin
wave functions fromab initio band-structure calculations.

However, the transition matrix element contains the v
tor potential of the photon field and therefore it depen
strongly on the polarization and incidence angle of the U
light. For comparison to theory it is thus very helpful
separate the light properties from the crystal properties. T
can be done by splitting the matrix element of the dip
operator in a product of the vector potential and a ‘‘mome
tum matrix element’’Pfi , which depends only on the initial
and final-state wave functions.8–13 The quantityPfi ~for de-
tails see below! may be investigated by measurements
pendent on light incidence and light polarization angles,
suggested already very early8 and attempted experimentall
later.9–13 Earlier studies of matrix element effects and ph
toemission intensities calculated electron energy distribu
curves based on either the three-step model of photoemis
~see, e.g., Refs. 10, 11, 14–16! or on calculations using the
one-step model.17,18 However, a really satisfying agreeme
with experimental spectra was not obtained. In three-s
model calculations the component of the vector poten
perpendicular to the surface~as calculated using the macro
scopic optical constants! have to be suppressed by an ord
of magnitude~as compared to the components parallel to
PRB 580163-1829/98/58~16!/10969~6!/$15.00
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surface! in order to obtain spectra that reflect the experime
tal results.11 The one-step-model calculations do not requ
an artificial suppression of the vector potential normal to
surface, and they sometimes are able~after an empirical ad-
justment of the potential in the outermost layer of t
sample, see Ref. 17! to reproduce experimental spectra com
paratively well. However, in other cases the overall agr
ment is not convincing at all.18

We attempt to study photoemission intensities. Our ho
to gain insight relies on a better experimental resolution th
applied in the earlier studies, and, in particular, a larger
tabase of spectra collected at a much wider range of pho
incidence angles than used before. In fact the momen
matrix element is in general a complex vector and the
perimental determination of its components requires m
spectra. We have chosen copper as a ‘‘standard test m
rial’’ of photoemission. Its surfaces may be prepared su
ciently well and its electronic properties are understood3,14 in
considerable detail.

II. THEORETICAL CONSIDERATIONS

The interaction Hamiltonian in photoemission can
written1–3 in the nonrelativistic limit after neglecting a term
in A2:

H int5
e

2mc S 2A•p1
\

i
div AD ~1!

with the vector potentialA and the momentum operatorp.
The first term is responsible for direct transitions,1–3 the
other one results in surface emission.19–23 In time-dependent
perturbation theory the transition rate from initial stateui& to
final stateuf& is expressed by Fermi’s ‘‘golden rule’’

w}
2p

\
uM f i u2d~Ef2Ei2\v!r~Ef ! ~2!
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10 970 PRB 58A. GERLACH, R. MATZDORF, AND A. GOLDMANN
with the initial- and final-state energiesEi andEf , the pho-
ton energy\v, the density of final statesr(Ef) and the ma-
trix element

M f i5
e

mc
^ f uA•pu i &1

e\

i2mc
^ f udiv Au i &. ~3!

In our following consideration we will neglect surface em
sion, but come back to it in the conclusions. Furthermore,
neglect the space dependence ofA since the wavelength o
the UV light is large compared to atomic distances. T
‘‘dipole’’ approximation allows one to rewrite the matri
element as a scalar product:

M f i5
e

mc
A•^ f upu i &5

e

mc
A•Pfi ~4!

with the momentum matrix elementPfi .
The final stateuf& is not a superposition of all degenera

states with energyEf , as generally considered in the deriv
tion of Fermi’s ‘‘golden rule.’’ Due to the angle-resolve
detection of the electron in vacuum the final state is a lin
combination of those states with energyEf that couple to the
plane wave in vacuum, a so-called inverted LEED state.24,25

We must be aware of the fact that in this sensePfi is a special
momentum matrix element which describes a transition i
the detected photoemission final state. As a consequencPfi
is a complex vector in general. The aim of our experiment
to determine the relative size of its real and imaginary pa

In the relativistic formalism the interaction Hamiltonian
given by29

H int5ea•A. ~5!

@In Eqs. ~5!–~7! we use Coulomb gauge andm5\5c
51.] Within the dipole approximation and using Fermi
‘‘golden rule’’ formula the matrix element reads

M f i5e^ f ua•Au i &. ~6!

After some further approximations similar to the nonrelat
istic case this can be written in close analogy to Eq.~4! as

M f i5eA•^ f uau i &5eA•Pfi . ~7!

The three components of the vectora are the (434) Dirac
matrices anduf& and ui& are spinors with 4 components. As
consequence, the three components of the vectorPfi are com-
plex numbers in the relativistic case as well.

The photoemission process is governed by the transm
vector potentialAt in the outermost few Å of the solid. Up to
now it is a matter of debate9–25 to which extentAt may be
described correctly by the Fresnel equations,26 which are
valid on a length scale given by the attenuation length of
UV light ~113 Å in copper at\v521.2 eV!. Nevertheless, in
the following we will use the Fresnel equations for our da
analysis. Since all our experimental data are fully consis
with this formulation, we conclude that for our experimen
the use of the Fresnel equations is justified.

Since the UV light is partially absorbed by the metal s
face, the index of refraction becomes complexn5Ae
5Ae11 i e2, where e1 and e2 are the real and imaginar
parts of the dielectric function. The law of refraction remai
valid26
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sin c t5
1

n
sin c i ~8!

with incidence anglec i and the complex transmission ang
c t . The Fresnel equations read

Ai
t5

2 cosc i

n cosc i1cosc t
Ai

i , ~9!

A'
t 5

2 cosc i

cosc i1n cosc t
A'

i ~10!

with the components of the vector potential parallelAi and
perpendicularA' to the plane of incidence. The three Cart
sian components ofAt are deduced to be27

Ax
t 5

2 cosc isin a i

cosc i1Ae2sin2c i

uA i u, ~11!

Ay
t 5

2Ae2sin2c i cosc icosa i

e cosc i1Ae2sin2c i

uA i u, ~12!

Az
t 5

2 cosc isin c icosa i

e cosc i1Ae2sin2c i

uA i u, ~13!

where z is the surface normal direction,yz is the plane of
incidence, anda i is the polarization angle~a i50°: p polar-
ization; a i590°: s polarization!. The components ofAt are
complex due to phase shifts between them.

In the Cartesian coordinates the transition matrix elem
is given by

M f i5Ax
t Px* 1Ay

t Py* 1Az
t Pz* ~14!

with the conjugate complex componentsPx* , Py* , andPz* of
the vectorPfi . Since onlyuM f i u2 is an observable, one phas
factor in the matrix element is undefined and we can choo
for example,Pz to be real.

For simplification we have used in our experiments a
ometry where the plane of light incidence, surface norm
direction, and electron emission direction coincide with
mirror plane of the bulk lattice~Fig. 1!. In this geometry and
in the nonrelativistic limit the wave functions are odd
even with respect to the mirror plane and, as a conseque
the vectorPfi is oriented either in plane (Px50) or perpen-

FIG. 1. Geometry of experiments in a mirror plane of the bu
lattice. The light polarization anglea i is defined such thata i

590° when the vector potential is oriented along thex direction.
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dicular to it (Py5Pz50). For a measurement of an in-plan
vector exclusivelyp-polarized light may be used ands-
polarized light for a vector perpendicular to the plane.

In the relativistic case the spin orbit interaction intermix
even and odd states, which may result in aPfi that has all
vector componentsÞ0. Due to mirror symmetry the exper
mental intensity remains unchanged ifa i is replaced by
2a i . Using Eqs.~11!–~13! this results in the identity

uAx
t Px* 1Ay

t Py* 1Az
t Pz* u25u2Ax

t Px* 1Ay
t Py* 1Az

t Pz* u2

~15!

even in the presence of spin-orbit coupling. As a con
quence, the intensity can be written as an incoherent su
position of intensities excited with 100%s-polarized and
100%p-polarized light, respectively:

I}uAx
t Px* u21uAy

t Py* 1Az
t Pz* u2. ~16!

We have verified this experimentally by analyzing spec
taken for many polarization anglesa i keeping the light inci-
dence anglec i constant.

In all other experiments we have used exclusivelyp-
polarized light to determine the vector componentsPy and
Pz . For this purpose we have varied the light inciden
anglec i resulting in a rotation ofAt with respect toPfi . The
intensity as a function ofc i is given by

I ~c i !}uAy
t ~c i !Py* 1Az

t ~c i !Pz* u2. ~17!

From the best fit to the measured dependenceI (c i) we have
determinedPy andPz , which was chosen to be real. For th
actual fit of the experimental data other parameters are m
ematically better adapted: We can express the componen
the momentum matrix element

Pz5iPfiicosb, ~18!

Py5iPfiisin beig, ~19!

with iPfii5AuPyu21uPzu2. b is the angle between (uPyu,Pz)
and the surface normal direction,g is a phase angle repre
senting a phase shift betweenPz andPy . The absolute value
of Pfi cannot be measured very reliably, since the abso
intensity in a photoemission experiment depends on m
experimental parameters. In contrast, relative change
iPfii as a function of wave vectork as well as a compariso
of emission out of different bulk bands within one spectru
is easily possible. However, both angles can be determ
absolutely from the shape of the functionI (c i). Thereforeb
and g are most reliable and relevant for a comparison
experimental and theoretical results.

This experimental determination ofPfi is purely empiri-
cal: Observed photoemission intensities contain the full
formation about the involved wave functions. For example
should be possible to identify any changes in the characte
the final state as the wave vector crosses the zone boun
giving rise to a variation of the corresponding matrix e
mentsPfi . The concomitant appearance or disappearanc
emission has often been used to identifyk' components in
band-structure investigations~‘‘Bragg plane method’’3!.
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III. EXPERIMENTAL DETAILS

The single-crystal copper samples have been polished
chanically and electrochemically, cleanedin situ by argon
ion bombardment and subsequent annealing. During m
surements the sample has been cooled by liquid nitroge
T5170 K to reduce line broadening by electron-phon
and/or hole-phonon interactions. The azimuthal orientat
of the crystal has been adjusted by using a LEED syst
The electron energy analyzer is operated at an ene
resolution of DE525 meV and an angular resolution o
Du561.5°. It is equipped with a modified lens system th
allows one to collect electrons from an extended a
(6 mm36 mm) on the sample without loss of energy or a
gular resolution. Thep-polarized light has been produced b
a self-built capillary discharge lamp equipped with an
rangement of three gold-coated mirrors. The polarizer can
turned around the sample, allowing light incidence anglesc i
between290° and190°. The UV light is focused onto the
sample in a way that even at grazing incidence angles u
c5685° the light spot on the sample is elongated less t
6 mm. The degree of polarization is 9361% and the angular
spread of the incident light due to focusing is65°. Due to
the well tuned electron lens and polarizer there is no los
intensity by geometrical effects whenc i is changed. Unfor-
tunately, there is an angular range of630° around the elec-
tron emission direction that is not yet accessible as li
incidence direction. We will change our construction to clo
this gap for future work. The lens system and the polari
have been described in more detail elsewhere.28

IV. RESULTS

We have collected a very large number of spectra
different electron emission anglesu and light incidence
anglesc i on Cu~111! and Cu~100!. For presentation of typi-
cal results we show in Fig. 2 spectra measured on Cu~111! in
the GLUX mirror plane at fixed angleu540° and different
c i . The peaks labeledA–E are direct transitions betwee
the bulk bands of copper, which have been well known
many years.14 We can clearly see that peak intensities chan
considerably from one spectrum to another. Since the pe
B–E are strongly overlapping, a fit procedure is required
determine peak intensities reliably. An assumption of sim
peak shapes like Gaussian or Lorentzians for a fit is
adequate since the peak shapes are strongly dependent o
band dispersions.6,7 Therefore we have used a procedure th
calculates the line shape of every peak separately. It inclu
both the energy dispersion of the initial- and final-state ba
~which is taken from the well-known band structure of co
per! and the energy-dependent lifetime width of photoho
and excited electron. The calculational procedure is
scribed in great detail in Sec. III of Ref. 7 and will not b
repeated here. These calculated peak shapes have been
to fit the whole spectrum together with a background giv
by a polynomial of second order. From this fit the peak
tensities~areas! have been taken and plotted~filled circles! as
a function of light incidence angle in Fig. 3. These data
collected from a series of about 20 spectra taken for285°
,c i,275° and 25°,c i,85°. The angular range be
tween275° and25° is not accessible in our experiment
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10 972 PRB 58A. GERLACH, R. MATZDORF, AND A. GOLDMANN
setup. We have fitted the data with a function given by E
~17! using the components of the vector potentialAt accord-
ing to Eqs.~12! and ~13!. The components ofPfi are then
obtained by adjusting the parametersiPfii , b, andg accord-
ing to Eqs.~18! and~19!. The results are collected in Table

From Fig. 3 we clearly see that experimental data can
fitted very well by this procedure. All other data we ha
collected on Cu~100! and Cu~111! at different (u,c i) com-
binations can be fitted with similar quality. We conclude th
our formalism—based on the macroscopic Fres

FIG. 2. Electron energy distribution curves taken with 93%p-
polarized HeI radiation. Spectra are shown for different light inc
dence anglesc i at fixed electron emission angleu540°. The peaks
are labeled from left to the right byA–E. Intensities are plotted a
measured, the spectra are shifted against each other by 5 units
ordinate scale.

FIG. 3. Peak intensities of peaksA, B, D, andE in Fig. 2 as a
function of light incidence anglec i . Filled circles: Intensity as
extracted from measured spectra. Solid line: Best fit to the data
for determination ofPfi .
.

e

t
l

equations—is sufficiently convenient and accurate for a
termination of the photoemission matrix element in our e
periments. We have used the dielectric functione(21.2 eV)
50.631 i0.74 determined by reflectivity measurements.30

In Fig. 4 we reproduce additional examples ofI (c i)
curves. We would like to emphasize that measurements
stricted toc i.0 are generally not sufficient for a reliabl
determination ofPfi . This experimental restriction, howeve
was present in previous publications dealing with t
problem.12,13Even in our experimental setup the inaccessi
gap of 60° may result in large errors in the determination
b and especially ofg. From our experience in fitting we ca
say that intensitiesI (c i) like the ones in Fig. 4 give an
excellent agreement if both maxima and the minimum
represented by data points. The fit is less reliable if o
maximum or minimum is not observed. The anglesb andg
are especially sensitive to the relative height and the posi
of the maxima as well as to position and depth of the mi
mum. If functions are to be fitted of the type as shown in F
3 in the two lower panels, the position of the maximum a
the shape around the maximum are of special interest.
error of b in our fits is rather small and in most cases le
than65°. In contrast,g can be determined less reliably. Th

the

ed

TABLE I. Parameters used for the fits~solid lines! in Figs. 3 and
4. From these parameters the components of the momentum m
elementPfi are calculated with Eqs.~16! and ~17!.

Q ~deg! Peak b ~deg! g ~deg! iPfii ~a.u.!

40 A 31 212 29
40 B 16 220 55
40 D 68 142 48
40 E 60 140 21
10 Ei523.86 eV 10 86 53
10 Ei523.50 eV 20 256 29
45 Ei520.48 eV 29 178 21
60 Ei521.53 eV 10 2130 33

FIG. 4. Other examples of peak intensitiesI as a function of
light incidence anglec i . Filled circles: Intensity as extracted from
measured spectra. Solid line: Best fit to the data used for dete
nation ofPfi .
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results from the fact that forb50° (Py50) and b590°
(Pz50) g is completely undefined. For angles around the
extremal casesg is sensitively dependent on small chang
in I (c i) and therefore will have a large experimental err
Fit results obtained for theI (c i) data of Fig. 4 are collected
in the lower panel of Table I.

In a further step we can investigate how the quantit
iPf i i , b, andg depend on the wave vectork. As an example,
we have picked out a move throughk space by changing th
electron emission angleu in theGLUX plane of Cu~111! and
have extracted the angleb, which can be determined reli
ably. In Fig. 5 the dependenceb~u! is shown for transitions
out of d-like states corresponding to peakB at u540° in Fig.
2. We observe an essentially linear dependence with a s
of about 0.43.Pfi is oriented along the surface normal dire
tion at u50° and it turns tob526° with respect to the
surface normal for electron emission atu560°.

As mentioned in the Introduction the momentum mat
element depends only on the initial- and final-state wa
functions. If they are not influenced by the surface,Pfi de-
pends only onk and on the used photon energy. To check
this we have investigatedPfi for direct transitions occurring
at the same point of the three-dimensionalk space by observ
ing them from differently oriented surfaces~‘‘triangulation’’
using the energy coincidence method3!. Figure 6 shows the
correspondingI (c i) results. For example a particulard-band
emission occurring atEi523.98 eV is observed atu520°
on Cu~111!. The same direct transition is registered atu
563° on Cu~100!. Similar data were collected for a direc
sp-band transition registered atEi521.53 eV and emitting
at u560° andu521° on Cu~111! and Cu~100!, respectively.
The intensities in the lower panels of Fig. 6 are fitted w
the anglesbCu(111)51462° and bCu(100)57464°. Both
angles are measured with respect to the surface norma
rection. For a comparison we takeb8 with respect to the bulk
lattice @100# direction and find bCu(111)8 568.762° and
bCu(100)5b57464°, which agree within the experimenta
error. The intensities in the upper panels are fitted w

FIG. 5. Directionb of the momentum matrix elementPfi with
respect to the surface normal as function of electron emission a
u in the GLUX plane of Cu~111! for transitions out of the lowes
d-like states~compare peakB in Fig. 2!. The data are obtained from
an analysis as shown in Figs. 3 and 4. Filled circles: experime
data, solid line: linear fit.
e
s
.

s

pe

e

r
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bCu(111)52666° and bCu(100)522663°. This results in
bCu(111)5228.766° andbCu(100)8 522663°, which agree
as well. These both peaks have been triangulated very
ably by initial-state energy coincidence. Other examples
triangulated peaks show larger experimental errors in the
termination ofb either due to a less reliable triangulatio
~because of slow dispersion of peak positions with emiss
angle u! or due to larger errors in the determination ofb
from the measured dependenceI (c i). From our data set we
cannot conclude thatb8 agrees in general.

There are indeed several arguments to expect disag
ment ofPf i in a triangulation experiment. First, the superp
sition of final-state Bloch functions that couple to the pla
wave in vacuum may be different if emission from differe
surfaces is investigated. Second, due to the finite lifetime
the final state its wave function is damped perpendicula
the surface. This damping may be different for different s
faces. As a consequencePfi is no pure bulk property. And
third, intensity modifications during transmission of the ele
tron through the surface~surface Umklapp processes, etc!
may be relevant. In all these cases the final-state wave fu
tion is altered. On the other hand, the initial state can
influenced by the presence of the surface~surface reso-
nances!. As another effect surface emission may be relev
resulting in a change of the measured intensities due to
terference with bulk direct transitions@Eq. ~3! and Refs. 19–
23#.

V. CONCLUSIONS

We have demonstrated that photoemission intensitie
bulk direct transitions for Cu~111! and Cu~100! exited with
\v521.2 eV are well described byI}uA•^ f upu i &u2 with the
vector potential calculated from Fresnel’s equations and
complex momentum matrix element. Its components can
determined from measured intensities as a function of li
incidence and polarization angle. Especially the direction
^ f upu i & can be measured reliably. It is particularly suitab

le

al

FIG. 6. Peak intensities as a function of light incidence an
c i . Triangulated transitions from Cu~111! ~left column! and
Cu~100! ~right column!. Filled circles: Intensity as extracted from
measured spectra. Solid line: Best fit to the data used for dete
nation ofPfi .
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for comparison to theory and can be used to verify the qu
ity of wave functions. We will present a comparison of o
experimental data with one-step calculations in a subseq
paper. Furthermore we have triangulated the momentum
trix element from different copper surfaces, which is inte
esting since the final-state wave function may be different
these surfaces. In selected examples we have found tha
direction of^ f upu i & is independent from the surface on whic
it has been measured. These experiments are additio
n
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nt
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lly

interesting with respect to the question of surface emiss
since they offer the possibility to distinguish between bu
emission and modifications induced by surface effects.

ACKNOWLEDGMENTS

We gratefully acknowledge continuous support from t
Deutsche Forschungsgemeinschaft. We thank G. Meiste
stimulating discussions.
un.

un.

un.

ev.

tt.

g,

-

-

n,
1Photoemission and the Electronic Properties of Surfaces, edited
by B. Feuerbacher, B. Fitton, and R. F. Willis~Wiley, New
York, 1978!.

2Angle-Resolved Photoemission, edited by S. D. Kevan, Studies i
Surface Science and Catalysis Vol. 74~Elsevier, Amsterdam,
1992!.
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