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Strong contributions from surface electromagnetic fields to angle-resolved
photoemission intensities of copper
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Unexpected high photoemission intensity is observed on copper surfaces at grazing incidence angles of
p-polarized light (\v521.2 eV). The dipole approximation in combination with Fresnel’s equations and the
optical constants of copper is not sufficient to explain the experimental data. Instead, local electric-field effects
at the surface have to be taken into account. In order to model the observed dependence of intensity on light
incidence angle, we follow two different approaches: one using modified optical constants at the surface, and
one including surface photoemission. Within both formulations excellent fits to our experimental intensities
can be obtained, however, with the present data we cannot decide which model is more appropriate.
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I. INTRODUCTION

The contribution of surface-related electromagnetic fie
to photoelectron peak intensities has been discussed sinc
early days of photoemission experiments; see Feibelm
excellent review1 for references to earlier work. Photoele
tron spectroscopy2,3 is an extremely surface-sensitive tec
nique due to electron escape depths of only a few lat
constants. When the electromagnetic field, required to ex
photoelectrons, crosses the surface of a solid, the com
nents of the electric field parallel to the surface vary conti
ously on a scale defined by the wavelength of the incid
light. In contrast the normal component varies rapidly ov
distances of the order of Angstroms showing Friedel-l
oscillations near the surface,1 because the translational sym
metry in this direction is broken. In classical terms this
sponse is an induced surface charge,1 quantum mechanically
the response is the near-surface excitation of electron-
pairs or plasmons.1 Therefore any analysis of photoemissio
matrix elements cannot ignore this short-range dielectric
sponse. The fundamental problem is, however, that not m
is known about the local optical properties at the surface,
theoretical progress in calculating the screening at a sur
has been limited to free-electron-like metal surfaces.1 This
theory refers to the surface of a jellium metal with the cha
density of aluminum. It has been verified for photoemiss
intensities measured near the Fermi edge from Al~100!,
which shows a rapid resonance-like variation with pho
energies in the energy range of the surface and b
plasmons.4–6 The question related with our present paper
different: Can we identify experimentally any intensity co
tributions from surface-related fields to angle-resolved p
toemission peaks measured at fixed photon energy\v
521.2 eV?

In time-dependent perturbation theory the transition r
w of photoemission is described as6

w}uM f i u2d~Ef2Ei2\v!r~Ef ! ~1!
0163-1829/2001/63~11!/115405~7!/$15.00 63 1154
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with initial- and final-state energiesEi and Ef , the photon
energy\v, the density of final statesr(Ef), and the matrix
element

M f i}^ f uA"pu i &1
\

2i
^ f udiv Au i &. ~2!

In this equationA(r ) is the corresponding vector potenti
transmitted into the sample andp is the momentum operator
In most textbooks on photoelectron spectroscopy the
term is identified with momentum conserving ‘‘direct trans
tions,’’ while the second term is described as ‘‘surface em
sion’’ or emission induced by ‘‘local-field effects.’’ In the
majority of photoemission experiments analyzed in t
past2,3,6 the second term in Eq.~2! has been simply
neglected.7,8 The calculation of the transmitted vector pote
tial At from the incident fieldA i is based on the Maxwel
theory. If the dielectric constant is assumed to chan
abruptly from «51 in vacuum to«5«11 i«2 inside the
sample, the amplitude ofAt is spatially constant and follows
from Fresnel’s equations:9

Ax
t 5

2 cosc

cosc1A«2sin2 c
uA i u, ~3!

Ay
t 5

2 coscA«2sin2 c

« cosc1A«2sin2 c
uA i u, ~4!

Az
t 5

2 cosc sinc

« cosc1A«2sin2 c
uA i u, ~5!

wherec is the light incidence angle within the optical plan
~yz-plane!. In this description both the incident and transm
ted fields are transverse, with the consequence that dA
50, except just at the interface, as can be easily checked
fact previous photoemission studies10–13 have shown that
calculating At with Fresnel’s equations and the dielectr
function of the bulk gives a fair overall description of th
©2001 The American Physical Society05-1
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experimental observations. However, our recent experim
with an improved experimental setup indicate that good
to the experimental data either require modified dielec
constants~Sec. III A! or the inclusion of the second term i
Eq. ~2! into the analysis~Sec. III B!. We discuss some rep
resentative data together with the subsequent analysis b
on Eq.~2!. Particularly we present evidence that the seco
term in Eq. ~2!, which results exclusively from local-field
effects within the surface layers, may contribute significan
to the intensity of angle-resolved photoelectron peaks of b
states as well as of surface states on copper.

II. EXPERIMENTAL DETAILS

Our spectrometer arrangement includes a high-resolu
energy analyzer, a rotatable polarizer arrangement allow
to vary the incidence anglec of 93% p-polarized light at
constant electron take-off angleu, and the standard facilitie
for sample cleaning. Both light incidence and electron em
sion directions are confined to the same optical plane
particular we mention that the geometry is optimized to c
lect all photoelectrons even atc580°. For details we refer
to Ref. 14. The resolution parameters of the analyzer ma
changedin situ. The energy resolution can be tuned down
DE510 meV. Also the angular resolution can be varied b
tween Du560.4° and 61.5°. The samples~oriented to
60.3°! have been polished mechanically and electroche
cally, cleanedin situ by argon ion bombardment and subs
quently annealed. Sample cleanliness and surface order
verified by regular checks of the well-known2,3 surface states
occurring on Cu~111! at theḠ point (Ei520.39 eV) and on
Cu~110! at theȲ point (Ei520.43 eV) of the corresponding
surface Brillouin zones.

III. RESULTS

A. Analysis without surface emission

In this section we present a concept to analyze photoe
sion intensities neglecting any spatial variation of surfa
related fields. Combining Eq.~2! with Fresnel’s equations
yields

M f i}At
•^ f upu i &5At

•Pf i ~6!

with the momentum matrix elementPf i . This is the usual
dipole approximation. In the Cartesian coordinates the tr
sition matrix element is then given by

M f i}Ax
t Px* 1Ay

t Py* 1Az
t Pz* ~7!

with the conjugate complex componentsP* of Pf i . For a
certain transition, the complex vectorPf i is a quantity that is
independent of the vector potential and that is character
for the wave functions of the participating states. Its com
nents are fixed with respect to the crystal lattice directions
contrast the complex components ofAt depend sensitively
on A i and can therefore be tuned by variation of polarizat
and light incidence angle. In general the direction ofPf i is
not knowna priori, but in this paper we have chosen som
transitions, whosePf i can be derived from the symmetry o
11540
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the initial state. Thus we are able to probe experimentally
which extentAt can be described by Fresnel’s equations~3!–
~5!.

Particularly we study the intensity dependenceI (c)
}uM f i u2 of well-defined emission peaks withp-polarized
light, i.e.,Ax50. A typical experimental result is reproduce
in Fig. 1 showing normal emission spectra from Cu~111! for
light incidence along theGLUX mirror plane. All amplitudes
are normalized to the same incident photon flux. The surf
state at theḠ point (Ei520.39 eV) shows a symmetric in
tensity dependenceI (c)'I (2c): The intensities can be
easily evaluated and are plotted in Fig. 2. The orbital ch
acter of the initial state isspz-like2,3 and thereforePf i is
oriented along the surface normal. In consequence it
only be excited by thez component ofAt, which gets zero at
c50. At grazing incidence the light is reflected totally, n
photons can be adsorbed and the photoemission inten
vanishes.

Now we fit the square of Eq.~7! to the data points. De-
spite the known symmetry of the surface state we regar
the complex componentsPy andPz as free parameters in thi
analysis. Since onlyuM f i u2 is observable, the phase of th
matrix element is undefined and we are free to choosePz as

FIG. 1. Normal emission spectra excited withp-polarized HeI
radiation (\v521.2 eV) taken at different light incidence anglesc.
All data are normalized to equal incident photon flux.
5-2
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real. ThereforePf i can be expressed by a phase angleg rep-
resenting a phase shift betweenPz and Py and the angleb
representing the direction ofPf i with respect to the sampl
normal:

Py5uPf i usinbeig, ~8!

Pz5uPf i ucosb. ~9!

Using Fresnel’s equations~4! and~5! for Ay
t andAz

t and the
well-known bulk dielectric constant«b50.631 i0.74 of Cu
at 21.2 eV,15,16 we obtain the dashed curve shown in Fig.
This fit results inb5(1.563.0)°, which is in good agree
ment with Py50 as expected. Thus we essentially meas
the angular dependence ofAz

t (c), becauseI}uAz
t (c)u2 in

this case. Since the intensity distributionI (c) is completely
determined by the dielectric constant entering Fresn
equation, we have to change« in order to improve the fit.
This results in«s51.031 i0.22~solid line in Fig. 2!, which is
clearly off the bulk dielectric constant: Typical error bars~of
this and further results discussed below! are «s5(«1
60.10)1 i («260.10). Variation of«s within its error bars is
still consistent with the aforementioned value ofb.

As a second example on Cu~111! we have studied the
photoemission peak atEi523.70 eV in Fig. 1, which shows
a similar intensity dependence as the surface state. A det
analysis, also checking for differently defined backgrou
subtractions, results inb5(21.163.0)° if we use«b .17

Again this fit ~not shown here! cannot describe the measure
intensities. Much better agreement is obtained with«s as
given above. In the latter case we calculateb5(1.463.0)°
in perfect agreement with the value obtained with«b . It is
our general experience with many data sets at differentu and
Ei that the direction ofPf i does not depend sensitively on th
particular choice of«. In all cases investigated at Cu~110!
and Cu~111! surfaces we observe that«sÞ«b .

Furthermore we have studied photoemission intensi
from Cu~110! at \v521.2 eV and withu andc confined to

FIG. 2. IntensityI (c) of the surface state observed at theḠ
point (Ei520.39 eV) in Fig. 1 excited withp-polarized radiation
as a function of the light incidence anglec. The curves through the
data points are discussed in the text.
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the GLUX bulk mirror plane. Under appropriate kinematic
conditions direct emission withEi523.70 eV occurs just at
the samek space point along theGL direction as in case o
normal emission from Cu~111!. Indeed experimental pea
positions observed from Cu~110! are almost the same a
from Cu~111!, and for this particular energy they have be
made identical~‘‘energy coincidence method,’’ see Refs.
and 3!. Since the matrix element only depends on the wa
functions of the participating states in the bulk, the directi
of Pf i must not depend on the particular surface orientati
From the Cu~111! normal emission results we already kno
that Pf i is parallel to theGL direction. According to the
geometry of theGLUX plane we expectb535.3° on
Cu~110!. The measured intensities from Cu~110! at Ei5
23.70 eV andu552.5° are reproduced in Fig. 3, top pane
A fit with Eq. ~7! using «b results in the solid line, which
does not describe the measured intensities adequate
large light incidence angles. Again a more convincing fit
achieved with a different dielectric constant, see the low
panel of Fig. 3. The bottom panel also shows a set of res
obtained with a different sample~open squares! demonstrat-
ing the typical reproducibility. Figure 3 shows three fits gi
ing results forb. As an average from the lower panel we ta
b5(3363)°, in perfect agreement with the expected valu
Thus we only need to vary«1 and «2 , i.e., the parameters
describing the dielectric response, in a fit of Eq.~7! with
Ax50. Our result from several fits is«s5(1.0260.10)
1 i (0.2060.10), which is definitely far off the bulk value.

One may ask why this discrepancy was not resolved
earlier studies of our group12,13 and other authors.10,11 This
can be traced back to some improvements of our experim
tal arrangement. In the earlier studies12,13 the rotatable polar-

FIG. 3. Photoemission intensitiesI (c) obtained from Cu~110!
at u552.5° (Ei523.70 eV) in theGLUX plane vs incidence angle
c. The electric field with\v521.2 eV wasp-polarized with respect
to this mirror plane. Top: fit of Eq.~7! with «1 ,«2 as indicated.
Bottom: same data as top~filled diamonds! fitted with «s51.02
1 i0.13. Open squares show data points from a different experim
with the same values for«s .
5-3
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F. PFORTEet al. PHYSICAL REVIEW B 63 115405
izer could be turned between 30° and 180° with respec
the electron lens axis. For the remaining light inciden
angles the sample had to be rotated azimuthally. There
the range of accessible light incidence angles contained
interval of 60° where no data could be taken. This made
fits much less reliable compared to the present meas
ments. Furthermore and even more important, we impro
our lens system in front of the energy analyzer. First,
distance between sample and lens entrance was incre
and the polarizer can now be rotated by 360° around
manipulator axis. Second the blocked interval could be
duced to 30° in total. Third, the transfer lens now acce
electrons from a larger light spot on the sample surface
consequence practicallyall photoelectrons are collected fo
c<80°, contrary to the earlier arrangements.10–13Indeed the
new experimental data show clear intensity enhancemen
large light incidence angles compared to the old data.
earlier study10 of Cu~110! at u552°(\v521.2 eV), which
could varyc between zero and176° had already detecte
deviations of I (c) taken for c.0. From the best fit of
Fresnel’s equations these authors derived the number«1
50.89 and«250.48, which are intermediate between«b and
our results of«s . The authors, however, concluded that th
modified optical constants ‘‘deviate appreciably from t
known values’’ and therefore believed them to
insignificant.10

Figure 4 shows the consequence of the different dielec
constants on the components of the transmitted vector
At assuming that« is isotropic. With respect toAz

i , the real
part is enhanced drastically atc.60° by «s ~solid line!,
while the imaginary component is reduced atc,70° com-
pared to the calculated bulk field~dotted line!. Also the
imaginary part ofAy

t gets smaller using«s especially atc
,45°, but this effect is obviously less dramatic than w
Az

t . The calculation reproduced in Fig. 4 also predicts s
nificant changes inAx , which cannot be checked with ou
present experimental arrangement. The increasedz compo-
nent at large light incidence angles and the only small mo
fication of they component by«s indicates a dominant sur
face related change of the electromagnetic field. S
behavior is consistent with a contribution of the second te
appearing in Eq.~2!. Therefore we have tried to model th
term using plausible assumptions and to include it into
analysis. This will be the subject of Sec. III B.

B. Analysis including surface emission

No general method to calculate the second term in Eq.~2!
is available. In order to develope an at least reasonable
proximation for the integral containing divA, we exploit the
symmetry at the surface. On the scale of Angstroms the fi
polarized parallel to the surface is spatially a constant. Th
fore no surface charge can be induced and any microsc
effect can be safely ignored. The incident long-wavelen
field, however, may induce a short-wavelength respons
the electric field contains components polarized perpend
lar to the surface. In consequence exclusively thez compo-
nent ofA may contribute to the surface photoeffect.
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We assume that the electron system needs a laye
thicknessd for screening and that the vector potential var
from A i to At on this length according to

A~r ,t !5A0~z!exp~ ikp•r2 ivt !, ~10!

wherekp is the photon wave vector and Eq.~10! represents
A entering the second term of Eq.~2!. Calculating divA
yields

div A5A0
• ikp exp~ ikp•r2 ivt !1

]Az
0

]z
exp~ ikp•r2 ivt !.

~11!

In Coulomb gauge the first term is zero everywhere, beca
the wave is transversal. Due to the translational symme
within the plane of the surface, momentum conservation
these directions still applies to the matrix element^ f udiv Au i &
and we get

Ef5Ei1\v and k f
i
5k i

i
1kp

i ~12!

FIG. 4. Calculated Cartesian components of the transmitted
tor potentialAt related to the incident fieldA i and the light inci-
dence anglec. The two curves represent real part~Re! and imagi-
nary part~Im!. All curves are calculated with Fresnel’s equatio
and«b50.631 i0.74~dotted lines! or «s51.021 i0.10~solid lines!.
5-4
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with E the electron energies andki the wave vectors paralle
to the surface of the initial state, final state, and phot
respectively. Therefore the measured intensities areki re-
solved, regardless if divA enters the complete matrix ele
ment.

While the surface preserves momentum in two directio
the conservation in thez direction is broken. Here both term
appearing in Eq.~2! have to be considered separately. Co
servation ofk' in direct transitions requires the contributio
of a reciprocal lattice vector, because the momentum of
photon is almost negligible compared to the moment
change in the photoemission process.2,3 In case of surface
emission the rapid variation in the normal component of
electric field acts as a source of momentum via the un
tainty principle, enabling an electron to absorb a photon. I
direct transition some uncertainty ofk' is introduced via the
lifetime of the final state,6 and it is given by 2p/ l with a
mean-free-pathl of the excited electron. For surface emi
sion the additional uncertainty is due to divA, which is non-
zero only in the surface layer of widthd. The resulting un-
certainty is then given by 2p/d.

The consequences for surface photoemission are evid
If d is comparable with the lattice constanta the uncertainty
of k' is given by the size of the Brillouin zone. In the ge
eral casea,d, l one must consider carefully that the width
of direct emission features induced by the first or the sec
term in Eq.~2! may be actually different. As also seen fro
Eq. ~2! the amplitudes of direct and surface emission m
interfere. If there is a rapid change of relative phases ac
the width of the direct emission peak, also the peak sh
may be drastically affected.7,8 However, no dependence o
k' is relevant for photoemission from two-dimensional~2D!
surface bands. In this case the same peak shape can b
pected for contributions from the direct and surface emiss
intensities, respectively.

For further data analysis we must model the second t
in Eq. ~11!. Following Ref. 7 we introduce a linear approx
mation

FIG. 5. Angular dependence of divA within the linear approxi-
mation according to Eq.~14! using the bulk optical constants of C
at \v521.2 eV. We have plotteduDAzu2}u]Az

0/]zu2. The contri-
bution of surface emission increases with the light incidence an
c and can be neglected atc50.
11540
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]Az
0

]z
'

Az
t 2Az

i

d
5

DAz

d
. ~13!

The field componentAz
t is expressed via Fresnel’s equatio

whereas the incident light is simplyAz
i 5uA i usinc. Combin-

ing this with Eqs.~5! and ~13! results in

DAz

d
5

uA i u
d S 2 cosc sinc

« cosc1A«2sin2 c
2sinc D . ~14!

The angular dependence ofuDAzu2 is shown in Fig. 5. As
expected we getDAz50 atc50. Remarkably, it reaches it
maximum amplitude atc590°. The reason is that at grazin
incidence no light is transmitted into the sample, and
jump betweenAz

t andAz
i attains its maximum. Such a beha

ior seems to be compatible with our data reproduced in F
2 and 3: The strongest deviation of the experimental inte
ties from the fit using bulk optical constants occurs at largc
values. In contrast, good agreement was found arounc
50.

Collecting everything we may express Eq.~2! as

M f i}At
•Pf i1

DAz

d

C

2
, ~15!

where we have combined all unknown factors in the comp
numberC/2. A fit of uM f i u2, now treating the first term in
Eq. ~2! as before with the use of Fresnel’s equations
using the bulk optical constants«150.63 and«250.74, is
shown in Fig. 6 for the data set shown already in Fig. 3.
is obvious the agreement with Eq.~15! is excellent. Similarly
we may use Eq.~15! to fit the I (c) points treated before in
Fig. 2. The result is reproduced in Fig. 7, which shows t
fits using exclusively the bulk dielectric function: The sol
line includes the second term shown in Eq.~15!, while the

le

FIG. 6. Experimental intensities taken from Fig. 3. The so
lines represent a fit according to the square of Eq.~15!, using the
bulk optical constants«b of Cu at\v521.2 eV. Due to the inclu-
sion of surface emission the enhanced intensities at larger
incidence angles are reproduced.
5-5
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dashed line is calculated with the second term~surface emis-
sion! neglected. Again, consideration of the divA term im-
proves the fit considerably.

With regard to the various fit parameters, it is interest
to compare the results obtained with either bulk or surfa
modified optical constants. In all cases the angleb, which
indicates the orientation ofPf i within the light incidence
plane, is essentially unchanged within the error bars. Thi
an important result. It indicates that earlier studies that
termined the direction ofPf i exclusively from the assump
tion thatM f i}At

•Pf i , i.e., with surface emission neglecte
are basically correct with respect tob. The reason is obvious
First, b is dominated by the symmetry~or asymmetry!
aroundc50, whereas the surface term entersI (c) only at
the largest angles of incidence. Second, the fit parame
uC/2du are of the same order of magnitude asuPf i u. This
means that at intermediate angles between 0 and 90° bot
direct-transition term and the surface-emission term cont
ute almost equally to the experimental intensityI (c),
whereas the intensity forc→690° results exclusively from
the matrix element containing divA.

IV. DISCUSSION AND SUMMARY

We have collected photoelectron spectra at various i
dence anglesc of p-polarized light with all other kinematica
parameters fixed. The intensity distributionsI (c) cannot be
described satisfactorily using the ‘‘standard’’ matrix eleme
in dipole approximation

I ~c!}u^ f uA•pu i &u25uA•Pf i u2

if the transmitted vector potentialA is calculated on the basi
of bulk optical constants and Fresnel’s equations. There
two possible refinements that result in much better ag
ment with experiment.

First, theI (c) dependence is in accord with Eq.~7! and
with At calculated by Fresnel’s equation, if and only if, w
use empirical surface dielectric constants«s which differ

FIG. 7. Experimental intensities taken from Fig. 2. The dash
line shows the intensity variation with«b50.631 i0.74 whereas the
solid line represents a fit with surface emission using the sa
values for«0 .
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considerably from the bulk value«b . Analyzing transitions
of bulk and surface states on Cu~111! and Cu~110! with a
photon energy of\v521.2 eV, the modified surface dielec
tric constant was found to be«s5(1.060.1)1 i (0.160.1).
This is clearly different from the bulk value«b50.63
1 i0.74. The ordinary theory of refraction, i.e., Fresne
equations combined with«1 , «2 , treats copper as an opt
cally homogeneous medium and averages over scales g
by the light wavelength~l5580 Å at 21.2 eV! and/or the
mean-free-path of the photonst5l/(4pk) ~t5120 Å at 21.2
eV! wherek is the absorption constant of copper.21 In con-
trast the electron mean-free-path relevant for our photoem
sion results is approximately 10 Å2,3 and we cannot expect to
measure the optical constants of the bulk in photoemiss
experiments. Within a microscopic description of the diele
tric response at the surface« is treated as a tensor. Therefo
the high photoemission intensity at large light inciden
angles may indicate the anisotropic dielectric response in
outermost layers of the solid. This is supported by expe
mental evidence from reflectance anisotropy spectrosc
~RAS! from Cu~110! at \v51.4– 4.0 eV: The amplitude fo
surface reflection of light incident normally and polarize
linearly is anisotropic with respect to the bulk crystal dire
tions @001# and@ 1̄10#, see e.g., Refs. 18–20. This is a cle
indication that even in this case the surface optics canno
described properly by isotropic optical constants. Especi
in the direction perpendicular to the surface there should
severe modifications of the optical constants.

Second, we used Fresnel’s equations in combination w
«b to calculateuA•Pf i u2, but included the matrix elemen
^ f udiv Au i & responsible for surface emission in the da
analysis. Again an almost perfect agreement with experim
could be obtained. This approach is problematic, too in t
no microscopic theory is available to calculate the surfa
electric field componentAz . Therefore divA5]Az /]z was
modeled by a comparatively simple linear interpolation b
tween Az in vacuum and inside the sample. On the oth
hand the same rapidly varyingAz(z) field will also modify,
to some extent, the direct transition contributionA•Pf i ,
where it enters viâ f uAz(z)pzu i &. Due to lack of knowledge,
we neglected this contribution. Such neglect was shown
be justified for Al~100! by a jellium calculation1,6 but we do
not know if this result can be simply transferred to coppe

In conclusion our results clearly demonstrate that any
scription of I (c) based on an analysis considering exc
sively the bulk optics is inadequate. We have presen
strong evidence that surface electromagnetic fields and
related surface emission must be carefully considered in
interpretation of peak intensities of angle-resolved pho
electron spectra, especially in case of large light incide
angles. Today, where the understanding of photoemis
spectra is pushed past traditional limits, reliable data anal
requires to take all possible contributions into account. W
hope that our results will also stimulate further theoreti
investigation.
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